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Abstract

Summary

Marine primary production accounts for half of the Earth’s carbon fixation and
therefore has a significant impact on the global carbon cycle. However, although
marine primary producers fix such a significant fraction of carbon, their biomass
makes up only a small fraction of the total organic carbon pool. This is due to the
extremely high turnover of phytoplankton and phytoplankton-derived organic matter
within the oceans. This turnover is mediated by marine heterotrophic microorganisms
(Bacteria and Archaea). Marine microorganisms therefore significantly affect the global
carbon cycle.

The objectives of this thesis were to investigate how the taxonomic and functional
diversity of marine microorganisms affects the bacterially mediated carbon turnover in
the Atlantic Ocean.

In chapter 1 and 2 I developed methods which enable a shipboard high-throughput
analysis of microbial diversity and abundance. These methods were developed to
overcome the time delay between sampling and results and enable a comprehensive
interpretation of the microbial community composition even in remote sampling sites.
In chapter 3 I explored the biogeographical distribution patterns of the free-living
(FL) and particle-associated (PA) bacterial communities across different provinces of
the Atlantic Ocean. The FL and PA bacterial community compositions were motre
similar under copiotrophic condition and more dissimilar under oligotrophic
conditions. I could associate these results to the relative age of the available particles
as well as the availability of organic matter.

In Chapter 4 I investigated alternative substrate uptake mechanisms in marine
bacteria. Using fluorescently labelled polysaccharides (FLA-PS) and super-resolution
structured illumination microscopy I could show that a significant fraction of marine
bacteria use a “selfish” substrate utilisation mechanism. I combined this analysis with
fluorescence in situ hybridization (FISH) to taxonomically identify the organisms as
belonging to the Bacteroidetes, Planctomycetes and Gammaproteobacteria. The discovery of a
widespread alternative substrate utilisation mechanism significantly affects our global
estimates of carbon turnover by marine bacteria.

Finally, in Chapter 5 I investigated the extracellular hydrolysis rates and bacterial
community dynamics within fluorescently labelled polysaccharide incubations. These
analyses lead to the identification of the dominant microorganisms associated with the
hydrolysis of polysaccharides in the marine environment.

The work done in this thesis has furthered our understanding of the activity and
distribution patterns of bacterial polysaccharide utilisation mechanisms across the
Atlantic Ocean. Additionally, the activity of the individual mechanisms could be
associated with specific microbial groups, thereby linking the taxonomy and function
of the dominant marine polysaccharide degrading organisms. This study will enable us




Zusammenfassung

to make better predictions of the impact which marine microorganisms have on global
biogeochemical cycles.
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Zusammentassung

Die marine Primérproduktion macht die Hilfte der Kohlenstoff-Fixierung der Erde
aus und hat daher einen erheblichen Einfluss auf den globalen Kohlenstoffkreislauf.
Obwohl marine Primidrproduzenten einen signifikanten Anteil an Kohlenstoff
fixieren, ergibt ihre Biomasse nur einen Bruchteil des gesamten organischen
Kohlenstoff-Pools aus. Dies ist auf den extrem hohen Umsatz von Phytoplankton
und Phytoplankton-abgeleiteten organischen Stoffen innerhalb der Ozeane
zuriickzufthren. Der Abbau geschieht durch marine heterotrophe Mikroorganismen
(Bacteria und Archaea). Marine Mikroorganismen beeinflussen daher den globalen
Kohlenstoffkreislauf sehr stark.

Ziel dieser Arbeit war es, zu untersuchen, wie sich die taxonomische und funktionelle
Vielfalt mariner Mikroorganismen auf den bakteriellen Kohlenstoffumsatz im Atlantik
auswirkt.

In Kapitel 1 und 2 sind die zwei in Rahmen meiner Promotion neuentwickelten
Methoden beschrieben, mit denen an Bord eines Forschungsschiffes die Analyse der
mikrobiellen Vielfalt deutlich beschleunigt wurde. Diese Methoden wurden entwickelt,
um die zeitliche Verzégerung zwischen der Probenentnahme und dem Vorliegen
erster Zellzahlungen bzw. erster Sequenzdaten so zu verkiirzen, dass schon an Bord
eine umfassende Interpretation der mikrobiellen Gemeinschaftszusammensetzung
moglich ist.

Kapitel 3 befasst sich mit den biogeographischen Verteilungsmustern der freilebender
(FL) wund Partikelassoziierter (PA) Bakteriengemeinschaften in verschiedenen
Provinzen des Atlantischen Ozeans. Die Zusammensetzung der FL- und PA-
Bakteriengemeinschaft waren sich dhnlicher unter nahrstoffreichen Bedingungen und
sie waren unterschiedlicher bei Nahrstoffarmut. Ich konnte diese Ergebnisse dem
relativen Alter der verfiigbaren Partikel und somit der Verfiigbarkeit von organischen
Stotfen zuordnen.

In Kapitel 4 untersuchte ich alternative Substrataufnahmemechanismen von marinen
Bakterien. Mit fluoreszenzmarkierten Polysacchariden (FLA-PS) konnte ich zeigen,
dass ein signifikanter Anteil der marinen Bakterien eine "egoistische" Strategie der
Substrataufnahme verwenden. Durch eine Kombination dieser Analyse mit der
Fluoreszenz-in-situ-Hybridisierung ~ (FISH)  konnten  die  entsprechenden
Mikrorganismen positiv als  Bacteroidetes,  Planctomycetes und — Gammaproteobacteria
identifiziert werden. Die Entdeckung dieses alternativen Mechanismus der
Polysaccharidverwertung hat weitreichende Auswirkungen fir das Verstindnis der
Rolle der marinen Bakterien im globalen Kohlenstoffkreislauf.

In Kapitel 5 werden extrazellulire Hydrolyse-Raten von fluoreszenzmarkierten
Polysacchariden  in  Inkubationsversuchen  mit  Verinderungen in  der
Bakteriengemeinschaftsdynamik korreliert. Diese Analyse fuhrte zur Identifizierung
der dominanten Mikroorganismen, die mit der extrazelluliren Hydrolyse von
Polysacchariden in diesen Inkubationen verbunden sind.
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Diese Doktorarbeit trigt damit dazu bei, die Aktivititen von marinen
Mikroorganismen bei der Polysaccharidverwertung und ihre Verteilungsmuster im
Atlantischen Ozean besser zu verstehen. Zusitzlich konnten der bekannte, auf
Exoenzyme beruhende Mechanismus und der alternative ,,egoistische® Mechanismus
mit spezifischen mikrobiellen Gruppen assoziiert werden. Die vorliegende
Doktorarbeit trigt damit dazu bei, die Rolle mariner Mikroorganismen im globalen
Kohlenstoffkreislauf besser zu verstehen.
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Abbreviations

Abbreviations

ANOSIM - analysis of similarity
CARD-FISH — Catalysed reporter
deposition fluorescence 77 situ
hybridisation

CAZymes — carbohydrates active
enzymes

CTD — conductivity temperature
depth

CV — coefficients of variance
DAPI — 4°; 6-diamidino-2-
phenylindole

DCM — deep chlorophyll maximum
DIC — dissolved inorganic carbon
dNTP’s — deoxyribose nucleotides
triphosphates

DOM - dissolved organic matter
DOC — dissolved organic carbon
EDF — extended depth of focus
ES — enrichment system

FISH — fluorescence 7 situ
hybridisation

FL —free living

FLA — fluoresceinamine

FLA-PS — fluorescently labelled
polysaccharide

FOV — field of view

FQEDF — fast quick stack with
extended depth of focus

HMW — high molecular weight
ISP — ion sphere particles

LED - light emitting diode

LMW — low molecular weight
NGS — next generation sequencing
NMDS — non-metric
multidimensional scaling

N. Temperate — Northern Temperate
N. Gyre — Northern Gyre

OMZ — oxygen minimum zone
OTU — operational taxonomic unit

OT2 — one touch 2

PA — particle associated

PCR — polymerase chain reaction
PGM — personal genome machine
POC — particulate organic carbon
QEDF — quick stack with extended
depth of focus

RDOM - recalcitrant dissolved
organic matter

RT — room temperature

SDS — sodium dodecyl sulphate
SPG — South Pacific Gyre

SR-SIM — super resolution structured
illumination microscopy

S. Gyre — Southern Gyre

S. Gyre (S) — Southern Gyre (south)
S. Gyre (N) — Southern Gyre (north)
S. Temperate — Southern Temperate
TCC — total cell counts
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Introduction

The Global Carbon Cycle

The carbon cycle is one of Earth’s most important elemental cycles because carbon is
a fundamental molecule which supports all known life on Earth. The carbon cycle
describes the sources, sinks, and fluxes (movement) of carbon between its different
reservoirs: the oceans, the atmosphere, the terrestrial biosphere (land plants, animals
and soils) and the lithosphere (rocks) (Ciais et al 2013). We study the cycling
(turnover) of carbon between its reservoirs because the amount of atmospheric
carbon affects our climate and therefore our way of life (Falkowski et al 2000).

The turnover of carbon is the time it takes for a carbon atom, for example in an
atmospheric CO2 molecule, to go from being fixed into organic carbon by a plant, to
being respired back into CO; and returned to the atmosphere. The turnover times
between reservoirs vary significantly which results in some reservoirs absorbing and
effectively storing large amounts of inactive carbon for long period of time (Ciais et al
2013). This prevents the carbon from getting back into the atmosphere and affecting
surface temperatures. For example, although the lithosphere (rocks) holds by far the
largest reservoir of carbon (75 x 10° Gt C, 1 Gt = 101 g) it is relatively inactive, with
turnover times ranging from 10,000 years to longer and carbon fluxes coming only
from the weathering of rocks and volcanic eruptions (Ciais et al 2013). In the short-
term, it therefore has little to no effect on our current climate. Comparatively the
oceans affect the Earth’s climate directly because they have quick turnover times and
continuously interact with the atmosphere (Raven and Falkowski 1999, Sarmiento and
Le Quéré 1996, Volk and Hoffert 1985). Understanding the marine carbon cycle is
therefore important as it directly affects our climate.

12
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The Marine Carbon Cycle

The oceans are the Earth’s second largest carbon reservoir (38 x 103 Gt C) and their
carbon pools (dissolved inorganic carbon (DIC), dissolved organic carbon (DOC) and
particulate organic matter (POC)) have turnover times ranging from days to thousands
of years (Ciais et al 2013). There are two main processes that influence the flux of
carbon from the atmosphere into the oceans; the physical carbon pump and the
biological carbon pump (Figure 2) (Legendre et al 2015, Luca et al 2016, Raven and
Falkowski 1999, Sarmiento and Le Quéré 1996, Volk and Hoffert 1985). Through the
physical carbon pump, CO; is continuously exchanged between the atmosphere and
the oceans (Figure 1) (Raven and Falkowski 1999). This exchange is a physico-
chemical process which is driven by the difference in partial pressure of CO; in air
and water.

Carbon dioxide from the atmosphere dissolves into the surface oceans and
immediately reacts with the water molecules to form carbonic acid, bicarbonate and
carbonate ions which are collectively known as dissolved inorganic carbon (DIC)
(Figure 1) (Legendre et al 2015, Raven and Falkowski 1999). DIC is the largest pool of
carbon in the oceans (37 x 10°> Gt C, 97% of total carbon) (Ciais et al 2013). The
dissolution of atmospheric CO; into the surface oceans is highly dependent on
temperature because CO3 is more soluble in colder waters. The increased solubility in
colder waters coupled with the ocean thermohaline circulation, which is the sinking of
cold dense surface waters to form deep waters, causes a significant fraction of DIC to
be stored in the deep ocean (Broecker 1997, Wunsch 2002). This COzis stored in the
oceans because oceanic deep water flows through the ocean basins and can have a
transit time of up to 1000 years, during which it has no contact with the atmosphere
and therefore no exchange occurs (Maier-Reimer and Hasselmann 1987, Sabine et al
2004).

13
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Physical carbon pump

y

Atmospheric CO,
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Figure 1 The physical carbon pump. Atmospheric CO, dissolves into the water column and
interacts with the water molecules to form carbonic acid (H,CO3), bicarbonate (HCO3 ) and
carbonate (Cogz_). These are collectively termed DIC and make up a significant fraction of
the oceanic carbon. The dissolution of atmospheric CO, is higher in colder water (polar
regions). Cold dense water, that is high in DIC, sinks to the deep oceans due to the ocean’s
thermohaline circulation system. This causes the transport of carbon into the deep oceans
where it is stored for up to 1000 of years.

The biological carbon pump is the oceans biologically driven sequestration of carbon
from the atmosphere to the deep sea (Figure 2) (reviewed by Turner (2015)). It
predominantly occurs in the surface oceans where primary producers fix carbon
dioxide (45 - 55 Gt C y!) through photosynthesis to form DOC and POC (which
here includes both living and dead material) (Behrenfeld and Falkowski 1997,
Falkowski et al 2000, Field et al 1998, Finkel 2014, Thornton 2014, Westberry et al
2008). Although a large part of the produced POC and DOC is quickly remineralised
to COz by marine microorganisms, a small fraction is stored within the oceans for
thousands to millions of years. This occurs through the physical sinking of POC into
deeper waters (~0.6 — 2.4% of the annually primary production) (Legendre et al 2015,
Luca et al 2016, Turner 2015) and from the remineralisation of DOC by marine
microorganisms into recalcitrant DOC (RDOC) (~0.5 - 0.6% of the annual primary
production) (Jiao et al 2010, Legendre et al 2015). The production of RDOC by
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microorganisms is referred to as the microbial carbon pump (Jiao et al 2010, Jiao and
Zheng 2011). RDOC is resistant to further degradation and can persist in the oceans
for thousands of years (Anderson et al 2015, Osterholz et al 2015).

Although the biological carbon pump contributes yearly to only a small fraction of the
stored carbon (~1.1 to 3% of the annual primary production), it plays a significant
role in keeping surface DIC concentrations low and allows for the flux of carbon
dioxide into the oceans from the atmosphere (Legendre et al 2015). Together the
physical and biological carbon pump maintain a vertical gradient of DIC between the
surface oceans and deeper water layers and thereby regulate the movement of CO;
from the atmosphere into the oceans. This has a significant impact on the global
carbon cycle and global climate as it reduces the amount of CO; in the atmosphere
(Ciais et al 2014).

Biological carbon pump
(includes the microbial carbon pump)

y

Atmospheric CO,

DiC

DOC and POC j Microbial degration
of DOM and POM

Sinking of POC
traps carbon in
deeper waters

Figure 2 The biological carbon pump refers to the fixation of dissolved inorganic carbon by
marine phytoplankton in the surface oceans and the export of the fixed organic material to
deeper waters via physical sinking. Additionally, it refers to the remineralisation and
transformation of some of the fixed organic matter by marine microorganism into
recalcitrant dissolved organic matter (RDOM) via the microbial carbon pump. RDOM is
resistant to further degradation and therefore stored in the oceans.

Marine Microorganisms — Primary Producers

Microorganisms are the main constituents of the marine ecosystem both in cellular
abundance and biomass (Ciais et al 2013, Whitman et al 1998). They are the dominant
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autotrophs  (primary  producers) and  heterotrophs  (consumers). Marine
microorganisms are generally very small, ranging in size from 0.4 um? (picoplankton)
to 200 um? (microplankton) but are extremely abundant (10¢ cells ml-! seawater) (Levin
and Angert 2015, Whitman et al 1998). Due to their small size, they have a high
surface to volume ratio, which makes them metabolically very active (Ducklow 1999,
Robinson and Williams 2007). Their high abundance and activity drive the biological
carbon pump and therefore they directly affect the global carbon cycle (Azam and
Malfatti 2007).

Phytoplankton is the collective term used to describe marine primary producers,
including phototrophic prokaryotes and phototrophic eukaryotes. Primary producers
tix carbon dioxide by using energy from the sun (photolithotrophic) or reduced
inorganic compounds (chemolithotrophic). This energy is used to synthesize simple
organic molecules from DIC (Figure 2). These simple organic compounds can then be
used to synthesize more complex cellular material such as lipids, amino acids, proteins
and carbohydrates that often contain other nutrients such as nitrogen, phosphate,
sulfur and iron.

The estimated 45 - 55 Gt C y! fixed by phytoplankton accounts for about half of the
Earth’s primary production (Azam and Malfatti 2007, Falkowski et al 2000, Field et al
1998, Finkel 2014, Sarmento and Gasol 2012, Westberry et al 2008). Phytoplankton
make this fixed material available to the marine food web through several processes.
Firstly, through the “standard” food web whereby phytoplankton biomass is
consumed by primary consumers (zooplankton) which in turn can be consumed by
secondary consumers (fish) and thereby the material travels up through the food web
(Pomeroy 1974). Alternatively, phytoplankton also actively transport between 10 —
50% of the produced organic matter out of their cells as dissolved organic matter
(DOM) (Biddanda and Benner 1997, Teira et al 2001, Teira et al 2003, Thornton
2014). DOM is neatly exclusively available to marine heterotrophic microorganisms
and therefore the fate of up to half of the phytoplankton-derived organic matter or a
quarter of the global primary production is controlled by marine microorganisms.
Global marine primary production is highly heterogeneous, with large areas of low
production and smaller areas of high production (Figure 3). This heterogeneity is due
to changes in physico-chemical conditions which regulate and limit phytoplankton
growth. These include irradiance (availability of sunlight for energy), temperature and
the availability and concentration of essential inorganic nutrients (such as Fe, P, N)
(Geider et al 1997, Howarth 1988, Maranon et al 2000, Pedersen and Borum 1990,
Raven et al 1999). Limitations in any of these factors restrict primary production and
thereby the flux of carbon into the oceans through the biological carbon pump.

The main reason for the high heterogeneity is because vast expanses of surface oceans
are oligotrophic, meaning they have very low concentrations of essential nutrients (Fe,
P, N) (Morel et al 2007, Polovina et al 2008, Raimbault et al 2008, Smith 1984). The
small areas of high primary production are predominantly in coastal regions (Figure 3)
where the mixing of water masses or the upwelling of nutrient-rich bottom waters
causes pronounced increases in the availability of essential nutrients (Cloern 1996,
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Ishizaka et al 1983, Sambrotto et al 1986, Van Dongen-Vogels et al 2012). This results
in an increase in primary production and can cause so-called “phytoplankton blooms”
(provided irradiance is high). Phytoplankton blooms result in the fixation of a
significant amount of carbon dioxide into organic matter thereby driving the
biological carbon pump.

Though phytoplankton fix a significant fraction of carbon dioxide, their biomass
represents only a small fraction of the total organic carbon pool in the oceans (3 Gt C
of a total of ~700 Gt C) (Ciais et al 2013). This uncoupling between carbon fixation
and total biomass is due to the extremely high turnover rates of phytoplankton and
their derived material in the oceans (Arnosti et al 2011, Kirchman et al 2001, Moran et
al 2016, Piontek et al 2010, Piontek et al 2011).

Chlorophyll Concentration (mg / m?)

001 003 01 03 1 3 10 30 60

Figure 3 Map showing averaged global chlorophyll a concentrations (primary production)
from 04.04.2002-31.10.2015 obtained from MODIS aqua ocean colour data using the
algorithm OCI (Ocean Biology Processing Group 2014). The chlorophyll a concentration
shows the heterogeneity of global primary production with high concentrations in coastal
regions and large areas of low chlorophyll a in open ocean provinces.

Marine Microorganisms — Heterotrophs

Marine heterotrophic microorganisms (Bacteria and Archaea) turnover between 75 -
95% of the phytoplankton-derived organic matter within days to weeks of its
production (Cho and Azam 1988, Moran et al 2016, Piontek et al 2011, Piontek et al
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2014). This has a significant effect on the marine carbon cycle because a large part of
the fixed carbon is directly respired to CO2 However, the remineralisation of DOM
does not just influence the carbon cycle but also other biogeochemical cycles because
DOM contains many essential nutrients (P, N, Fe) (Moran et al 2016). The
remineralisation of DOM releases these nutrients and makes them available to higher
levels of the marine food web. This is especially important in the oligotrophic gyres
(see above) where phytoplankton growth is limited due to a lack of essential nutrients.
In these areas, primary production is dictated by the biological supply of nutrients
from the remineralisation of DOM by heterotrophic microorganisms (Letscher et al
2015, Moran et al 2016). The active role heterotrophic microorganisms play in the
cycling of DOM is called the microbial loop (Azam et al 1983, Azam 1998) (Figure 4).

Marine microbial loop

Microorganisms
degrade and
remineralise
POM and DOM

Figure 4 The microbial loop is a representation of the microbially mediated turnover of
dissolved organic matter (DOM) and particulate organic matter (POM) in the marine
environment. Carbon dioxide is fixed by phytoplankton in the surface oceans. The fixed
organic matter is available as dissolved organic matter (DOM) to marine microorganisms
and particulate organic matter (POM) to marine microorganisms and marine consumers
such as zooplankton. Phytoplankton biomass enters the marine food web via the
consumption by marine zooplankton. Additionally, the sloppy grazing of biomass by
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consumers, viral lysis and cell death of phytoplankton releases POM and DOM. DOM and
POM are degraded and remineralised by marine microorganisms making essential nutrients
available for primary production.

Although microorganisms play such an important role in the recycling of organic
matter in the marine environment we know relatively little about the processes which
they use to do this. This is due primarily to our lack of understanding of how the
taxonomic and functional diversity of microorganisms affects carbon turnover in the
marine and other ecosystems.

Marine microorganisms are not just highly abundant they are also taxonomically and
functionally diverse (Giovannoni and Stingl 2005, Quince et al 2008, Rusch et al 2007,
Sunagawa et al 2015, Zinger et al 2011). They exhibit distinct patterns in their
distribution as they are selected for by specific environmental conditions (Baldwin et
al 2005, Green et al 2008, Hanson et al 2012, Martiny et al 2000, Yilmaz et al 2012).
Understanding the individual distribution patterns of microorganisms is important
because they have significant impacts on their environment. The focus of this thesis
was on the heterotrophic bacteria, which are selected for by phytoplankton-derived
organic matter (specifically polysaccharides) and what mechanisms these bacteria use
to remineralise organic matter.

Phytoplankton Derived Organic Matter

When conditions are optimal (light, nutrients, temperature) phytoplankton form
blooms and produce a high amount of organic matter. As this organic matter becomes
available to the microbial community distinct changes in the community composition
occur. Specific bacterial groups (for example Bacteroidetes, Gammaproteobacteria,
Roseobacter) increase in abundance and other bacterial groups (for example SAR11 and
SAR806) decrease in abundance (McCarren et al 2010, Teeling et al 2016). These
changes have been repeatedly observed throughout the world’s oceans and they occur
both on a taxonomic and functional level (Bunse and Pinhassi 2016, Rinta-Kanto et al
2012, Rooney-Varga et al 2005, Sarmento and Gasol 2012, Sison-Mangus et al 2016,
Teeling et al 2012, Wemheuer et al 2015). To fully understand the changes in the
bacterial community composition and the role which heterotopic bacteria play in the
turnover of organic matter, we must understand the organic matter itself.

Marine organic matter is broadly classified into three major types, dependent on its
residence time within the ocean (Follett et al 2014, Hansell and Carlson 1998, Hansell
2013). Firstly, labile DOM consists of molecules produced by phytoplankton and
remineralised within hours to days of their production. Secondly, semi-labile DOM is
also produced by phytoplankton but consists of less reactive molecules that can
persist in the surface oceans from weeks to years. Finally, refractory DOM (also called
recalcitrant - DOM)) is produced through photochemical reactions and the metabolic
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activity of microorganisms (microbial carbon pump) (Amado et al 2015, Jiao et al
2010, Jiao and Zheng 2011, Osterholz et al 2015). It has the longest residence time,
circulating through the major oceanic basins for thousands of years and is therefore
the least biologically reactive. All three forms of DOM exist throughout the oceans,
although most of the labile and semi-labile DOM is present in a high abundance in the
surface oceans as it is produced by phytoplankton. These two type of DOM are of
interest in the study of the marine carbon cycle because of their high turnover rates
(Legendre et al 2015).

Although current methodological limitations do not allow a full characterisation of the
composition of individual constituents of DOM, we do know that it is predominantly
produced by marine phytoplankton. Therefore, it must be similar in composition to
phytoplankton biomass (25 - 50% proteins, 5 - 50% polysaccharides, 5 - 20% lipids, 3
- 20% pigments, and up to 20% nucleic acids) (Emerson and Hedges 2008).

Further hints of its composition are obtained from bulk seawater analyses which
indicate that polysaccharides (> 1000 Da) are a dominant fraction of DOM (Benner et
al 1992). Similar results have been obtained from analyses of phytoplankton exudates,
which can be comprised of 80 - 90% high molecular weight (HMW) carbohydrates,
specifically polysaccharides (Abdullahi et al 2006, Aluwihare and Repeta 1999,
Biddanda and Benner 1997, Biersmith and Benner 1998, Myklestad 1995).
Polysaccharides, therefore, appear to be an important part of phytoplankton-derived
DOM and specifically the actively released DOM.

Polysaccharides are structural and storage compounds of phytoplankton and consist
of long sometimes branched chains of monosaccharides bound together by glycosidic
bonds. They have a remarkable structural diversity and can consist of varying
monosaccharide residues bound by different glycosidic bonds and decorated with
different side groups such as sulfate, acetyl or methyl (Dumitriu 2010, Helbert 2017).
Analysis of the monosaccharide residues from phytoplankton extracts, using acid
hydrolysis, has provided insight into the basic chemical composition of marine
polysaccharides. They are primarily composed of the sugar monomers arabinose,
xylose, glucose, galactose, mannose, fucose, rhamnose, glucosamine and
galactosamine (Aluwihare and Repeta 1999, Aluwihare et al 2002, McCarthy et al
1996). The monomer ratios vary between individual phytoplankton groups, indicating
that they produce polysaccharides of different chemical compositions (Abdullahi et al
2006, Aluwihare and Repeta 1999, Myklestad 1995). These monosaccharides are also
the dominate sugars found in surface water samples suggesting that phytoplankton
polysaccharides are the dominate source of monosaccharides in the marine
environment (Aluwihare and Repeta 1999, KerheRvé et al 1995).

Bacterial Polysaccharide Turnover

Marine heterotrophic bacteria degrade polysaccharides using carbohydrate active
enzymes (CAZymes), which include glycoside hydrolases (GH), polysaccharide lyases
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and carbohydrate esterases. GH’s cleave the glycosidic bonds within a polysaccharide
(Lombard et al 2014). They can be exo-acting meaning they remove sugars from the
end of the polysaccharide chain or endo-acting meaning they hydrolyse bonds within
the chain (Driskill et al 1999). GH’s are classified into many different families based
on their structure and display substrate specificities (Berlemont and Martiny 2016,
Lombard et al 2014). The substrate specificity means that a specific GH hydrolyses a
limited type of glycosidic bonds and that to degrade a complex polysaccharide several
GH’s are most likely required. This means that a single bacterial species requires
several different GH’s or that a consortium of bacteria is required to fully degrade
complex polysaccharides (Berlemont and Martiny 2016, Ndeh et al 2017, Xing et al
2015). The high diversity of polysaccharides released by phytoplankton suggests that it
is unlikely that a single marine bacterium could contain all the enzymes required to
degrade them. Instead, marine bacteria show a specialisation for a specific set or type
of polysaccharides (Bauer et al 20006, Teeling et al 2012).

As organic matter becomes available in the marine environment, such as during a
phytoplankton bloom, distinct successional patterns in both the diversity and function
of heterotrophic bacteria occur. These patterns have been associated to the substrate
specialisation of individual heterotrophic bacteria and to the diverse range of

polysaccharides that are made available over time by phytoplankton (Bunse and
Pinhassi 2016, Landa et al 2016, Teeling et al 2012).

Aims

In this thesis, I set out to investigate how the taxonomic and functional diversity of
marine microorganism affects the bacterially mediated carbon turnover in the Atlantic
Ocean. 1 specifically wanted to link the differences in bacterial community
compositions to changes in the carbon turnover with a focus on the mechanisms
marine microorganisms use to degrade high molecular weight polysaccharides. This
will contribute to the understanding of how global patterns in polysaccharide
hydrolysis rates are effect by the community composition and distribution patterns of
microorganisms. Additionally, it will help us to predict the impact which microbes
have on global biogeochemical cycles.
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II.

Obijectives of Thesis

Objectives of this Thesis

The general topic of this doctoral thesis was to investigate the taxonomic and
functional diversity of marine microorganisms that significantly contribute to the
biological turnover of polysaccharides.

Specific Objectives

22

Develop methods which allow on-site high-throughput analysis of the
microbial diversity and abundance.

A major limitation facing microbial ecologists is the need to analyse
microbiological samples in a laboratory. Therefore, to enable a direct high-
throughput, quantitative and qualitative analysis of a microbial community I
sought to modified established laboratory-based techniques for use on-board a
research vessel. This would enable a comprehensive analysis of the microbial
diversity, total cellular abundance and cellular abundance of specific bacterial
groups results, even in remote sampling sites. This direct insight would in turn
allow for more well-thought-out on-site research as well as targeted sampling to
occur.

Analyse the free-living and particle-associated microbial community
composition of the Atlantic Ocean with a focus on both diversity and
cellular abundance.

I set out to investigate the free-living (FL) and particle-associated (PA) bacterial
communities in the surface waters of the Atlantic Ocean. I did this to gain an
insight into the biogeographical distribution patterns of the bacteria associated
with different lifestyles. Additionally, I wanted to investigate the changes in
bacterial community composition between oligotrophic and copiotrophic
conditions. This should give us new insights into possible reasons for the
previously reported high variability in richness and diversity among the PA and
FL communities.

Investigate alternative polysaccharide utilisation mechanisms in marine
bacteria.

A major objective of this thesis was to investigate if marine bacteria exhibit
alternative mechanisms for the uptake of HMW polysaccharides. Recent
metagenomics analyses have hinted at the presence of alternative mechanisms of
HMW substrate utilisation in marine bacteria. Using a combination of
fluorescently labelled polysaccharides (FLA-PS), fluorescence in situ hybridisation
(FISH) and super-resolution structured illumination microscopy I wanted to
visualise these uptake mechanisms in environmental bacteria.

Analyse the extracellular hydrolysis rate of HMW polysaccharide by
marine bacteria and identify the dominant organisms associated with
polysaccharide utilisation.




Objectives of Thesis

Previous analyses of the extracellular hydrolysis rate of polysaccharides by marine
microbial communities have shown distinct patterns in the rates of hydrolysis
across latitudes. However, it is unknown if these patterns are due to the bacterial
community composition. Therefore, I set out to investigate the extracellular
hydrolysis rates and bacterial community dynamics within fluorescently labelled
polysaccharide incubations across the Atlantic Ocean. These analyses should lead
to the identification of the microorganisms associated with the hydrolysis of
polysaccharides in the marine environment.
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Modification of a High-Throughput Automatic Microbial Cell
Enumeration System for Shipboard Analyses

Christin M, Bennke,™ Greta Reintjes,® Martha Schattenhofer,™” Andreas Ellrott,” Jérg Wulf,* Michael Zeder,®* Bernhard M. Fuchs®

Depanment of Malecular Ecology, Max Planck Institute for Marine Micrabiology, Bremen, Germany”; Department of Ecology & Genetics, Limnalogy, Uppsala University,
Uppsala, Sweden®; Technobiology GmbH, Buchrain, Switzerland®

ABSTRACT

In the age of ever-increasing “-omics” studies, the accurate and statistically robust determination of microbial cell numbers
within often-complex samples remains a key task in microbial ecology. Microscopic quantification is still the only method to
enumerate specific subgroups of microbial clades within complex communities by, for example, fluorescence in situ hybridiza-
tion (FISH). In this study, we improved an existing automatic image acquisition and cell enumeration system and adapted it for
usage at high seas on board an oceanographic research ship. The system was evaluated by testing settings such as minimal pixel
area and image exposure times ashore under stable laboratory conditions before being brought on board and tested under vari-
ous wind and wave conditions. The system was robust enough to produce high-quality images even with ship heaves of up to 3 m
and pitch and roll angles of up to 6.3°. On board the research ship, on average, 25% of the images acquired from plankton sam-
ples on filter membranes could be used for cell enumeration. Automated enumeration was highly correlated with manual counts
(¥ = 0.9). Even the smallest of microbial cells in the open ocean, members of the alphaproteobacterial SAR11 clade, could be
confidently detected and enumerated. The automated image acquisition and cell enumeration system developed here enables an
accurate and reproducible determination of microbial cell counts in planktonic samples and allows insight into the abundance
and distribution of specific microorganisms already on board within a few hours.

IMPORTANCE

In this research article, we report on a new system and software pipeline, which allows for an easy and quick image acquisition
and the subsequent enumeration of cells in the acquired images. We put this pipeline through vigorous testing and compared it
to manual microscopy counts of microbial cells on membrane filters. Furthermore, we tested this system at sea on board a ma-
rine research vessel and counted bacteria on board within a few hours after the retrieval of water samples. The imaging and
counting system described here has been successfully applied to a number of laboratory-based studies and allowed the quantifi-
cation of thousands of samples and FISH preparations (see, e.g., H. Teeling, B. M. Fuchs, D. Becher, C. Klockow, A. Gardebrecht,
C. M. Bennke, M. Kassabgy, 5. Huang, A. J. Mann, J. Waldmann, M. Weber, A. Klindworth, A. Otto, ]. Lange, J. Bernhardt, C.
Reinsch, M. Hecker, ]. Peplies, F. D. Bockelmann, U. Callies, G. Gerdts, A. Wichels, K. H. Wiltshire, F. O. Glickner, T. Schweder,
and R. Amann, Science 336:608-611, 2012, httpy//dedoiorg/ 10.1126/science. 1 218344), We adjusted the standard image acquisi-
tion software to withstand ship movements. This system will allow for more targeted sampling of the microbial community,
leading to a better understanding of the role of microorganisms in the global oceans.

he exact quantification of cells is fundamental to microbial
ecology and hence for understanding the interaction of micro-
organisms with biotic and abiotic factors. 5till, the counting of

microbial cells on membrane filters using an epifluorescence mi-
Received 8 December 2015 Accepted 18 March 2016

croscope remains the method of choice ( 1-3) for the enumeration
of picoplankton cells, although it is rather time-consuming and
relies on the experience of the individual person counting, Addi-
tionally, manual counting of an entire membrane filter is not prac-
tical within a given time frame, and therefore, only a small part is
analyzed (usually 12 to 20 fields of view [FOVs]) (3, 4). Conse-
quently, several tools have been developed over the past 2 decades
to automatically enumerate microbial cells by means of image
acquisition and subsequent image analysis (e.g., references 5-13),
Most of these methods automate only the post-image processing;
the image acquisition is still done manually. One of the first fully
motorized microscope systems for automated image acquisi-
tion was presented by Pernthaler and coworkers in 2003 (7).
It was applied to several thousands of sample preparations for
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Bennke ¢t al,

TABLE 1 Oligonucleotide probes used in this study”

Probe name Target group Probe sequence (3"—3") Length (at)® FA (%) Reference
CF319a Bacteroideies TGGTOCGTGTCTCAGTAC 18 35 29
SARI1-152R SAR1I clade ATTAGCACAAGTTTCCYCGTGT 2 25 30
SARI1-441R SAR1I clade TACAGTCATTTTCTTCCCCGAC 22 25 30
SARNL-44 1R moddif) SAR1I clade TACCGTCATTTTCTTCCCCGAC 22 25 31
SARI-487(modif) SAR11 clade COOACCTTCTTATTOCGGE 18 25 31
SAR11-487-H3¢ SAR11 clade CGGCTGCTGGCACGAAGTTAGC 22 25 31
SARIL-542R SARII clade TOCGAACTACGOTAGGTC 18 25 a0
SARI1-732R SAR11 clade GTCAGTAATGATCCAGAAAGYTG 23 25 30
EUB338 1 Bacteria GCTGCCTCOCGTAGGAGT 18 35 32
EUB338 11 Sup]:ll::m:nl o EUB338 GUAGCCACCOGTAGGTGT 18 35 33
EUB338 111 Supplement to EUB338 GCTGCCACCCGTAGGTGT 18 35 33

* All Bacterig-specific probes (EUB338 1, EUB338 11, EUB338 111} were applied together as a mix. This applied also to all SARI 1-spexific probes.

* nt, nuclentides.
* FA, formamide concentration I:vn|.l'w=|} in the h:ph'idiuticm buffer,
4 Unlabeled helper oligonucleotide to probe SARI | -487(modif),

high-throughput analysis of fluorescence in situ hybridization
(FISH) assays, along a transect across the Atlantic Ocean (14).
Further development of this system enabled, for example, the au-
tonomous recognition of the shape of the filter pieces (SamLoc
[15]) or sped up the image acquisition time by using light-emit-
ting diode (LED) illumination, which removed the need for man-
ual shutter opening and closing during optical filter changes.

The present study consists of two parts. The first part focuses
on the adaptation and further development of the existing count-
ing system of Zeder and Pernthaler {16) to minimize human in-
tervention during the counting process. This system was tested
and applied in a stable laboratory environment and compared to
manual microscopic counts of microbial cells on membrane filters
to verify the quality and reproducibility of the obtained data.

In a next step, we brought this system on board an oceanic
research vessel to further develop the automatic microscopy
method while being at sea. So far, shipboard cell enumeration has
been done either manually with an epifluorescence microscope or
by flow cytometry. The flow cytometry method, however, is pre-
dominantly used to determine total picoplankton, picoeukaryote,
and nanoflagellate abundance. While pigmented microorgan-
isms, like Synechococcus and Prochlorococcus, can be enumerated
separately, heterotrophic nonpigmented microorganisms can be
counted only as bulk (17, 18). Bringing microscopy systems to sea
on board a research vessel would facilitate the counting of non-
pigmented microorganisms that have been specifically labeled
with oligonucleotide probes after fluorescence in situ hybridiza-
tion (FISH). This bears some major challenges that need to be
overcome. Mass acceleration of the microscope components due
to the ship movement up to the meter range results in torsion of
the instrument and greatly influences the autofocus and image
focus on a nanometer-to-micrometer scale. This is even more true
for automated microscope systems with their heavy motorized
components, €.g., the stage, which are susceptible to torsional
stress. Most of the time, microscopes on board a research vessel
are mounted on vibration-free flagstones to minimize the motion
of the stage and to reduce unstable focus conditions.

The motivation to develop an onboard automatic microscope
counting system is to enable specific picoplankton counts after
FISH on-site within a few hours after the retrieval of water sam-
ples. So far, the only mention of an automated microscope has
been in a grant application in 1989 by Michael Sieracki (NSF,
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grant 8813356). In order to use our lab system on board a research
vessel, we had to account for the ship’s constant motion while at
sea. Hence, we improved the stacking and focusing routine devel-
oped by Zeder and Pernthaler (16) to obtain high-quality (HQ)
images independently of the ship’s movement. At first, the quick
stack with extended depth of focus (QEDF) was developed and
further improved by in-depth focusing (FQEDF). Here, we pres-
ent the first successful employment of an automatic cell enumer-
ation system on board a research vessel, which was quality checked
and verified by manual counts on board, resulting in the first
onboard data set of the distribution of the alphaproteobacterial
clade SAR11.

MATERIALS AND METHODS

Adaptation of existing counting system and further development. (i)
Sampling: land-based image acquisition. Marine surface water samples
were collected twice a week from | m below the sea surface between 1
January and 31 May 2011 with the research vessel Ade at station Kabel-
tonne, Helgoland Roads, North Sea (54°11°30"N 7°54"00°E). All samples
were fixed for 1 h at room temperature by adding a 37% formaldehyde
solution (Sigma-Aldrich, Taufkirchen, Germany) to a final concentration
of 1%. Filtration was done using a reusable Nalgene bottle top filtration
device (catalog no. D50320-2545), and 10 ml of surface water was filtered
through 0.2-pm-pore-size polycarbonate membrane filters (catalog no.
WH7060-4702; GE Healtheare, Freiburg, Germany) equipped with cel-
lulose nitrate support filters (pore size, 0,45 pm; model 11306-47-N; Sar-
torius). Filtration was performed by applying a gentle vacuum of <20
kPa. After drying, filters were stored at —20°C until further analysis.

(i) Fluorescence in situ hybridization and DAPI staining. Filters
were cut and subsequently mounted on glass slides wsing a mixture of
glycerin-phosphate-buffered saline (PBS) mounting solutions (CitiFluor
AF1 [CitiFluor Ltd., London, United Kingdom | and Vectashield [Vector
Laboratories, Inc., Burlingame, CA, USA]) containing the nucleic acid
dye DAPI (4",6-diamidino-2-phenylindole; Sigma-Aldrich, Steinheim,
Germany) at a final concentration of 1 pg ml™", The samples that were
used for community analysisand the estimation of the minimal object size
for bacterial cells were additionally stained by fluorescence in site hybrid-
ization and underwent catalyzed reporter deposition (CARD-FISH), ac-
cording to Thiele et al. (19). The oligonucleotide probes used to target the
whole Bacteria clade and the Bacteroidetes clade are listed in Table 1,

(iii) Refined image acquisition system. Image acquisition was
done using a multipurpose fully automated microscope imaging sys-
tem (MPISYS) (see Fig. 51A to G in the supplemental material) on a
Zeiss Axiolmager.Z2 microscopic stand (Carl Zeiss Microlmaging
GmbH, Gottingen, Germany) with a cooled charged-coupled-device
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(CCD) camera (AxioCam MRm; Carl Zeiss) and a Colibri LED light
source (Carl Zeiss) with three light-emitting diodes (UV-emitting
LED, 365 = 4.5 nm for DAPI; blue-emitting LED, 470 = 14 nm for the
tyramide Alexa Fluor 488; red-emitting LED, 590 * 17.5 nm for the
tyramide Alexa Fluor 594), combined with the HE-62 multifilter mod-
ule {Carl Zeiss). This module consists of a triple emission filter TBP
425 (% 25), 527 (= 27), LP615, including a triple beam splitter of TFT
395/495/610.

The imaging software initially acquired an overview image of the mi-
croscope stage and object slides in bright-field illumination with a 1x
objective (Carl Zeiss) (see Fig. 518 to D in the supplemental material)
(SamLoc [15]). Subseguently, the SamLoc software was used to define
coordinates for image acquisition based on user-defined grids with FOVs,
with a minimum distance of 250 pm between FOVs (see Fig, S1E in the
supplemental material). This distance takes into account the frame size
(FOV width) of the CCD camera with the 63 objective (Carl Zeiss),
which is 141 by 105 pm. To avoid any overlap of FOVs, a minimum
distance of one-and-a-half times the diagonal of the CCD camera frame
wits found to be a reliable distance between two imaged FOVs, After de-
fining the coordinates, an FOV coordinate list was generated, which was
subsequently used by the MPISYS software during the automatic image
acquisition. This system was evaluated for planktonic samples, in which
55 FOVs were adequate for cell enumeration; however, the number of
FOVs needs to be newly evaluated for samples from other habitats.

Next, so-called channels were defined within the MPISYS software
according to the fluorescent dyes used (e.g., DAPI, Alexa Fluor 488, and
Allexa Fluor 594) (see Fig. 51F in the supplemental material). The channels
are user-specified settings for image acquisition (see Fig. 51G in the sup-
plemental material), For each channel, the exposure time (constant or
variable), focusing procedure, and number of images per z-stack for the
compensation of filter unevenness were selected (20). Notably, for each
channel, only one exposure time, gither constant or variable, could be
selected. If the user requested different exposure times for the same exci-
tation setting, several channels were defined, selecting similar excitation
settings but different exposure times.

The algorithm for the focusing routine was adapted from that of Zeder
and Pernthaler (1 6). Focusing was done for each FOV in the first acquired
channel and then set as a fixed focal position for the other channels, A
z-stack of seven layers per FOV and exposure time was recorded, and
subsequently, a single extended depth of field image (EDF) was created
(see Fig. 524 in the supplemental material). The EDF was used to com-
pensate for the unevenness of a sample (like, for example, wrinkles on the
filter piece) by taking multiple images corresponding to the different focal
planes and subsequently creating a single in-focus image (21). For this, the
wavelet-based extended-focus functionality of the AxioVision software
(Carl Zeiss), which is in compliance with the EDF algorithm, was used.

Images were acquired using a 63 magnification and 1.4 numerical
aperture oil immersion plan apochromatic objective (Carl Zeiss), The
ED}Fs were saved in .tiff format and were subsequently loaded into the
Automated Cell Measuring and Enumeration tool 2.0 (ACMEtool2.0)
program (http:/fwww.technobiology.ch/findex.phpfid=acmetool) (see
Fig. $1H to L in the supplemental material). The images obtained using
the above-mentioned CCD camera and a 632 oil objective with numeri-
cal aperture of 1.4 have a pixel size of 0.1015 pm pixel ™"

(iv) Image selection and cell determination and enumeration using
ACMEtool2.0. All images taken with MPISYS were manually inspected in
ACMEtool2.0 (see Fig. $1H in the supplemental material), and low-qual-
ity images, such as images with over- or underexposed parts, areas out of
focus (unevenness), or too many aggregates, large phytoplankton cells,
debris, and particles, were excluded from further analysis to ensure high
data quality (see Fig. 53 to 56 in the supplemental material) (20). In a
second step, a so-called metafile was calculated from the remaining HQ
images for faster image processing (see Fig. 511 in the supplemental ma-
terial). This metafile contained the coordinates of all recognized objects of
each image of all channels and stored parameter values, like object area,
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circularity, mean gray value, and signal-to-background ratio. These pa-
rameters were used to define logical selection rules and stored in “set” and
“subset” definitions. To enumerate FISH-positive cells, the following sets
were defined. One set was defined to identify all blue fluorescent DAPI-
stained cells under UV illumination. A second set was defined to deter-
mine which cells show green fluorescence (the FISH signal) under blue
excitation. The third set was defined to detect all red-emitting objects
under green excitation (see Fig. 53A to F in the supplemental material).
Due to the high productivity of the sampling site at Helgoland Roads, this
was necded to discriminate against autofluorescence signals of debris and
small algae (sample image material is provided in Fig. $4A and B and 55A
and B in the supplemental material). Consequently, FISH-positive cells
were identified as the logical combination of the three sets: blue positive,
green positive, and red negative.

Finally, after optimal selection of parameters and manual cross-
checks, cells were counted automatically by the program (see Fig. S1] in
the supplemental material), and cell numbers were exported in a tab-
delimited report file (see Fig. 51K in the supplemental material). Further-
more, ACMEtool2.0 provides a summary file in which the number of
analyzed FOVs per sample and total counted cells were given. For a de-
tailed overview, an FOV report of the numbers of counted cells per FOV
was provided. This report also gives a detailed overview of the cell distri-
bution on the filter.

Onboard automatic counting system. (i) Sampling and sample
preparation on board. Planktonic seawater samples were taken during
the Atlantic Meridional Transect (AMT) 22 on the research vessel RRV
James Cook (Southampton, United Kingdom, to Punta Arenas, Chile, 10
October to 24 November 2012), Samples were taken using a Sea Bird CTD
with carousel water sampler (5¢a Bird Electronics, Inc,, USA), which was
deployed twice daily at predawn and solar noon intervals. A total of 50
stations were sampled at a 20-m water depth. From each sample, 100 ml of
seawater was fixed with 37% formaldehyde in a final concentration of 19
for 1 to 2 h at room temperature. Subsequently, triplicate 20-ml sub-
samples were filtered onto 47-mm polycarbonate membrane filters with a
0.2-pm pore size using a vacuum of 20 kPa. These filters were dried and
stored at —20°C until further analysis.

All stations were analyzed using CARD-FISH directly on board the
research ship within a few hours after the retrieval of samples. The filters
were processed according to the method of Thicle et al. (19) and subse-
quently mounted on glass slides using a DAPI-amended mixture of Citi-
Fluor AF1 and Vectorshield. The oligonudeotide probes used to target the
alphaproteobacterial clade SAR11 are listed in Table |, Cell enumeration
and community analyses were done directly on board using a fully mo-
torized Axioplan 2 microscope (Carl Zeiss) for automatic image acquisi-
tion and the ACMEtool2 0 software for image analysis. Manual verifica-
tion of the automatically obtained cell counts was done after completion
of automated image acquisition to prevent bleaching of the stained cells.
The typical manual inspection period is in the range of seconds to min-
utes, which affects the signal strength of the stained cells. [n contrast,
exposure times in the range of milliseconds do not negatively influence
the signal intensities (data not shown).

(ii) Automated image acquisition on board. The Axioplan 2 micro-
scope was equipped with a 63%/1.4 oil plan apochromatic objective lens,
a four-slide scanning stage (Miirzhiuser, Wetzlar, Germany), LED epiflu-
orescence illumination of 365 nm, 470 —5/+15 nm, and 590 = 10 nm
(KSL 70; Rapp OptoElectronic, Wedel, Germany), a multiband optical
filter with beam splitter HC395/495/610, and emission filter HC425 (=
15),527 (% 25), LP615 (AHF Analysentechnik, Tiibingen, Germany), and
a cooled CCD camera (Orca C4742-95-12NR; Hamamatsu Photonics,
Hamamatsu City, Japan). The pixel size of this microscope and the asso-
ciated ohjectives was 0.1068 pm pixel ", The acquisition of overview
images was done via webcam and using the SamLoc software (15). The
previously described automated image acquisition software MPISYS was
maodified for the different hardware requirements and was extended with
new functionality to account for the ship’s movements, We developed a
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new quick-stack method with an extended depth of field (QEDF) routine.
In comparison to the original stack image acquisition with EDF (see Fig.
52A in the supplemental material), in which positioning and image acqui-
sition were done subsequently for every single image of the stack, QEDF
used a live video stream approach (see Fig. 528 in the supplemental ma-
terial). A video stream was recorded, while the microscopic stage moved
from first to last stack position. The image frames of the live stream, which
fit the needed stack positions best, were taken for the EDF calculation that
followed, However, the time-consuming EDF calculation was postponed
until all stacks from all channels were recorded to avoid a focus shift
between alterations of channels. Using QEDF, it was possible to acquire
multichannel multilayer images on board, but the yield of good-quality
images was still low. This is because QEDF is still a pure image acquisition
method and relies on the initially found focal position. In order to increase
the amount of HC images, we combined the QEDF stacking algorithm
with in-depth focusing, and this was called focused QEDF (FQEDF) (see
Fig. 52C in the supplemental material). The live stream image acquisition
was done over a distance of 3 times the required stack size, The focal
position of the live stream was calculated and represents the center of the
required stack. Around this position, image frames were taken, and the
FQEDF file was calculated, similar to the procedure with QEDF and EDF.
The frame rate for QEDF and FDEQF is nearly exclusively dependent on
the exposure time, because live imaging needs to be done in full frame at
full resolution. In QEDF and FQEDF, there is continuous movement of
the stage during image acquisition but in a range of 1 to 3 pm s~ there-
fore, it is slow enough that axial motion blur does not pose a problem,

RESULTS

Adaptation of existing counting system and further develop-
ment. (i) Influence of exposure time on counting accuracy. The
first step in our automated cell counting routine is the image ac-
quisition of the stained microorganisms. The influence of expo-
sure times on subsequent cell detection and enumeration was
tested. We acquired images with various measured exposure times
by the autoexposure function of the AxioVision software for every
FOV. Here, this variable measured exposure time is called DAPI-
auto. The automatically measured exposure times ranged from a
minimum of 49 ms to maximum of 255 ms, with a mean exposure
time of 74 * 22 ms. Additionally, from the same set of samples,
images were acquired with constant exposure times of 50 ms
(termed DAPI-50ms) and 25 ms (DAPI-25ms). Fifty milliseconds
was selected as a reference exposure time at the lower limit of
DAPI-auto, and 25 ms was randomly chosen to see if the acquisi-
tion time could be reduced.

In total, 44 marine DAPI-stained planktonic samples were im-
aged by using the three different channel definitions. From each
sample, 55 FOVs were recorded, and after manual image inspec-
tion, =50% (30 * 10) high-quality FOVs per sample were ob-
tained. These were then processed further for cell enumeration.
The two fixed exposure times (DAPI-25ms and DAPI-50ms) re-
sulted in similar cell numbers per FOV (P = 0.685, t test), but the
cell numbers differed slightly from the ones derived from various
exposure times from the DAPI-auto channel (P = 0.006) (Fig. 1).
The DAPI-auto channel occasionally resulted in an overestima-
tion of the cells per FOV, which originated from elevated back-
ground fluorescence leading to a low signal-to-noise-ratio. There-
fore, two closely located cells appeared to be merged and were
consequently counted as one by the algorithm. However, the au-
tomatically measured exposure times still often resulted in similar
numbers of cells per volume as fixed exposure times, although the
conditions of image acquisition differed for each FOV. Addition-
ally, the image acquisition time for 55 FOVs using DAPI-auto
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DAPI_25ms DAPI_S0ms DAPI_auto

FIG 1 Number of cells per FOV obtained with different exposure time set-
tings. Two constant exposure times (DAPL-25ms and DAPL-50ms) and one
varying exposure time { DAPI-auto) were selected.

settings exceeded those from DAPI-50ms and DAPI-25ms set-
tings by =1 h. Hence, the exposure time was set to 50 ms under
stable laboratory conditions but had to be newly evaluated for
samples from different habitats. Using fixed exposure times re-
sults in faster and standardized image acquisition for all samples
from one habitat, leading to high reproducibility and comparabil-
ity of images. The exposure time of 25 ms was rejected, and 50 ms
was chosen instead, since 25 ms was at the lower limit of the image
acquisition time with respect to signal-to-background ratio and
was not considerably faster than 50 ms.

(ii) Estimation of the minimal object size for bacterial cells.
One major aspect of cell detection using the ACMEtool2.0 soft-
ware is to define the set and subset definitions, which heavily rely
on the signal-to-background ratio and on the size (in pixels) of the
objects. A specific threshold in the object size is necessary to be
able to distinguish between bacterial cells and other objects, like
viruses and autofluorescent particles, which tend to be smaller

22, 23). To determine the minimal object size needed for the
accurate detection of only bacterial cells, 35 marine planktonic
samples were DAPI stained to determine the total object abun-
dance and hybridized with probes specific for Bacteria (EUB [ to
11} and Bacteroidetes (CF319a). The bacterial probe mixture of
EUEB I to III was used, since it detects mainly all bacterial cells in
planktonic waters, assuming a 100% detection rate.

After image acquisition and quality checking, various thresh-
olds of 10 to 50 pixels (equivalent to 0.1 to 0.5 um?®) for the object
size were tested (Fig. 24 and B). The lowest area consisting of 10
pixels (0.1 pm?) was assumed to detect 100% of the objects
stained by DAPL Increasing thresholds (=15 pixels, >0.15 pm®)
for the object size logically resulted in decreased numbers of de-
tected objects. This decrease in numbers represents a fraction of
smaller particles, such as virus-like or other particles, which are
picked up when using lower thresholds (<15 pixels, <0.15 pm?).
By removing these particles from the total object counts, the ac-
curacy of the number of bacterial cells, defined as an object con-
taining both a DAPI and an EUB I to 111 ( Bacteria-specific probe)
signal, increased. Small objects (e.g., viruses) that contained only a
DAPI but no FISH signals were no longer included.

If, however, the threshold was set too high, for example, at =30
pixels, there was a decreased detection rate of both total cells
(DAPI, 10%) and hybridized cells (EUB I to I1T and CF319a, 19%
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FIG 2 Estimation of the minimal object area size in pixels for the accurate enumeration of bacterial cells. Relative object counts of { A) DAPL-stained (30 ms) and
EUB I- to [11-stained (100 ms) and (B) DAPI-stained (30 ms) and CF319a-stained (150 ms) cells as the percentage of total counts from the smallest pixel arca
measured (10 pixels). The optimal pixel area size was determined by testing fixed object area sizes from 10 to 50 pixels from DAPI- and FISH-stained cells. Error

bars indicate standard deviations (m = 33).

[Fig. 2A] and 35% [Fig. 2B], respectively). For the automated
detection of bacterial cells, the optimum object size for our
samples was found to be in the range of 17 to 20 pixels or 0.18
to 0.21 pm.

(iii) Comparison of manual versus automated cell counting.
To further evaluate the automated counting process, bacterial
cells in a subset of 22 of the above-mentioned 44 stained and
hybridized water samples were enumerated both manually and
automatically. Student’s two-sample t test was used to compare
the distribution of bacterial counts done by manual analysis
with the distribution of bacterial counts done by automatic
analysis. The obtained P value was >0.05, revealing that the
distribution of bacterial counts does not differ between manual
and automatic analyses. Additionally, regression analysis of the
obtained manual and automatic counts revealed r* values of
=098 (Fig. 34 and B), indicating a slight underestimation by
automated counting. However, the coefficients of variation (CVs)
for automatic and manual counts differed greatly. The CV per
sample is determined by dividing the standard deviation by the

A, -
20
E >
g &
% 1.51 R
g 1.01 o
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mean of cell counts from all fields of view per sample, whereas the
average CV is defined by the mean of CVs across all 22 samples.
Student’s two-sample ¢ test was used to compare the CVs per
sample across all 22 samples done by manual analysis with the CVs
per sample across all 22 samples done by automatic analysis. The
obtained P value was 0.000234, thus being smaller than the signif-
icance level of 0.001, revealing significant differences between the
CVs per sample across all 22 samples acquired by automatic
counting compared to manual analysis. This means that the aver-
age CV was higher for manual counting (19% * 7%) than for
automatic counting (12% * 3%). Hence, with the automatic sys-
tem, the lowest CV per sample accounted for a minimum of 7%
variance within one sample. In contrast, 10% variance per sample
was received with manual analysis. Moreover, the highest CV per
sample obtained by manual counting was 35%, whereas the auto-
matic analysis resulted in the highest CV per sample of about 24%.

Onboard automatic counting system. (i) Modifications in fo-
cusing routine for onboard usage. Based on the promising results
of part 1, in which we successfully established the automatic
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FIG 3 Manual versus automatic cell counts azhore, Cell enumeration was done after CARD-FISH with the oligonucleotide probe CF319a, (A) DAPI counts per
volume, (B) FISH-positive cell counts per volume, The regression coefficient () and formula are depicted at the lower right side of each graph.
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TABLE 2 Overview of improvements in stacking and focusing routines
to obtain HC) images on board a research vessel

High-quality image Criteria fulfilled (minimum 10
Method yield (%) high-quality images) (%)
EDF 0-25 19
QEDF 4-26 62
FQEDF 11-35 97

counting system inside a stable laboratory environment, an adap-
tation for shipboard usage was addressed. To address the com-
plexity of the ship's constant motions while being at sea, the stack-
ing and focusing routine to obtain high-quality images was
improved. At first, the quick stack with extended depth of focus
(QEDF) was developed and further improved by in-depth focus-
ing (FQEDF) (Table 2).

On board, the average performance of using standard stacking
(stacking seven z-layers) and the EDF method yielded, on average,
only 10% HQ images, with a range from 0 to 25%. In contrast, in
the laboratory, an average of =>50% HQ images was generated, It
was reported previously (4), consistent with our own experience,
that a minimum of 10 HQ images is required to obtain statistically
relevant counts of the bacterial cell abundance in the downstream
image analysis. By using the standard stacking and EDF method,
this criterion was fulfilled on board in only 19% of the cases (n =
32; see Table 51 in the supplemental material ).

QEDF enabled faster stacking of images than the EDF stacking.
This increased the total number of FOVs per sample and yielded
an average of 13% (4 to 26%) HQ images, slightly more than that
with EDF, Additionally, the number of samples with =10 HQ
images was much higher (62% compared to 19%, n = 21; see
Table 52 in the supplemental material). However, QEDF is still a
pure-image acquisition method and depends on the initially
found focal position. FQEDF, however, combines the fast image
stacking acquisition with a refocusing approach; it can to an extent
follow the movement caused by the ship. For example, FQEDF
produced up to 20% HQ) images for DAPI and the specific FISH
probe, with a maximum roll angle of 6.3%, a maximum pitch angle
of 5°, and a maximum ship heave of 3 m. In contrast, QEDF
yvielded only 10% HQ DAPI images and 20% HQ FISH images,

with maximum pitch and roll angles of 5% and 3.8°, respectively,

>
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and a ship heave of 2.3 m. With the regular EDF calculation algo-
rithm, 13% HQ DAPI images and 5% HQ FISH images were ac-
quired, with maximum pitch and roll angles of 4.2° and 8.8, as
well as a heave of up to 2.5 m (see Table S1 in the supplemental
material).

The FQEDF stacking and imaging algorithm allowed for
onboard automated multichannel and multilayer image acqui-
sition. On average, the FQEDF stacking and imaging algorithm
yielded 24% (range, 11% to 53%) HQ images. The statistical
criteria for =10 HQ images per sample and channel were
achieved in 97% of all cases (n = 58; see Table 51 in the sup-
plemental material).

(ii) Onboard automated and manual microscopy. Water
samples from =50 stations were processed directly after sampling
with CARD-FISH, using a mix of six oligonucleotide probes spe-
cific for the SAR11 clade (Table 1). All samples were analyzed on
board using the FQEDF algorithm of the automatic microscope
and the cell enumeration system ACMEtool2.0. Subsequently,
manual counts were obtained on board directly after the image
acquisition and compared to the automatically produced counts,
Image acquisition was done using fixed exposure times, as de-
scribed in part I, to keep the analyses comparable. The optimal
exposure time for DAPI in the oligotrophic open ocean waters
could be set to 30 ms and for SARI1 to 150 ms,

The automatically obtained total cell abundances and SAR11-
specific cell counts were manually validated directly on board and
were in good agreement with the automatic counts (Fig. 44 and
). Regression analysis revealed r* values of =0.90 for all analyses.
Student’s two-tailed test provided P values of =0,05 (DAPIL, P =
0.679; SARLL, P = 0.317), indicating that there were no differ-
ences between the onboard manual and automatic cell enumera-
tion methods,

DISCUSSION

In this study, we evaluated and further improved an automated
image acquisition and counting system for the enumeration of
microbial cells in plankion samples on board a research ship.
The imaging and counting system described here has been suc-
cesstully applied to a number of laboratory-based studies and al-
lowed the quantification of thousands of samples and FISH prep-
arations (see, e.g., reference 24). The newly developed onboard
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FIG 4 Manual versus automatic cell counts obtained onboard. Cell enumeration was done afier CARD-FISH with the oligonucleotide probe SARL L. (A) DAPI
counts per volume. (B) FISH-positive cell counts per volume, The regression coefficient () and formula are depicted at the lower right side of each graph.
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focusing routine allows for a detailed on-site analysis of the mi-
crobial community. We improved the standard image acquisition
algorithm to withstand ship movements (pitch and roll angles up
to 6.3% and ship heaves of up to 3 m). Onboard, the focal position
is not stable; therefore, a fast method was needed in order to ac-
quire the image stacks for the extended depth of field method
before the focus is lost: QEDFE, However, QEDF is still a pure
image acquisition method, relying on the initially found focal po-
sition, FQEDF combines the fast image stack acquisition with a
refocusing approach. It not only tries to be faster than focus loss,
but it can follow the focus within certain limits. The frame rate for
QEDF or FQEDF is nearly exclusively dependent on the exposure
time, because for this, the live imaging needs to be done in full
frame at full resolution. For the initial focus routine, we can go
with subframes and pixel binning up to 32 frames per second. For
EDF, the stage is not in motion during image acquisition. It moves
to a certain stack position and stops, the image is acquired, and it
moves on. In QEDF and FQEDF, the stage moves continuously
during live image acquisition but in the range of 1 1o 3 pm 5™,
which is slow enough that axial motion blur is not a problem.

With the FQEDF routine, one in four images was suitable for
further quantification with the ACMEtool2.0. Since the system
can run autonomously for many hours, the output is sufficient to
have an in-depth analysis of the samples on site. The ability to
quickly receive an insight into both the total cell count and relative
abundance of specific microbial groups (FISH) at a precise loca-
tion can lead to more targeted sampling approaches. This will
enable more hypothesis-driven analyses of the microbial commu-
nity, which is particularly relevant for sampling done at sites that
are not or that cannot be sampled regularly. Furthermaore, this
systermn could outcompete the routinely used aquatic cell enumer-
ation system of flow cytometry. Flow cytometry is not well suited
for the quantification of a large number of samples after FISH, for
several reasons. FISH is best done on filters; however, flow cytom-
etry requires cells to be suspended in a liquid. The transfer of cells
from filter into liquid is feasible but always at the cost of cell loss
(25). Additionally, FISH in suspension is not applicable to marine
planktonic samples containing small cells, like those of SARIL,
since the centrifugation steps involved in the protocol with stan-
dard benchtop centrifuges are insufficient for the sedimentation
of these tiny cell types.

As a general recommendation, the automated microscope
should ideally be located at or near the center of the ship’s move-
ment to minimize the influence of pitch, roll, and heave. In mod-
ern research ships, this often would be where the labs used for
gravimetric analyses are located. For future use on board, we
would propose also a lightweight slide scanning stage, which
would be less susceptible to ship movements and mass accelera-
tion, hence increasing the yield of high-quality images suitable for
ACME analysis. Additionally, it is important to test the optimum
exposure times for each sample type, as differences in staining or
sample preparation might interfere with optimal image quality for
downstream ACME analyses.

Under optimal shipboard and sea weather conditions, the sys-
tem has the capacity to acquire images from a single filter piece
consisting of 55 FOVs and two fluorescent channels (DAFI and
FISH) in approximately 15 min, which adds up to a potential
throughput of around 50 filters in 12 h. The subsequent manual
inspection and ACME tool analysis take up another 2to 3 h for the
50 filters. The final results can be obtained after ~15 h from 50
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filters, while manual counting of the same amount of 55 FOVs on
only a single filter takes a minimum of about 2 h. Naturally, under
bad weather conditions, these performance values will deteriorate
with increasing wave impact.

The bottleneck and critical step in our workflow is the image
quality assessment, which needs manual inspection of thousands
of individual images. This is necessary to weed out low-quality
images, like out-of-focus images, images with over- or underex-
posed parts, or images with too many aggregates, large phyto-
plankton cells, or debris (see Fig. 54 to 56 in the supplemental
material). This process cannot yet be automated in a confident
manner. Although the manual image control step is still quite
laborious, the entire workflow is considerably faster and more
objective than manual microscopic counting,

The cell counts obtained from the automated enumeration
program ACMEtool2.0 were not significantly different from man-
ually obtained cell counts. Furthermore, with our automated sys-
tem, a larger number of FOV's are processed, and consequently,
more cells are examined, leading to more statistically significant
cell quantifications. Ultimately, human errors during counting
are minimized, and hence, the standardized counting routine al-
lows for a direct comparison of different sampling campaigns.
Original image files can be archived and reanalyzed anytime with
improved or different image analysis tools.

In principle, this pipeline can be applied to a wide range of
microbial habitats and environments, not just planktonic sam-
ples. In the case of sediments, cells have to be detached from the
substratum by sonication or other methods and diluted in buffer
before being brought onto a filter (26, 27). Additionally, Bizi¢-
lonescu and coworkers (28) successfully adapted the autonomous
cell enumeration system to quantify specific cell types after FISH
in aggregate samples. Many samples are characterized by intense
autofluorescence, which may render fluorescent staining of cells
impossible. One solution in the future might be to use multispec-
tral imaging to distinguish between specific signals and back-
ground. It should be technically feasible to implement this step
into our imaging and counting pipeline. Our system consists of a
two-component pipeline, the autonomous image acquisition fol-
lowed by cell enumeration with ACMEtool, and these compo-
nents can also be used independently. For example, ACMEtool
has the potential to be used to enumerate objects from high-qual-
ity confocal laser scanning or even superresolution structured il-
lumination micrographs, as it works with standard image file for-
mats as input (e.g., 8-bit tiff).

In summary, the system and software pipeline we present here
generates fast and reliable cell counts both in the laboratory and
on board a research vessel. This system will allow for more tar-
geted sampling of the microbial community, leading to a better
understanding of the role of microorganisms in difficult-to-assess
sites.
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Abstract

The field of microbial ecology has increased immensely in recent years due primarily
to advances in culture-independent methodologies. Specifically, the advances in DNA
sequencing technologies have enabled a more in-depth analysis of the taxonomy and
functional potential of the microbial communities. To still further our understanding
of the diversity and metabolic capabilities of microorganism’s microbial ecologist
analyse remote and extreme environments like hypersaline lakes, acid mine drains or
hydrothermal vents

A major limitation in the current culture-independent methodologies is that they are
predominantly laboratory based and cannot be used to gain direct results in the field.
To overcome this limitation, we modified a laboratory based culture independent
sequencing pipeline to function on-board a research vessel. This allowed us to obtain
a detailed overview of the microbial community composition within 48 hours of
sampling.

Using our on-board sequencing pipeline, we analysed the microbial community of the
South Pacific Gyre (SPG), which is one of the most remote parts of the world’s
oceans. The surface waters of the SPG had extremely low nutrient and chlorophyll «
concentrations and were dominated by oligotrophic organisms such as SARS0,
Candidatus Actinomarina, SAR11 surface 4, SAR116 and Prochlorococcus. The deep
chlorophyll maximum (DCM) was at a depth of 200 - 250 m and had a chlorophyll «
concentration which was comparable to other oceanic gyres (0.47 mg m). It had a
diverse microbial community composition partially consisting of organisms associated
with organic matter degradation such as Bacteroidetes. Below the DCM and in the
aphotic zone the dominant organisms were the SAR406 clade, SAR234 clade, SAR202
clade and the Sva0996 clade.

By developing an on-board sequencing pipeline, we could obtain “direct” results of
the microbial diversity even in the remotest part of the world’s oceans. This further
enabled us to do more targeted sampling and hypothesis-driven research during our
research expedition into the SPG.

Introduction

The field of microbial ecology has grown immensely in recent years due primarily to
methodological advances in culture-independent techniques (DeLong 2009, Franzosa
et al 2015, Giovannoni and Stingl 2005, Mardis 2008, Pace 1997, Rappé and
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Giovannoni 2003, Riesenfeld et al 2004, Wagner and Haider 2012). Specifically,
advances in high-throughput DNA sequencing technologies have allowed for the
identification of the uncultured majority of microorganisms (Gilbert et al 2010, Mardis
2008, Mardis 2013, Sogin et al 2006). DNA sequencing of a biological sample can
provide both a taxonomic profile (“Who is there?”) and a functional profile (“What
can they do?”) of the microbial community (De Vargas et al 2015, Faust et al 2015,
Ghai et al 2013, Iverson et al 2012, Riesenfeld et al 2004, Rusch et al 2007, Sunagawa
et al 2015, Venter et al 2004). These profiles, as well as the efficiency and ease of their
replication, have moved microbial ecology into a new era and allowed for significant
breakthroughs in our understanding of the microbial world. They have enabled
microbial ecologists to identify the “unseen majority” and highlighted new metabolic
potentials of microorganisms, which in turn have advanced our understanding of the
origin and evolution of life on Earth as well as processes such as global nutrient
cycles, energy production, the human microbiome, and infectious diseases (Cho and
Blaser 2012, Dabney et al 2013, DelL.ong 2009, Hansel 2017, Moran et al 2016, Novelli
et al 2010).

To further our understanding of the diversity and metabolic capabilities of
microorganisms it is essential to sample unique and previously unknown
microorganisms from novel or extreme environments such as like hypersaline lakes,
acid mine drains or hydrothermal vents (Antranikian et al 2005, Baker and Banfield
2003, Litchtield 1998, Martin et al 2008, van den Burg 2003). However, remote and
unique environments can be difficult to sample and unlike direct measurements such
as temperature, DNA samples for microbial ecology analysis are predominantly
preserved for later analysis in the lab. The analysis does not occur directly but rather
weeks to months later. Further targeted sampling efforts and follow-up studies
therefore rarely occur immediately after sampling but rather must wait for future
sampling efforts. These can in turn be hindered due to site accessibility or project
tunding limitations. The absence of direct analysis of the microbial community is one
of the major challenges still facing the advancement of microbial ecology, especially in
remote sampling sites.

An example of a remote sampling site with limited previous research is the South
Pacitic Gyre (SPG). The SPG is one of the most remote parts of the world’s oceans
and is the furthest distance from any continent. It contains the oceans most
oligotrophic waters, the lowest sea surface chlorophyll 2 concentrations and has been
described as a marine biological dessert (Morel et al 2007, Raimbault et al 2008, Ras et
al 2008). Although there are limited data available, recent studies have indicated that
while these waters are ultra-oligotrophic there is still microbial activity, specifically
carbon and nutrient cycling (Halm et al 2012, Van Wambeke et al 2008, Walsh et al
2015). The SPG may contain the last ultra-oligotrophic microbial community, which
has not received (or received only limited) exposure to anthropogenic nutrient loading
and may therefore hold unique metabolic potentials.
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We set out to analyse the ultra-oligotrophic microbial community of the SPG directly
on-board the RV Sonne. We designed and optimised a high-throughput sequencing
and data analysis pipeline for on-board use and combined this with an established on-
board automated image acquisition and cell enumeration pipeline (Chapter 1). The
combination of these pipelines enabled the analysis of both the microbial diversity and
bacterial cellular abundances on-site. This gave us a detailed insight into the microbial
community of the SPG within hours of sampling allowing for further targeted
sampling and focused hypothesis-driven research.

Methods
Sampling

Seawater samples were collected aboard the RV Sonne SO-245 | UltraPac* cruise
from Antofagasta, Chile (17.12.2015) to Wellington, New Zealand (28.01.2010)
(Chapter 2 Figure 1). Water samples were taken from a total of 11 stations (Chapter 2
Figure 1) using a Seabird sbe911+ CTD (Seabird Scientific, WA, USA) with a Niskin
rosette. Two types of stations were sampled: main stations and intermediate stations.
On main stations, the CTD was cast through the entire water column to 50-100 m
above the seafloor and samples were taken at various depths throughout the water
column (Chapter 2 Supplementary Table 1). Generally, 4 to 5 CTDs were cast to
reduce the time between sampling at depth and processing of the samples.
Intermediate stations consisted of a single CTD cast down to 500 m and samples were
taken from variable depths (Chapter 2 Supplementary Table 1). For diversity analysis,
a total of 1 L. of seawater was sampled for each depth at each station. The water was
directly filtered onto 47 mm polycarbonate filter (0.2 um pore size) using a bottle top
Nalgene filter holder (Thermo Fisher, MA, USA) and a vacuum pump. After filtration

samples were used directly for DNA extraction.
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Chapter 2 Figure 1 Sampling sites in the South Pacific Gyre indicated by black dots.
Latitudes and longitudes of individual stations are shown in Supplementary Table 1.

Physico-chemical Data

Physico-chemical characteristics of the water column of every station along the
“UltraPac” cruise were examined using a CTD. Salinity and depth were calculated
from pressure values and temperature was corrected to ITS-90. The CTD was also
equipped with additional sensors for turbidity, fluorescence, oxygen, and PAR. All
CTD data was obtained from and is available on Pangaea (www.pangaea.de,(Zielinski
et al 2017). The physico-chemical data were analysed using the ODV4 software
(www.odv.awi.de). The most significant changes in the physico-chemical parameters
occurred in the top 500 m of the water column, therefore both the total depth (0 to
5000 m) and only the top 500 m were analysed independently.

DNA Extraction

Microbial DNA extractions were done using the MoBio Power Water DNA
Extraction Kit (MoBio Laboratories, Inc., CA, USA) as recommended by the
manufacturer. The MoBio Power Water kit was chosen because it is specially designed
for DNA extraction from filters and there is a significant reduction in the amount of
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hands-on time in comparison to other extraction methods such as SDS-chloroform
extraction (Fuhrman et al 1988). DNA extraction using silica absorption in
comparison to liquid phase extraction facilitates DNA extraction even during rough
sea conditions. Additionally, a kit is transport friendly and reduces the amount of lab
equipment and dangerous reagents required on-board.

Polymerase Chain Reaction (PCR)

PCR was carried out using the Platinum PCR SuperMix High Fidelity polymerase kit
(Thermo Fisher). It is a ready-made PCR master-mix containing polymerase, salts,
magnesium, and dNTPs. It requires only the addition of primers and DNA and has a
high-quality yield even from low DNA concentrations. PCR was carried out using the
primers S-D-Bact-0341-b-S-17 (5-CCTACGGGNGGCWGCAG-3") and S-D-Bact-
0785-a-A-21 (5-GACTACHVGGGTATCTAATCC-3’) targeting the V3-V4 variable
region of the 16S rRNA, evaluated by (Klindworth et al 2013). Both primers were
fusion primers with additional adaptor and barcode sequences at the 3’ end to allow
sequencing and separation of samples in down-stream analyses. The reverse primers
contained the JIon tr-P1 adaptor at the 5 end of the primer (5-
CCTCTCTATGGGCAGTCGGTGAT-3’). The forward primers contained both the
Ion A adaptor (5-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3’) and one of
40 IonXpress barcodes (Ion Xpress 1 - 40) as well as the key sequence (GAT) before
the primer.

Reverse fusion primer sequence:

(5-CCTCTCTATGGGCAGTCGGTGAT GACTACHVGGGTATCTAATCC-3%)
Forward fusion primer sequence:
(5-CCATCTCATCCCTGCGTGTCTCCGACTCAG GAT
CCTACGGGNGGCWGCAG-3%)

DNA and PCR Product Quantification

A successful sequencing reaction requires precise quantities of the template library to
ensure a clonal amplification on individual Ion Sphere Particles (ISPs) (see below). A
fragment analyser (AATI) was used to check the quality and quantity of the PCR
products and final sequencing pools. All template libraries and final sequencing pools
were analysed using the DNF - 472 standard sensitivity NGS kit sizing DNA (AATI,
size range from 25 bp — 5,000 bp and up to a minimum of 0.1 ng pl'!) as
recommended by the manufacturer. The fragment analyser is a very robust system,
which allows automatic processing of multiple samples. It was adapted to ship
movements by adding magnets to the individual sample trays, thereby preventing the
accidental dropping of a sampling tray caused by ship pitches, during plate movement
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or at the “on hold” position inside the tray drawers. The internal plate lift was
mechanically stabilised from ship movement and vibration by the installation of an
additional guide rail on the upper side connected via rubber mounts. Additionally, a
specialised stand with transport handles and attachments was applied for easy manual
transport and to allow for secure attachment to a surface (Chapter 2 Supplementary
Figure 1).

Size Selection

PCR amplicons were size selected using Agencourt AMPure XP (BeckmanCoulter,
Krefeld, Germany). The size selection and clean-up of amplicons is an essential part
of a 16S rRNA sequencing pipeline (Head et al 2014). Several methods were tested
prior to and on-board the RV Sonne to ensure a high yield of size specific amplicons.
These included Ampure XP beads (BeckmanCoulter), E-Gel SizeSelect Agarose Gels
(Thermo Fisher), the QIAquick PCR purification kit (Qiagen, Hilden, Germany), the
QIAquick Gel Extraction Kit (Qiagen) and the QiagenMinElute kit (Qiagen). For
each kit, all procedures were done as recommended by the manufacturers.

In addition to using each kit individually, we also tested combinations of kits. For
example, we used the E-Gel SizeSelect Agarose Gels (Thermo Fisher) to extract
amplicon bands of a specific size and then cleaned and concentrated the extracted
amplicons using the QIAquick PCR purification kit (Qiagen).

For direct gel extraction, the amplicons were run on a 1% LE agarose gel (Biozyme,
Oldendorf, Germany), and bands were visualised using a transilluminator DR-45M
(Clare Chemical Research, Gottingen, Germany) and cut out with a sterile scalpel. The
cut-out gel slices were purified using the QiagenMinElute kit (Qiagen). The same
amount of PCR product was individually added to each size selection method and the
obtained amplicons were compared for purity, yield and amplicon size using a
fragment analyser (Advanced Analytical Technologies, Inc (AATI), Ankeny, USA).
After testing the Agencourt AMPure XP beads (BeckmanCoulter) were chosen for
on-board size selection. Although direct gel extraction had the highest yield of size
specific amplicons, it is an impractical method for on-board use as gel pouring and
electrophoresis are movement sensitive methods. The second highest DNA yields
were obtained using the Agencourt AMPure XP beads (BeckmanCoulter) and it is an
easy procedure with limited methodological steps and appropriate for on-board use.

48




Chapter 2 | On-site microbial diversity and abundance analysis in the remotest
part of the world’s oceans, the South Pacific Gyre

Ion Torrent Sequencing and Raw Sequence

Processing

The Ion Torrent PGM (Thermo Fisher) was chosen for on-board sequencing because
it is the most physically robust of the well-established sequencing platforms. It has
compact dimensions and is not overly sensitive to physical movement even during
sequencing reactions. It also enables user interaction with software and hardware
components, allowing the user to do repairs and fix technical issues without the need
for specialised personnel. The Ion Torrent PGM was adapted for on-board use by
securing it to a 2 cm thick polyethylene base plate and the internal hard drives were
replaced by SSDs. The base was equipped with handles that could be used for manual
transportation of the sequencer and to fasten it to a surface (Chapter 2 Supplementary
Figure 1). A similar base was fastened to the Ion OneTouch 2 Instrument (Thermo
Fisher) and Ion OneTouch ES instrument (Thermo Fisher). The Torrent Server
(Thermo Fisher) was also adapted to withstand ship-board vibration and transport by
placing it in a custom-made metal frame using rubber mounts (Chapter 2
Supplementary Figure 1).

Sequencing was carried out as recommended by the manufacturer using an Ion
Torrent PGM sequencer (Thermo Fisher). Emulsion PCR and enrichment of
template-positive ion sphere particles (ISP) was done using the Ion PGM Hi-Q OT2
Kit (Thermo Fisher) on the Ion OneTouch 2 Instrument (Thermo Fisher) and lon
OneTouch ES instrument (Thermo Fisher) following the Ion Torrent user manual.
Subsequently, the ISP were sequenced using the Ion PGM Hi-QQ Sequencing Kit
(Thermo Fisher) following the user manual on an Ion PGM system (Thermo Fisher).
Sequencing was done on Ion 314, 316 and 318 chip Kit v2 (Thermo Fisher) with a
total of 1200 flows. The chips vary in their capacity (number of sensors) and therefore
total output, run time and processing time. Specifically, the Ion 314 chip has 1.2 M
sensors, a total output of up to 100 Mb and a run time of 2 - 4 h. The Ion 316 chip
has 6.1 M sensors, an output of up to 1 Gb and runs for 3 - 5 hours. The Ion 318 chip
has 11 M sensors, a total output of up to 2 Gb and runs from 4 - 7 hours.

The Torrent Suite software, which converts the raw signals (raw pH values) into
incorporation measurements and ultimately into basecalls for each read, was used for
initial quality trimming. The standard Torrent suite settings and more stringent
settings were applied. The standard settings and stringent setting were defined in the
basecaller arguments of the Torrent Suite Software. Standard: BaseCaller --barcode-
filter 0.01 --barcode-filter-minreads 20 --barcode-mode 1 --barcode-cutoff 3 --trim-
qual-cutoff 10 --trim-qual-window-size 20 --trim-min-read-len 100. Stringent:
Basecaller --barcode-mode 1 --barcode-cutoff 0 --trim-qual-cutoff 15 --trim-qual-
window-size 10 --trim-min-read-len 250. Finally the reads were exported as .sff files
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using the file exporter plugin in the Torrent suite software. The .sff files were split
into individual sample FASTA files using mothur version 1.35.1 (Schloss et al 2009)
(stfinfo()) and analysed using the Offline SilvaNGS Pipeline called “Lab on a ship”

(see below).

Offline SilvaNGS Pipeline “Lab on a ship”

The computer cluster “lab on a ship” was developed to facilitate offline 16S rRNA
sequence classification using the SilvaNGS pipeline. Previously this was only available
using the online platform (Quast et al 2013). The benefit of having an offline version
is the potential to use it on-board a research vessel. The online platform of this
classification system is run on a highly efficient computing cluster with 36 nodes. This
is required due to the complexity of the software and its associated required
computing power. To ensure a similarly quick classification system an efficient
computer cluster was obtained for the offline analysis (Supermicro, CA, USA). The
complete pipeline can be run using a single command line argument. Alternatively, the
user can run each region of the pipeline individually and analyse each section of the
processing pipeline (Chapter 2 Supplementary Table 2).

Both the offline and online pipeline were run using the SILVA SSU database release
SSU Ref 119. The pipelines are highly similar and varied only in the quality trimming
steps (specifically trimming of ambiguous bases and homopolymers). These were
omitted in the offline version of the server due to their high computing requirements.
Quality trimming was instead performed prior to analysis on the SILVA offline server
using the Torrent suite software. To test the “Lab on a ship” server and ensure that
similar community composition results are obtained using different quality trimming
methods a mock community analysis was done. The output from the two servers was
then compared using cluster analysis.

Statistical Analysis

Reads were classified to genus level and statistical analysis was carried out using
normalised read abundances. Community dissimilarity analyses were calculated using
Bray-Curtis index (Bray and Curtis 1957). Non- metric multidimensional scaling
(NMDS) plots were created using the Vegan package (Oksanen et al 2013) of R
project (R Development Core Team, Vienna, Austria). Analyses of similarity
(ANOSIM) tests were carried out using the Vegan package in the R Project (R
Development Core Team). Depth profiles of individual bacterial clades were analysed
by sorting all samples based on depth and then plotting the most abundance clades in
bubble plots.
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Total Cell Counts (TCC) and FISH

TCC and FISH were carried out as described in Chapter 1. DAPI and FISH stained
cells were visualised and counted automatically using a fully automated image
acquisition and cell enumeration system (Chapter 1). For FISH the probe PRO405
was used to target the Prochlorococcus (West et al 2001). The Prochlorococcus were
enumerated because they are one of the most abundance primary producers in

oligotrophic open ocean gyres (Malmstrom et al 2013, Vaulot et al 1995, West et al
2001).

Results

On-Board Next Generation Sequencing and Data
Analysis

DNA could be extracted from every sample, with an average concentration of 4.36 ug
ml! of seawater (Chapter 2 Table 1). The overall yield was within the range of the kit
standards (Kit Manual: Ocean water sample (coastal) of 100 ml should yield 3 — 11 pg
ml ). The DNA extraction efficiency was proportional to the total cell counts within
the SPG (Chapter 2 Table 1). Lower DNA yields were obtained from deeper waters
which had lower cell counts (3000 — 5000 m; 2.14 x 10* cells ml! — yield 0.45 pg ml1)
and the highest DNA yields were obtained around the deep chlorophyll maximum
(DCM), which had the highest cell counts 5.95 x 10° cells ml! (Chapter 2 Table 1).
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Chapter 2 Table 1 Averaged total cell counts (TCC) and DNA yield (ug m/'l) with standard
deviations over different depths ranges of the SPG. The n value specifies the number of
samples per depth range.

Depth (m) ugmi™ Standard TCC n

deviation
20 4.82 5.25E+05

1.95 8
40-60 5.84 5.93E+05

2.84 11
75-100 7.37 5.95E+05

2.85 12
125-150 7.70 4.57E+05

3.61 16
160-175 6.94 3.41E+05

4.71 11
200-250 4.88 1.91E+05

3.11 22
300-500 2.18 1.17E+05

1.30 ¥ 21
750-1500 0.92 4.14E+04

0.72 10
2000-3000 0.40 2.22E+04

0.15 7
3500-5000 0.45 2.14E+04

0.21 7

In total, 1983 Mbp were sequenced directly on board the RV Sonne on the “Ultrapac”
cruise using an Ion Torrent PGM. Before processing this equated to 7.26 million
reads with a median read length of 290 bases. Sequencing was done on three
sequencing chip types (Ion 314, Ion 316, Ion 318) with two analysis strategies (default
and stringent). The difference in yield per chip type and analysis method is shown in
Chapter 2 Table 1. There was no major variability in the sequencing quality between
chip types except total yield and overall processing time. The more stringent quality
trimming settings decreased the total number of bases and total reads by 30% and the
total number of reads by up to 52%. The lower read abundance between chip types
was also due to the total ISP loading of the individual chips, which varied from 71%
(314) to 50% (318). With more stringent quality trimming the mean read length
increased from 278 bp to 368 bp and the median read length increased from 290 bp to
411 bp. Results from the higher stringency settings were used to analyse the bacterial
community because they were of higher quality and better read length.
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Chapter 2 Table 2 Torrent Suite sequencing results of raw sequencing data using three
different sequencing chip types and two analysis methods (default and stringent). Loading
refers to the percentage of wells of each sequencing chip which are filled with ISPs.

Settings Chip Nu Total Total Loading Mean Median Mode
type mbe  bases number (%) length (bp) (bp)

r of (Mbp) of reads (bp)

runs (Q20)
Default 314 5 83 3.06E+05 72 265 258 446
Stringent 56 1.48E+05 379 439 446
Differenc -33% -52% 43% 70% 0%
e
Default 316 1 465 1.49E+06 52 312 364 440
Stringent 322 8.47E+05 380 433 440
Differenc -31% -43% 22% 19% 0%
e
Default 318 2 551 2.12E+06 50 259 248 440
Stringent 404 1.17E+06 345 362 440
Differenc -27% -45% 33% 46% 0%
e

To validate the “lab on a ship” server two mock community data were analysed on
both the SilvaNGS online and the SilvaNGS offline ,,lab on a ship* server using the
same SILVA database SSU REF 119 (Quast et al 2013). Cluster analysis showed that
the same samples analysed on different pipelines were highly similar (Chapter 2
Supplementary Figure 2). Mantel tests showed no significant difference between the
community compositions of the online and offline servers (Run 1: Mantel statistic R =
0.996, P = 0.001 based on 1000 permutations).

A total of 200 samples were processed on the SilvaNGS offline server on-board the
RV Sonne, which equated to a total of 32 million reads and an average of 160,921
reads per sequencing project (after stringent quality trimming). The average read
length was 399 bp, with a maximum of 538 bp.

For all stations, a minimum of 3500 reads per samples were obtained. The median
read abundance for main stations was ~24,000 and intermediate stations had ~8800
reads (Chapter 2 Table 3). A higher sequencing depth was obtained for the main
stations to allow for a more in-depth analysis of the rare community. This was done
by adding different amounts of PCR product to the library pools.
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Chapter 2 Table 3 Sequencing read abundances values for all stations and within different
station types (main and intermediate) within the SPG.

All stations Main Intermediate
Average 18630 23247 10274
Median 13051 24035 8809
Mode 9321 8531 9321
Minimum 3454 5433 3454
Maximum 61928 61928 34095

Microbial Diversity of the SPG

There was an increase in bacterial richness and diversity (Shannon Index) with depth
at all stations of the SPG (Chapter 2 Figure 1). Additionally, there was an increase in
richness from east (80°W) to west (160°W) (Chapter 2 Figure 1). The lower diversity

in the samples from stations 7 and 9 was because they were intermediate stations

(shown in grey) that were only sampled to a depth of 500 m.

a)
' o
i 0
8 E | o
-1 ' T
¥ ! i
; ' - -
S i 2 ! 4
i ! a - | _ _
' i ! H
: - : ' -
! 1 p . .
88-1 ] H %8 \ i ' Lo
2 ® ! g = & : u
k] ' 5 . - -
@ i . ¥ :
1
! — : 58 ' !
c _— - So bl [
5] : ' — H |
°8 b : S - L -
: : |
& 1 . | ! Il — & .‘I.. i TT T EJ,
! - ! i D I H ! I a
i =5 e : ' A ! : i
i ]
) ¥ : ' t L HDH =
' ' " ' = L - H -
T 4L - S ik
8_ : - - - - ";_:' L*;.
- P . ' - ! '
B e i *
T T T T T T T T T T T L e
20 50 100 150 200 300 500 2000 2800 4000 5000
1 2 3 4 5 6 7 8 9 10 12

Depth (m)

Chapter 2 Figure 1 Genus richness across different stations (east to west) (a) and with depth
(20 -5000 m) (b) as sampled in the SPG. The boxes coloured in grey highlight the
intermediate stations, which were only sampled to 500m depth
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There were 14 genera with a high read abundance throughout the SPG. These groups
showed a distinct distribution with depth, having a higher abundance either in the
photic zone or below the photic zone (Chapter 2 Figure 2). In the surface waters from
20 — 200 m depth the SAR86, Candidatus Actinomarina, SAR11 surface 4, SAR116 and
Prochlorococens were dominant. Synechococeus was also abundant in the photic zone but
present at a lower depth of 150 — 300 m. Below the DCM and in the aphotic zone
SAR406, SAR234, SAR202 and the Sva0996 marine group were dominant. The
SAR11 surface 1, Ruckettsiales S25 953, Rhodospirillaceae and AEGEAN 169 marine
group were abundant throughout the water column from 20 — 3500 m depth.

In addition to the dominant genera there was also a high number of rare genera
throughout the SPG (read abundance < 0.1%). There were 550 genera that had both a
low abundance and were present in a low number of sites (3 or less) and there were
120 genera that were present in nearly all sites but had a low overall abundance. These
ubiquitous but rare genera were predominantly from the erucromicrobia
(Puniceicoccaceae), Planyctomycetes, Deltaproteobacteria and the Bacteroidetes (Flavobacteriaceae).

55




Chapter 2 | On-site microbial diversity and abundance analysis in the remotest
part of the world’s oceans, the South Pacific Gyre

SARS86.clade

Candidatus.Actinomarina

SAR11.cladeSurface.4

SAR116.clade

Prochlorococcus

SAR11.cladeSurface. 1

Rickettsiales$525.583

Rhodospirillaceaeuncultured

AEGEAN.169.marine.group

Synechococcus

SAR406.clade.

SAR324.clade.Marine.group.B.

SAR202 clade

Sva0996.marine.group

20m- 200m

oo@@I0D. . +s wamarens @ e e @

—
L » ’
G (e G e

w5 sosarBOsscarconanmoncs e cin  cmr s Bes

ve-00000: 0- @ ...@.H.QO

20m- 3500m

150m - 300m

150m - 3500m

! | | | || | | | || L
20 50 100 125 150 170 200 225 250 300 500 1000 2000 3500

Depth (m)

Chapter 2 Figure 2 Bubble plot showing the depth distribution of dominant microbial groups
in the SPG. All samples were sorted by depth before plotting.

The microbial community across the SPG varied significantly with depth, but not
across geographic distances (Chapter 2 Figure 2, Chapter 2 Figure 3). Samples from
the same depth, throughout the SPG, had a highly similar microbial community
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composition as indicated in the non-metric multidimensional scaling (NMDS) plot
showing the Bray-Curtis dissimilarity between sites (Chapter 2 Figure 3). ANOSIM
showed a significant difference with depth (R = 0.6906, P = 0.001). The highest
variability among individual communities of the same depth was seen in the DCM
(125 - 250 m).
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Chapter 2 Figure 3 NMDS plot showing the dissimilarity among the microbial communities
between individual samples of the SPG. ANOSIM analysis showed a significant difference
between microbial communities with depth. Point colour and blue boxes group all samples
of a specific depth and highlight dissimilarity at specific depths. Chlorophyll a is represented
in grey isoclines and shows the depth of the DCM (160 -150 m).
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Total Cell Counts and Physico-chemical Analysis
of the SPG

The top 500 m of the SPG exhibited the most variable change in conditions (Chapter
2 Figure 5a-c). The central gyre (100°W — 120°W) had characteristically high
temperatures of 20 - 25°C which extended to a depth of 300 m (Chapter 2 Figure 5a).
The oxygen concentration increased slightly at the surface towards the New Zealand
Coast (140°W) and showed a distinct decrease from 200 to 50 umol kg between 200
- 500 m depth from 80°W to 100°W (Chapter 2 Figure 5b). This is the location of a
well-documented oxygen minimum zone (OMZ), where oxygen is depleted due to
higher microbial respiration rates in the water column (Canfield et al 2010, Lam et al
2009, Pinti 2014). Fluorescence was highest in the surface waters at 140°W indicating
high primary productivity (Chapter 2 Figure 5c). Throughout the SPG there was a
detectable band of fluorescence, which descended to a depth of 200 — 250 m within
the central SPG (110°W). The physico-chemical profile of the entire water column
highlighted that under the top 500 m the physico-chemical parameters stayed relatively
consistent (Chapter 2 Figure 5f-h).

Similar results could be seen in the TCC and abundance of Prochlorococcus (enumerated
using the PRO406 FISH probe). The highest variability in TCC was found in the top
250 m and below 250 m they stayed relatively constant throughout the water column
(10% cell ml?) (Chapter 2 Figure 5i). The highest abundance of cells was found at 50 m
between 135°W and 140°W and at 100 m depth at 90°W (Chapter 2 Figure 5d). In the
central gyre, the TCC were highest at 100 m depth (6 x 104 cell ml!), although they
were also high in the surface waters (5 x 104 cell ml!).

The Prochlorococens were only present in the top 250 m (Chapter 2 Figure 5e and 8j).
Their distribution pattern mimicked that of the DCM. Prochlorococcus had a higher
abundance in the surface waters (top 100 m) outside of the gyre (80 — 90°W and 130 —
140°W), whereas the gyre the abundance of Prochlorococcus was highest at 150 — 200 m.
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Chapter 2 Figure 4 Contour plots derived from CTD measurements at all stations during the
50245. The plots show physcio-chemical data from 0-500 m from stations sampled across
the SPG. a) Temperature with depth (°C). b) Oxygen concentration with depth (umol kg'l). c)
Calculated fluorescence (ug L'l). d) Total cellular abundance enumerated by DAPI staining
(cell m/_l). e) Total abundance of Prochlorococcus enumerated using the FISH probe PRO405
(cell m/'l). The sampling stations are indicated on the axis below the plots.
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Chapter 2 Figure 5 Contour plots derived from CTD measurements at all stations during the
50245. The plots show physcio-chemical data from 0-5000 m from stations sampled across
the SPG. a) Temperature with depth (°C). b) Oxygen concentration with depth (umol kg'l). c)
Calculated fluorescence (ug L'l). d) Total cellular abundance enumerated by DAPI staining
(cell m/'l). e) Total abundance of Prochlorococcus enumerated using the FISH probe PRO405
(cell m/'l). The sampling stations are indicated on the axis below the plots

Discussion and Conclusion

On-site Analysis of the Microbial Community

We developed a functioning on-board sequencing and data analysis pipeline, which
enables the analysis of a microbial community’s taxonomic profile (“Who is there”)
within hours of sampling even in remote locations.

A next generation sequencing platform and all required lab procedures were adjusted
to work even under challenging conditions, such as ship-board pitch and roll
movements. There was a positive correlation between the absolute cellular abundance
and the extracted DNA concentration. The minimum sampling effort required for an
in-depth diversity profile of a community using this pipeline required a minimum of
104 cells ml! or for our samples 100 ml — 1 L of seawater. It took a maximum of 48 h
(Chapter 2 Supplementary Table 4) from the time of sampling to obtaining a detailed
insight into the microbial diversity of the entire water column (20 - 5000 m depth) at a
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given station. This pipeline enables the on-site analysis of microbial diversity and
drastically minimises the time between sampling and analysis of standard microbial
samples.

The pipeline can be combined with other high-throughput methods, such as
automated cell enumeration, to obtain both microbial diversity and abundance results
on-site (Chapter 1). For example, the pipeline presented here yields an in-depth
analysis of microbial diversity. These results can then be used to select group specific
FISH probes and enable the enumeration of target microbial clades via automated
microscopy (Chapter 1) (Amann et al 2001). Knowing, on-site, if a target organism is
present or absent and its absolute cellular abundance allows microbial ecologist to
improve and adjust their sampling efforts and experimentation particularly for
cultivation efforts, single cell analysis or metagenomics (DeLong 2009, Iverson et al
2012). Additionally, the combined analysis of diversity and abundance has recently
been shown to be essential in achieving a comprehensive interpretation of a
community, as sequencing data alone is only semi-quantitative (Props et al 2017).
Alternatively, when combined with flow cytometry, our pipeline allows for the on-site
analysis of a sorted population as well as determining the sorting efficiency and
pureness of specific sorted cell populations. The ability to obtain a direct insight into
the microbial diversity accelerates hypothesis-driven research allowing microbial
ecology to move away from sampling just under the premise of understanding “who is
therer” and begin to further our understanding of “why they are there?”.

Picoplankton community of the SPG

Using our newly established on-site pipeline we could gain a detailed insight into the
ultra-oligotrophic microbial community of the most remote part of the worlds’ ocean.
The SPG’s microbial community showed a significant change with depth. This trend
has also been shown in the North Pacific, South Atlantic and Northern Atlantic Gyres
(Agogué et al 2011, Cram et al 2015, DeLoong et al 20006, Friedline et al 2012, Hewson
et al 20006, Schattenhofer et al 2009). The distinct vertical distribution of
microorganisms in the marine environment is linked to the significant changes in the
physico-chemical conditions across depths, for example, the change in temperature,
oxygen and nutrient concentrations. Additionally, the decrease in the availability of
light, with depth, limits photosynthetic primary production and therefore also the
availability of labile organic matter (Moran et al 2016, Osterholz et al 2015, Pakulski
and Benner 1994).

The low bacterial richness found in the surface waters of the SPG (specifically at 20 —
50 m) is likely due to the extreme nutrient (nitrogen) limited nature of these waters
(direct measurements from surface waters (5 m) NOy 0.041 umol I'1; NO3 0.038 pmol
I'l, unpublished data). Previous measurements of the surface nitrate showed similarly
extremely N-limiting conditions in the top 160 m (Letscher et al 2015, Raimbault et al
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2008). Although the surface waters are extremely oligotrophic, we found high cellular
abundances (4 x 10° cells ml!) indicating that specialised oligotrophic organisms do
persist. The sequencing results showed that these organisms were predominantly
Prochlorococcus, SAR11, SAR116, SAR86 and AEGEAN 169 marine group. Specifically,
for the SAR11 and SARS8G6 it is well documented that both are optimised for an
oligotrophic lifestyle (Brown et al 2014, Giovannoni and Stingl 2005, Molloy 2012,
Swan et al 2013). Single cell analyses of these groups have highlighted genomic
streamlining, resource specialisation and heightened resource acquisition abilities
(Dupont et al 2012, Gomez-Pereira et al 2012a, Luo and Moran 2015, Molloy 2012,
Tripp 2013). Additionally, they are equipped with proteorhodopsins which enable
enhanced nutrient uptake via photoheterotrophy (Béja et al 2000, Giovannoni et al
2005). The dominant organisms in the surface of the SPG are therefore oligotrophic
organisms, classifiable as K-strategists, which have adapted to strive under nutrient-
depleted conditions.

The primary autotrophic organisms within the SPG, Prochlorococcus, showed higher read
and cellular abundances in deeper waters (100 — 150 m). Its lower abundance in
surface waters indicated that the nutrient poor conditions may limit its growth or the
high irradiance causes inhibited growth (Moore et al 1998, Partensky et al 1993).

The surface water of the SPG had extremely low fluorescence which was below the
detection limit in our study but previously measured at 0.017 mg m=> (Ras et al 2008,
Zielinski et al 2017). This increased to 0.47 mg m> in the DCM and could be
measured down to nearly 300 m depth, which is remarkably deep. Comparatively
measurement taken in the North and South Atlantic Gyres show similar fluorescence
concentrations in surface waters and the DCM, although the depth of the DCM in the
Atlantic is higher in the water column (North Atlantic Gyre surface: 0.11 mg m-3,
DCM (120 m): 0.52 mg m- and South Atlantic Gyre surface: 0.06 mg m=>, DCM (165
m): 0.66 mg m) (Reintjes et al. unpublished — Chapter 3). The previous classification
of the SPG as “ultra-oligotrophic” from predictive modelling of primary production
using ocean colour data underestimated the total activity due to the extreme depth of
the DCM (Ras et al 2008).

In the mesopelagic zone of the SPG, where light becomes limiting, there was a
distinct change in the microbial community from SAR11 surface clade 1, SAR86 and
Prochlorococens dominated to SAR324, SAR406, and SAR202 dominated. Although
there are currently no cultured representatives of these three bacterial groups,
metagenomic analyses have revealed some insight into their possible metabolic
capabilities. SAR202 and SAR324 have been associated with carbon and sulphur
oxidation (Biers et al 2009, Morris et al 2004, Sheik et al 2014, Swan et al 2011) and
are likely chemolithoautotrophs ubiquitous in the dark oceans. In particular, SAR324
has also been associated with the degradation of the lipid chains of chlorophyll
which may explain its heightened abundance under the DCM (Chitsaz et al 2011). It is
possible that the upper mesopelagic community is specialised in recycling the labile
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organic matter sinking from the photic zone (Anderson and Tang 2010, Hewson et al
2000, Letscher et al 2015).

In addition to an increase in richness with depth, there was also an increase in richness
from the east (Chile) to west (New Zealand). This increase is also linked to changes in
the physico-chemical parameters. Specifically, the decrease in surface water
temperatures and high increase in fluorescence close to the New Zealand coast
indicated higher primary production and labile organic matter input. This was
confirmed by the increase in read abundance of the phylum Bacteroidetes (Filnviicola,
Formosa, NS9, NS5, NS4) and Gammaproteobacteria (SAR92) which are often associated
with the hydrolysis of labile organic matter (Buchan et al 2014, Gémez-Pereira 2010,
Neumann et al 2015, Teeling et al 2012).

Conclusion

We designed and optimised and on-board sequencing and data analysis pipeline that
enabled us to obtain on-site diversity results of the microbial community of the SPG.
It gave us a detailed insight into the microbial diversity within 48 hours of sampling.
The community composition indicated a dominance of a few key oligotrophic
organisms in surface waters, which are adapted to the extreme physico-chemical
conditions. The DCM was at a remarkably deep depth but indicated primary
productivity similar to that of other oceanic gyres. The ability to obtain “direct” results
of the microbial diversity, even in extremely remote sampling sites, will allow
microbial ecologist to do more targeted sampling and hypothesis-driven research and
further our understanding of the diversity and metabolic capabilities of
microorganisms.

Outlook

During the SO245 cruise on board the RV Sonne we did not just develop and test a
high-throughput NGS sequencing pipeline. We also used it to perform targeted
sampling of unique microbial groups within the SPG. Additionally, we used it to
develop further methods to analyse specific microbial communities. These analyses
are currently still in-progress and are therefore only discussed here in the outlook.

The obtained read abundance data was used to select FISH probes and enumerate the
abundance of specific microbial groups. This was done directly on-board with a fully
automated high-throughput image acquisition and cell enumeration system (Chapter
1). Although FISH can be performed without knowing the microbial community
composition, it is both time and cost-effective to have prior knowledge of the
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bacterial diversity. This enables a more precise selection of FISH probes and prevents
unnecessary laboratory work.

Furthermore, we used the NGS pipeline in combination with flow cytometry to sort
specific microbial cells and analysed their diversity. Initially, we flow sorted the easily
identifiable Prochlorococcus and Synechococeus, using their fluorescence signal. The sorted
populations of Prochlorococcus and Synechococens (10,000 cells) were then sequenced using
our on-board pipeline. The obtained relative read abundance data was used to analyse
the sorting efficiency and purity. If the flow sorted samples showed a high diversity
the sorting was repeated with a more stringent sorting gate to obtain a higher purity.
The selected sorting of populations of interest based on their pigment content, cell
size or DNA content, in combinations with an on-board NGS pipeline, allows for the
taxonomic identification of unusual bacterial groups (size, shape, pigments). This,
furthermore, allows for the selected sorting of known populations for single cell
genomics or metagenomics analyses.
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Abstract

Marine bacteria are categorised into two distinct lifestyles free-living (FL) and
aggregate or particle-associated (PA). This categorisation is due to their selective
attachment to particulate organic matter (POM), which is a source of nutrients in an
otherwise limiting environment. The categorisation of marine bacteria into different
lifestyles is often accompanied with a categorisation into different size fractions. This
is owing to the method used to separate different fractions of POM; the sequential
tiltration through filters of varying pore sizes.

We argue here that although bacteria do exhibit distinct lifestyles, the classification of
bacteria into size fractions does not necessarily reflect biological relevant categories.
We tested this hypothesis by comparing the bacterial community composition and
cellular abundance of three size fractions (FL (> 0.2 um < 3 um), small PA (> 3 um <
10 pm), large PA (> 10 um)) across five oceanic provinces of the Atlantic Ocean.
Samples were taken from a wide range of physico-chemical conditions to analyse a
diverse range of particles. These included samples from a phytoplankton bloom,
where fresh POM was actively being produced and samples from two oligotrophic
gyres that had low nutrient conditions and low primary production.

We found that the total cellular abundance of the FL fraction was ~three orders of
magnitude higher than that of the PA fractions (1 x 106 cell ml!, 1 x 103 cell ml'! in the
FL and PA, respectively). Diversity analyses showed both differences and similarities
in the community composition of each size fraction and we could associate these
contradictory results to the relative age of the available particles. From the present
study, we suggest that given variations in particle chemistry and the complexity of
colonisation and succession patterns on particles, the categorisation of individual
bacteria into different “size fractions” is not a biologically meaningful method to
categorise the community variations. The method of size fractionation should rather
be seen as a tool to analysing the total community composition, as it enables the
enrichment and analysis of the low abundant PA community.

Introduction

Vast expanses of the world’s oceans are predominantly nutrient limited (Millero 1996,
Pilson 2012, Smith 1984) but the seasonal input of high amounts of organic matter,
mainly from phytoplankton blooms, prompt significant changes in substrate
availability (Biddanda and Benner 1997, Biersmith and Benner 1998, Finkel 2014).
Phytoplankton derived organic matter is present in two forms; dissolved organic
matter (DOM) and particulate organic matter (POM) (Anderson et al 2015, He et al
2016, Thornton 2014). POM is often viscid (sticky) which leads to the formation of
aggregates (Kiorboe et al 1990). Due to their sticky nature, aggregates often bind
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further material such as living and dead marine phytoplankton or zooplankton cells,
transparent exopolymeric particles, faecal pellets and inorganic minerals (Grossart and
Simon 1993, Turner 2015). They range in size from < 1 um to 10 cm and can be
present to an abundance of < 1 to 108 L1 (Alldredge et al 1993, Logan et al 1995,
Pilskaln et al 1998, Wells and Goldberg 1991). Aggregates are a source of organic
matter in an otherwise largely limiting environment and are therefore rapidly colonised
by selective marine bacteria from the surrounding water column (Datta et al 2016).
These bacteria remineralise the aggregates, which has a significant impact on global
nutrient and carbon cycling (Huston and Deming 2002, Lyons and Dobbs 2012,
Simon et al 2002).

The attachment of selective groups of bacteria to aggregates has resulted in a general
categorisation of marine bacteria into two distinct lifestyles; free-living (FL) and
aggregate- or particle-associated (PA). The PA fraction is often further categorised
into different size fractions owing to the method used to separate them; sequential
filtration through filters of varying pore sizes (Mestre et al 2017, Padilla et al 2015).
The distinction between size fractions is drawn because FL and PA bacteria are
exposed to different selective forces (e.g. nutrient availability) which are assumed to
gradually drive the organisms to become phylogenetically and functionally distinct
(Luo and Moran 2015, Résel et al 2012, Zhang et al 2007).

FL bacteria are defined as pelagic bacteria adapted for growth in low nutrient and
substrate levels, such as the SAR11, SAR86 or Prochlorococcns (Flombaum et al 2013,
Luo and Moran 2015, Malmstrom et al 2013, Morris et al 2002, Partensky et al 1999,
Tripp 2013). FL cells often have smaller genomes with fewer gene copies, lower
metabolic potential and fewer genes encoding transcription and signal transduction
(Dupont et al 2012, Morris et al 2012, Swan et al 2013). Additionally, they often
contain high numbers of transporter genes with high affinities (Ttipp 2013).
Contrastingly PA bacteria typically have a high metabolic versatility, high hydrolysis
activity and large genomes with an array of substrate utilisation and uptake genes
(Lyons and Dobbs 2012, Simon et al 2014). These organisms are predominantly
heterotrophic, with specialisations for complex organic molecule degradation, such as
those found in aggregates (Grossart and Simon 1993, Simon et al 2002).

Diversity analyses between different size fractions show clear distinctions between the
microbial assemblages (Mestre et al 2017, Milici et al 2017, Rieck et al 2015, Rosel et al
2012, Suzuki et al 2017). However, there is also contrasting evidence showing
similarities among the communities across all size fractions (Crespo et al 2013,
Hollibaugh et al 2000, Rieck et al 2015). In fact, some bacteria are known to be able to
switch between lifestyles depending on chemical triggers and substrate availability
(Grossart 2010, Pruzzo et al 2005). Additionally, a large fraction of marine bacteria are
motile and show chemotaxis toward substrate hotspots and could therefore exist both
as FLL and PA (Grossart et al 2001, Kiorboe et al 2002, Seymour et al 2009).

Bacteria exhibit distinct lifestyles, however, we hypothesise that the distinction
between multiple different “size fractions” is arbitrary and that they do not reflect
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biological entities. Rather bacteria are specialised to FL, PA or intermediate lifestyles
and are therefore part of an interacting assemblage. Additionally, we hypothesise that
variations in the PA community are not due to the individual size of particles but due
to variations in the chemical composition and age of the particles. We tested these
hypotheses by analysing the community composition between different microbial
lifestyles using 16S rRNA sequencing and combining this with fluorescence 7 situ
hybridisation (FISH) to visualise and enumerating the abundance of phylogenetically
distinct bacterial groups. We did this across five distinct oceanic provinces of the
Atlantic Ocean, in one of which a phytoplankton bloom was actively progressing
resulting in increased organic matter production. The distinct variability between the
physico-chemical parameters and level of organic matter input in the provinces should
allow for a detailed comparison between the microbial assemblages.

Methods

Sampling

Planktonic seawater samples were taken during the Atlantic Meridional
Transect (AMT) 22 cruise, on the RRS James Cook (Southampton, UK,
to Punta Arenas, Chile, 10 Oct to 24 Nov 2012). Samples were taken
using a rosette of 20 L Niskin bottles with an attached Sea Bird CTD (Sea
Bird Scientific). A total of 16 stations were sampled at 20 m water depth
at solar noon for microbial community analysis (Chapter 3 Figure 1). From
each sampling site between 15 L to 45 L of seawater was sequentially
filtered onto 142 mm diameter polycarbonate filters with pore sizes of
10 u m (Large-PA), 3um (Small-PA) and 0.2um (FL). Different
volumes of seawater were sampled to prevent filter clogging.
Specifically, at sites where previous studies have shown high cell counts,
lower volume of water was filtered (Schattenhofer et al 2009, Tarran et
al 2006, Zubkov et al 2000). These filters were stored at -80°C until
further analysis. For FISH analysis of the FL fraction 1 L of seawater
was sampled from 37 stations at 20 m depth at solar noon. The samples
were fixed using formaldehyde to a final concentration of 1% for 1 h at
RT. Triplicate 20 ml subsamples were filtered through a 47 mm
diameter polycarbonate filters with a pore size of 0.2 um, applying a
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gentle vacuum of < 200 mbar. These filters were left to air dry and
stored at -20°C until further analysis.
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Chapter 3 Figure 1 Sampling sites across different oceanic regions in the Atlantic Ocean
during the AMT 22 cruise. Sampling sites (1 — 16) are indicated by black dots and oceanic
regions with corresponding stations are shown on the side of the map. Map colouring
shows the productivity of the regions using chlorophyll concentrations (map obtained from
MODIS, (Ocean Biology Processing Group 2014)
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Physico-chemical Data

The AMT22 passed through several oceanic provinces (Longhurst 2007), which for
this study, were classification into the Northern Temperate, Northern Gyre,
Equatorial, Southern Gyre and Southern Temperate. The biogeographical provinces
were identified using their physical, chemical and biological characteristics (Chapter 3
Figure 2). These were measured at every CTD sampling station from 0 m to 500 m
depth. Temperature (°C) was measured using a Sea-Bird 3 premium temperature
sensor (Sea Bird Scientific). Dissolved oxygen (ml L) was measured using the Sea-
Bird 43 dissolved oxygen sensor (Sea Bird Scientific) and calibrated against Winkler
titration measurements from 9 samples collected at the pre-dawn CTD. Conductivity
(S m!) was measured using a Sea-Bird4 conductivity sensor (Sea Bird Scientific).
Fluorescence (mg m-3) was measured using a CT'G FAST track Fast Repetition Rate
fluorometer (Chelsea Technologies Group, UK) and calibrated against extracted
chlorophyll-z measurements made on seawater samples collected from 9 depths at
each station. Pressure (mbar) was measured using a Digiquartz pressure sensor
(Paroscientific, Inc., WA, USA) suspended below the CTD. Salinity (PSU) was
measured using a Guideline Autosal 8400B salinometer (OSIL, UK) and calibrated
against bench salinometer measurements from 4 samples collected from each cast (all
metadata is available via the BODC website
https://www.bodc.ac.uk/data/documents/cruise/11427/). The physico-chemical
data were analysed using the ODV4 software (www.odv.awi.de).

DNA Extraction

Microbial DNA was extracted using the MoBio Ultra Clean Soil DNA Extraction Kit
(MoBio Laboratories) as recommended by the manufacturer with the following
alterations. Instead of soil a fixed size (150 mm x 250 mm) polycarbonate filter piece
was directly added to the Bead Solution Tubes.

Sequencing

Sequencing was carried out on a 454 Titanium FLX (ROCHE, CT, USA) and lon
Torrent PGM (Thermo Fisher). Two sequencing platforms were used to reduce
possible biases between the two methods and PCR biases. The 454 Titanium FLX is a
pyrosequencing method whereas the Ion Torrent PGM measures pH changes from
the release of a proton during the incorporation of a ANTP into a DNA polymer.
Where possible samples were sequenced on both platforms to increase the accuracy
(reduce sequencing bias) and yield per sample. Sequencing reads were analysed using
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the SilvaNGS pipeline and results were pooled for total community analysis per
sample.

PCR and Sequencing on 454 Titanium FLX

PCR was carried out in a total volume of 50 pl using the primers S-D-Bact-0341-b-S-
17 (5-CCTACGGGNGGCWGCAG-3") and  S-D-Bact-0785-a-A-21 (5
GACTACHVGGGTATCTAATCC-3) targeting the V3 - V4 variable region of the
16S tRNA, evaluated by (Klindworth et al 2013). The master mix components and
concentrations are shown in Chapter 3 Supplementary Table 1. The master mix and
DNA was incubated in a thermocycler (Mastercycler Tm gradient, Eppendorf,
Hamburg, Germany) with the program indicated in Chapter 3 Supplementary Table 1.
Subsequently, the PCR products were visualised by gel electrophoresis (1% LE
agarose, Biozyme). Amplicon bands were visualised using a transilluminator DR - 45M
(Clare Chemical Research) and cut out with a sterile scalpel. The gel slices were
purified using the QiagenMinElute kit (Qiagen). After purification, the PCR products
were pooled into libraries with a minimum DNA concentration of 1 ug DNA as
measured using a Qubit assay (Invitrogen, Darmstadt, Germany). The libraries were
then sent to the Max-Planck Institute for Plant Genomics in Cologne, for sequencing

on a ROCHE 454 titanium FLLX (ROCHE).

PCR and Sequencing on Ion Torrent PGM

PCR was carried out as described in detail in (see Chapter 2: Polymerase chain
reaction (PCR)).

Size Selection

After PCR the amplicons were size selected on 2% E-Gel size select gels using the E-
Gel iBase Power System and E-Gel Safe Imager Real Time Transilluminator (Thermo
Fisher). Amplicons were run on a gel for 17 - 18 min using a Low Range DNA
Ladder (Thermo Fisher) as a reference. Amplicons were extracted directly from the
gel by adding 20 ul of low TE buffer to the extraction well. The extraction was
repeated 5 times for each sample to increase the yield. Subsequently, the size-selected
amplicons were cleaned up and concentrated over silica column using the Qiagen
QIAquick PCR purification kit (Qiagen).

The amplicon concentration and quality were quantified using a Fragment Analyser
(AATI) and the DNF - 472 standard sensitivity NGS fragment analysis kit (1 bp —
6,000 bp). After quantification, the amplicons were pooled as described in the Ion
Amplicon Library Preparation (Fusion Method) Manual.
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Ion Torrent Sequencing

Ion Torrent sequencing was carried out as recommended by the manufacturer and as
described in detail in Chapter 2 (Ion Torrent Sequencing). Sequencing was undertaken
on ION 314 v2 chips (Thermo Fisher) and the Torrent Suite software was used for all
initial quality trimming and analysis.

Sequence Processing using SilvaNGS

The sequence reads from the Ion Torrent PGM (Thermo Fisher) and 454 Titanium
FLX (Roche) were further processed using the bioinformatics pipeline of the
SilvaNGS project (Quast et al 2013). This involved quality controls for sequence
length (> 200 bp) and the presences of ambiguities (< 2%) and homopolymers (<
2%). The remaining reads were aligned against the SSU rRNA seed of the SILVA
database release 115 (Quast et al 2013). The classification was done by a local BLAST
search against the SILVA SSURef 115 NR database using blast -2.2.22 + with
standard settings.

Statistical Analysis and Diversity Analyses

Statistical analyses were carried out using normalised read abundances and a
classification to genus level. Community dissimilarity was calculated using Bray-Curtis
and subsequently plotted using NMDS in the Vegan (Oksanen et al 2013) package of
R project (R Development Core Team). Significance tests, analyses of site-specific
community composition differences and correlations to environmental factors, were
done using ANOSIM and Mantel tests in the Vegan package.

Total Cell Counts (TCC), FISH and Microscopy

All sample filters were analysed using CARD-FISH. Total bacterial abundance (EUBI-
III (Amann et al 1990)) and the cellular abundance of three major phyla were
enumerated using phylum specific FISH probes (Bacteroidetes (CF319a (Manz et al
1990)), Gammaproteobacteria (GAMA42, (Manz et al 1992)) and Cyanobacteria (CYA664
(Schonhuber et al 1999))). The filters were processed as described in Chapter 1. After
CARD-FISH the filters were counterstained with DAPI and mounted using a
Citifluor (EMS, USA) Vectashield (Vector Laboratories, UK) (v/v) (4 : 1) mounting
solution. CARD-FISH and DAPI stained cells were visualised and manually
enumerated on a Zeiss Axioskop 2 motplus fluorescence microscope. In addition to
manual analysis, the filters were also counted automatically using a fully automated
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image acquisition and cell enumeration system described in detail in Chapter 1. For
our evaluation FISH positive signals for each probe were determined by an
overlapping (30% minimum overlap) signal of both DAPI (360 nm) and FISH (488
nm), with a minimum area of 17 (DAPI) or 30 (FISH) pixels (0.17 - 0.3 um?) and
minimal signal background ratio of 1 (DAPI) or 2.5 (FISH).

Results and Discussion

Physico-chemical Characteristics of the Atlantic
Ocean

The Atlantic Ocean can be separated into several distinct provinces with varying
physico-chemical conditions, which select for adapted microbial communities
(Chapter 3 Figure 2). There are two oligotrophic gyres characterised by high surface
temperatures (20 — 25°C), high salinity (37 psu) and low nutrient availability
(specifically nitrate and phosphate (Chapter 3 Supplementary Figure 1)). The high
temperatures and salinity of the surface waters cause the formation of a thermocline
resulting in nutrient depletion. This reduces primary production and organic matter
availability in the surface waters. In the central equatorial province, however, there are
high surface temperatures but low salinity due to high precipitation rates. Finally, there
are two temperate provinces that experience the seasonal mixing of water masses and
high nutrient concentrations. Consequently, there are seasonal phytoplankton blooms
and high organic matter production in surface waters. During our sampling campaign,
the S. Temperate province had particularly low surface water temperatures (10 — 7°C)
and high nitrate and phosphate concentrations indicating mixing with cold nutrient
rich bottom waters (Chapter 3 Figure 2, Chapter 3 Supplementary Figure 1). Due to
the high nutrient availability, there was high surface chlorophyll # concentrations (4
mg m-3) indicating high primary production.
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Chapter 3 Figure 2 Contour plots derived from CTD measurements from 0 to 500 m depth
(shown as pressure) at all stations during the AMT22 research cruise (shown as latitude on
the x-axis). a) Oxygen concentration (umol L'l). b) Chlorophyll a concentrations (mg m3). c)
Seawater temperature (°C). d) Salinity (psu).

Sequencing Statistics and Diversity Indices

An average of 10,000 reads per samples were obtained using an lon Torrent and
Roche 454 sequencing platform (median 9,400). The highest richness was found in the
FL size fraction and the lowest richness was found in the large PA size fraction
(Chapter 3 Table 1). Similar results have previously been found by Acinas et al (1999),
Ghiglione et al (2007), and Hollibaugh et al (2000). However, these results contradict
other studies that have highlighted higher richness in large PA size fractions (Mestre et
al 2017, Rieck et al 2015, Suzuki et al 2017).

Chapter 3 Table 1 Statistical analysis of bacterial richness and diversity calculated from
relative read abundances. Samples were taken from three size fractions along the AMT22
(free-living — FL, small particle-associate (3 um filter pore size) — small PA and large particle-
associated (10 um filter pore size) — large PA)

Richness Shannon Index Simpsons Evenness
Index
Total average 229 3.46 0.93 0.64
FL 246 3.34 0.92 0.61
Small PA 236 3.72 0.95 0.69
Large PA 196 3.26 0.9 0.62

Cellular Abundance

The total cellular abundance of bacteria (enumerated using the FISH probes EUB I-
III) in the FL fraction was ~three orders of magnitude higher than in the PA fractions
(average abundance: 1 x 106 cell ml -1, 1 x 103 cell ml 1] 3 x 102 cell ml -, in the FL,
small PA and large PA, respectively) (Chapter 3 Figure 3). The absolute abundance of
Bacteroidetes, Gammaproteobacteria and Cyanobacteria showed the same trend with higher
cellular abundance in the FL in comparison to the PA size fraction (Chapter 3
Supplementary Table 2). The extremely low abundance of individual bacterial groups
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on particles throughout the Atlantic Ocean suggests that there is a high number of
selective niches on particles and that PA bacteria are part of the “rare” biosphere
(Sogin et al 2006). The rare biosphere is often associated with heightened metabolic
activity and potential, which is also true for many PA bacteria (Campbell et al 2011,
Kellogg and Deming 2014, Lyons and Dobbs 2012, Shade et al 2014, Simon et al
2014). Their high metabolic potential means that PA bacteria play an important role in
organic matter turnover as well as nutrient cycling, particularly of POM (Arnosti et al
2012, Kellogg and Deming 2014, Lopez-Pérez et al 2016). As POM is remineralised
and solubilised it becomes available as DOM for other organisms fuelling biochemical
cycling (Milici et al 2017).

There was a significant increase in the TCC of all size fractions in the Southern
Temperate stations. This increase was positively correlated to the total fluorescence (r
=0.77, r=0.92, r= 0.95 for FL, small PA and large PA respectively). In the Southern
Temperate stations, bacterial growth was stimulated in all size fractions by the increase
in available nutrient and organic matter due to higher primary production.
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Chapter 3 Figure 3 Plot showing the total cell counts (enumerated by DAPI staining) within
each size fraction (FL (blue), small PA (green), large PA (orange)) at sampling stations along
the AMT22 (latitude along the x-axis). The left y-axis shows the cellular abundance of the FL
size fraction. The right y-axis shows the cellular abundance of the two PA size fractions. The
light green background overlay shows the average surface fluorescence at each sampling
Site.
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Bacterial Community Composition Based on

Sequencing Data

The bacterial community of the Atlantic Ocean was dominated by a few key phyla,
specifically the Proteobacteria, Cyanobacteria, Actinobacteria and Bacteroidetes. Similar results
have previously been shown by (Friedline et al 2012, Yilmaz et al 2012, Zinger et al
2011). The FL community consisted of predominately oligotrophic organisms
(SARS86, SAR11, SAR116, AEGEAN 169, Prochlorococcns and Candidatus Actinomarina),
which were present in high read abundances (Chapter 3 Figure 5). These organisms
are known for their specialisation in resource acquisition in low-nutrient environments
such as the open ocean gyres (Molloy 2012, Morris et al 2012, Rappe” et al 2002, Yang
et al 2016). The FL community showed no biogeographical distribution pattern,
except in the S. Temperate stations where a pronounced change in the FL. community
composition could be seen. The abundance of the previously dominant groups
SAR11, SAR116, Prochlorococcus and Candidatus Actnomarina decreased while Formosa,
Polaribacter, uncultured Flavobacteria, Rhodobacteraceae and SAR92 increased (Chapter 3
Figure 5). Cluster analysis and NMDS showed that all FL. samples had a high degree
of similarity and clustered closely together, except for the FL sample from the S.
Temperate stations (Chapter 3 Figure 4) in this region. The pronounced changes in
physico-chemical parameters (increased primary production and nutrient availability)
in the S. Temperate stations caused significant changes within the FL bacterial
community. The change from dominantly oligotrophic to dominantly copiotrophic
organisms indicated that the community composition of the FL size fraction can
change significantly depending on the physico-chemical conditions. Previous studies
have shown similar pronounced changes in the FL. community particularly during algal
blooms where there is a change in the DOM and POM abundance and composition
(El-Swais et al 2014, Tada et al 2011, Teeling et al 2012, Teeling et al 2016).

The PA communities were dominated by  Verucomicrobia, — Planctomycetes,
Deltaproteobacteria, Gammaproteobacteria and Bacteroidetes (Chapter 3 Figure 5). There was a
high degree of dissimilarity between the PA communities (Chapter 3 Figure 4). They
consisted predominantly of organisms associated with attachment or organic matter
degradation which has also been shown in previous analyses of the PA size fraction
(Buchan et al 2014, Lage and Bondoso 2014, Milici et al 2017). A distinct change in
the PA community was observed in the S. Temperate stations (Chapter 3 Figure 5).
There was an increase in the abundance of Bactervidetes and Rhodobacteraceae and a
decrease in the abundance of Deltaproteobacteria and Planctomycetes. Cluster analysis of all
stations indicated that the FL, small PA and large PA bacterial communities of the S.
Temperate stations were highly similar to each other (Chapter 3 Figure 4).
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At the time of sampling, the S. Temperate stations were experiencing a phytoplankton
bloom during which organic matter (DOM and POM) is released into the water
column. This increase in available organic matter prompted a significant increase in
the TCC (Chapter 3 Figure 3) and a change in the community composition of both
the FL and PA size fractions to organisms with a specialisation in complex organic
matter degradation, particularly the Bacteroidetes (Chapter 3 Figure 5).
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Chapter 3 Figure 4 a) NMDS plot (stress 0.14) showing the dissimilarity between the
microbial communities of different sampling stations. The dot colours represent the size
fraction of each sample (blue =FL, green =small PA, orange = large PA). The ellipsoids
represent the clustering of the samples within a size fraction (blue = FL, green = PA). The
numbers beside the dots indicate the sample locations 1 -4 N. Temperate, 5 - 8 N Gyre, 9 —
11 Equatorial, 12— 14 S. Gyre and 15 -16 S. Temperate stations. b) Bray-Curtis cluster
analysis of the microbial community between size fraction and stations (the colour scheme
is the same as used in the NMDS plot).
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Chapter 3 Figure 5 Bubble plot of genera with a minimum normalised relative read
abundance of 0.5%. The size of the bubbles indicates the average relative abundances (%)
of each genus in each sample. The plot is separated and coloured by size fraction: blue = FL,
green = small PA, orange = large PA. Samples within each size fraction are shown across
latitude (49°N — 44°S).
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The overall ANOSIM results show a significant difference between the FL and PA
community compositions (r> = 0.667, P = 0.0009). However, there was also a high
degree of overlap between each size fraction, especially under specific physico-
chemical conditions such as in the S. Temperate station. The increased similarity
among the size fractions in this region indicated that there were similar selection
forces acting on all size fractions or that there was an active exchange between the size
fractions in the S. Temperate stations.

Any particles in the water column, including live (phytoplankton) cells, are colonised
initially by motile or non-motile FL. bacteria (Bennke et al 2013, Dang and Lovell
2000, Datta et al 2016). Therefore, the POM produced in the S. Temperate station
was colonised by FL bacteria, explaining their increased abundance in the PA size
fraction. Equally, PA bacteria are not necessarily fixed to a particle but can exhibit
hop-on, hop-off behaviour and therefore be present in multiple size fractions
(Kiorboe et al 2003, McCarter 1999). In fact, for some Bacteroidetes species (Polaribacter
dokdonensis (MED 134) and Leemwenhoekiella blandensis (MED217)) alternated between
lifestyles. They can attach to surfaces and use complex organic matter such as
polysaccharides and proteins (Fernandez-Goémez et al 2013) and during times of
organic matter limitation, they can switch to a free-living lifestyle using
proteorhodopsins to obtain energy from light (Béja et al 2000, Fernandez-Goémez et al
2013, Gonzalez et al 2008). The apparent interchangeability of bacteria between
different size fractions would explain the high overlap in community composition
between different size fractions found in our study and multiple others (Crespo et al
2013, Hollibaugh et al 2000, Mestre et al 2017, Milici et al 2017).

An additional factor that should be considered is the particles’ chemical composition.
Lopez-Pérez et al (2016) found that different types of particles (diatomaceous earth,
sand, chitin and cellulose) are colonised by different communities of bacteria. The
“new” particles produced in the S. Temperate station are predominantly
phytoplankton-derived organic matter and select for specific heterotrophs in both the
FL and PA fraction. Specifically, there was an increase in the abundance of Bacteroidetes
which are often associated with phytoplankton-derived organic matter (Teeling et al
2012). The high dissimilarity between the S. Temperate PA community and the PA
communities of the other stations indicated that particles in different oceanic
provinces may vary in chemical composition and therefore select for different
bacterial groups.

Another reason for the high variability between the PA communities could be due to
succession patterns occurring during particle colonisation (Datta et al 2016). Analysis
of bacterial colonisation of chitin particles demonstrated that PA bacteria undergo
rapid succession patterns (Datta et al 2016). Motile bacteria that can use the particles
as a resource are the initial colonisers. Subsequently, secondary consumers colonise
the particle, likely because they are attracted by the metabolites produced by the
primary colonisers rather than the particle composition (Datta et al 2016). The
colonisation of “new” particles in the S. Temperate station by predominantly
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Bacteroidetes may represent an initial colonisation by organisms using the particle as a
resource (i.e. polysaccharides, proteins). The communities of particles in other regions,
such as in the Gyres, represent a more established but variable community of
secondary colonisers. Sampling different size fractions at a specific point in time give
only a snapshot of the current part of a continuous succession pattern. To fully
comprehend the differences in the community composition between different PA size
fractions it is necessary to also understand chemical composition and age of the
particles.

Conclusions

The selective attachment of marine bacterial to particulate organic matter has resulted
in their categorization into different size fractions. However, this is likely too simple a
categorisation given the complexity of colonisation and succession patterns on
particles, as well as the variations in particle biochemistry and the potential for lifestyle
interchangeability of bacteria. Additionally, the physical size of a particle is unlikely to
determine the attachment of a bacterium to a particle. The method of size
fractionation should rather be seen as a means of “enriching” the rare but active PA
community allowing for an in-depth analysis of the full metabolic capability and
potential of a microbial assemblage.

Outlook

This manuscript has not been submitted for peer review, as further work is currently
underway to address some of the questions highlighted in the discussion.

Specifically, we are currently attempting to classify the chemical composition of the
particles using lectin staining (Bennke et al 2013). Lectins are carbohydrate-binding
proteins that bind to extracellular polymeric substrates and glycoconjugates. They are
commercially available as fluorescently labelled lectins and can be combined with
super-resolution structured illumination microscopy to visualise the substrates and
glycoconjugates of a particle. In a previous study, Bennke et al (2013) tested seventy-
seven commercially available lectins for their binding efficiency and sensitivity to
marine phytoplankton cells and macro aggregates. Twelve of these showed specific
binding to marine particles and their specificity covered several substrates, specifically
galactose, sialic acid, N-acetyl-galactosamine, fucose and mannose. Using these lectins
the chemical composition of the particles across the Atlantic Ocean is being analysed.
This analysis will give us a spatial distribution pattern of the carbohydrate content of
particles and may help us understand why specific bacteria are found on particles in
one oceanic province but not in another. Additionally, it can potential give us a better
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understanding of the spatial distribution of different particle-associated carbohydrates
across the Atlantic Ocean.

Additionally, using meta-genomics we are analysing the genetic potential of the PA
organisms, which should yield further insight into their specific distribution patterns.
The functional potential of the PA community can be used to form hypotheses about
their possible activities on the particles. To date, there have only been a few
metagenomics studies of PA microbial communities (Allen et al 2012, Ganesh et al
2014, Smith et al 2013). These studies have shown differences between the PA and FL
communities as well as distinctions between different size fractions. However, there is
often a high proportion of eukaryotic, and phylogenetically unclassified sequences in
the PA community metagenomes making them difficult to analyse difficult (Simon et
al 2014).

We are currently analysing the PA bacterial community of the S. Temperate stations,
which were directly correlated to the increase in chlorophyll « and appeared to
respond to the addition of fresh organic matter. Of interest in these analyses are the
genes encoding the proteins which are involved in the utilisation of dissolved organic
matter as well as the specific carbohydrate active enzymes. These can also be used to
predict the carbohydrate content of the particles, assuming they are actively expressed.
Similar predictions were made from the analyses of FL communities during
phytoplankton blooms (Teeling et al 2012). Metagenomics potentials and substrate
predictions could be combined with the results of the lectin staining and may yield
new insight into the hydrolysis of POM in the marine environment.

A parallel analysis of the metagenomics potential of the PA community from
oligotrophic open ocean particles would also be interesting, as these varied
considerably in the community composition to their FL. counterparts. The high
taxonomic variation should be reflected in the functional potential and further our
limited understanding of the different bacterial lifestyles (Allen et al 2012).
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Heterotrophic microbial communities process much of the carbon fixed by phytoplankton in the
ocean, thus having a critical role in the global carbon cycle. A major fraction of the phytoplankton-
derived substrates are high-molecular-weight (HMW) polysaccharides. For bacterial uptake, these
substrates must initially be hydrolysed to smaller sizes by extracellular enzymes. We investigated
polysaccharide hydrolysis by microbial communities during a transect of the Atlantic Ocean, and
serendipitously discovered—using super-resolution structured illumination microscopy—that up to
26% of total cells showed uptake of fluorescently labelled polysaccharides (FLA-PS). Fluorescence
in situ hybridisation identified these organisms as members of the bacterial phyla Bacteroidetes and
Planctomycetes and the gammaproteobacterial genus Catenovulum. Simultaneous membrane
staining with nile red indicated that the FLA-PS labelling occurred in the cell but not in the
cytoplasm. The dynamics of FLA-PS staining was further investigated in pure culture experiments
using Gramella forsetii, a marine member of Bacteroidetes. The staining patterns observed in
environmental samples and pure culture tests are consistent with a 'selfish’ uptake mechanisms of
larger oligosaccharides (=600 Da), as demonstrated for gut Bacteroidetes. Ecologically, this
alternative polysaccharide uptake mechanism secures substantial quantities of substrate in the
periplasmic space, where further processing can occur without diffusive loss. Such a mechanism
challenges the paradigm that hydrolysis of HMW substrates inevitably yields low-molecular-weight
fragments that are available to the surrounding community and demonstrates the importance of an

alternative mechanism of polysaccharide uptake in marine bacteria.
The ISME Journal advance online publication, 21 March 2017; doi:10.1038/ismej.2017.26

Introduction

Marine microbial communities are responsible for
pracessing an estimated half of the organic carbon
annually produced in the ocean (Azam and Malfatti,
2007). It is generally assumed that the high-
molecular-weight (HMW) fraction of this organic
matter is hydrolysed initially by extracellular
enzymes to sizes <600Da (Weiss et al., 1991) for
transport into the cell (Arnosti, 2011). The condi-
tions under which the production of an extracellular
enzyme might be energetically beneficial, the extent
to which diffusive loss of hydrolysed products limits
the utility of extracellular enzyme production and
scenarios under which non-enzyme-producing
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organisms may benefit from the activities of enzyme
producers have been considered in recent models
(for example, Vetter et al., 1998; Allison, 2005;
Traving et al, 2015). These models assume that
hydrolysis occurs in the extracellular environment
and that hydrolysis products therefore are available
to the wider microbial community. Models conse-
quently typically express substrate availability in
terms of monomer production and transport. Field
measurements have likewise measured carbohydrate
metabolism by microbial communities in the ocean
via production and uptake of monosaccharides (for
example, Rich et al.,, 1996). With few exceptions,
moreover, investigations of carbohydrate dynamics
have focussed primarily on enzymatic hydrolysis of
glucose-containing substrate proxies (MUF-a- and
p-glucose; Zaccone et al., 2012; Kellogg and Deming,
2014); glucose dynamics have also been used as a
representation of polysaccharide metabolism in
general (Christian and Karl, 1995; Piontek et al.,
2014).

Different marine heterotrophs, however, specialise
in uptake of low-molecular-weight and HMW sub-
strates (for example, Cottrell and Kirchman, 2000;
Elifantz et al, 2005, 2007). Natural microbial
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communities in surface ocean waters also exhibit
substrate preferences. Differences in the spectrum of
polysaccharides hydrolysed (Amosti et al, 2005,
2012) and a latitudinal gradient in enzyme activities
(Arnosti et al., 2011) that parallels large-scale patterns
in microbial biogeography have been demonstrated
(for example, Baldwin et al., 2005; Fuhrman et al.,
2008; Wietz ef al., 2010). The importance in marine
systems of an alternative substrate uptake mechan-
ism, known for gutl bacteria (Bacteroidetes), has been
suggested by metagenomic data from coastal ocean
waters (Teeling et al, 2012, 2016) and oceanic
provinces in the North Atlantic (G6mez-Pereira
et al.. 2012). With this mechanism, polysaccharides
are bound to the outer membrane, partially hydro-
lysed, and transported as larger oligosaccharides
(>600 Da) into the periplasm using TonB-dependent
outer membrane receptors/transporters (Cho and
Salyers, 2001), a mechanism homologous to the starch
utilisation system (sus-like) (D'’Elia and Salyers,
1996). Direct evidence of the manner in which
individual bacteria in the ocean take up HMW
polysaccharides, however, is still lacking.

To examine the links between activities and
communities across broad spatial scales, we incu-
bated natural microbial communities of five distinct
oceanic provinces—Northern Temperate, Northern
Gyre, Equatorial, Southern Gyre and Southern
Temperate (Longhurst et al., 1995)—of the Atlantic
Ocean (Supplementary Figure S1) with specific
fluorescently labelled polysaccharides (FLA-PS).
These polysaccharides, laminarin, xylan and chon-
droitin sulphate, were selected because they are
present in large quantities in the ocean and/or
enzymes that hydrolyse these polysaccharides are
widely distributed among marine bacteria. For
example, the production of laminarin, an energy
storage product of diatoms, has been estimated at
5-15 billion metric tons annually (Alderkamp et al.,
2007). Xylan is a major component of red and green
algae (Lahaye et al., 1993; Usov, 2011) and thus
widely present in the ocean, and chondroitin
sulphate, which is commercially derived from shark
cartilage, is rapidly and readily hydrolysed across
broad ranges of ocean waters (Arnosti, 2011) and by a
diverse array of marine bacterial isolates (Wegner
et al.,, 2013; Xing et al,, 2015), These polysaccharides
also differ in chemical composition: laminarin is a
glucose polysaccharide, xylan a polymer of xylose
(a pentose rather than hexose sugar), and chondroitin
sulphate is a sulphated polymer of N-acetylgalacto-
samine and glucuronic acid, These substrates thus
provide the opportunity to probe the activities of a
wider range of enzymes (Arnosti, 2003),

We subsampled the incubations at sea and
serendipitously observed, using epifluorescence
microscopy, that up to 26% of the individual
bacterial cells bound the FLA-PS. Pursuing these
observations, we combined FLA-PS staining with
single-cell identification by fluorescence in situ
hybridisation (FISH) (Amann et al., 1995) and

super-resolution light microscopy to visualise the
uptake of FLA-PS by individual bacterial cells in
natural communities in surface ocean waters.

Materials and methods

Sampling and substrate incubations

Seawater samples were collected aboard the RRV
James Cook during the Atlantic Meridional Transect
22 cruise from Southampton, UK, to Punta Arenas,
Chile, from 10 October to 24 November 2012. In five
different oceanic  provinces (Supplementary
Figure S1) at solar noon, triplicate 20 litre seawater
samples were collected from 20m depth using a
Niskin rosette with an attached Sea Bird CTD (Sea
Bird Electronics Inc., Bellevue, WA, USA). From
each triplicate, subsamples of 500 ml were added to
sterile glass bottles and incubated with one of the
three FLA-PS, laminarin, chondroitin sulphate and
xylan (nine bottles in total), for a total of 12-18 days.
In addition, a treatment control, consisting of 500 ml
seawater in a sterile glass bottle without a FLA-PS, as
well as killed controls, consisting of 50ml auto-
claved seawater with one of the three FLA-PS, were
incubated under the same conditions. All bottles
were incubated at room temperature (RT) in the dark
and sampled at regular time points (typically at
30min, 1, 3, 6, 12 and 18 days). At each time point,
samples for FISH analysis, measurement of
extracellular enzyme activities and DNA analysis
were collected. For FISH, 20ml of water was
filtered through a 47 mm (0.2 pm pore size) poly-
carbonate filter, applying a gentle vacuum of
<200 mbar. After drying, the filters were stored at
~20°C until further analysis. For DNA analysis,
10ml was filtered through a 0.2pm pore size
polycarbonate filter using a Whatman 420200
Swin-Lok reusable filter holder (Sigma-Aldrich
Chemie GmbH, Munich, Germany).

FLA-PS synthesis and measurement of extracellular
enzymatic activity

Three polysaccharides (laminarin, xylan, chondroitin
sulphate) obtained from Sigma-Aldrich (Munich,
Germany) were [luorescently labelled with fluores-
cein amine (Sigma-Aldrich; isomer II) as described in
Arnosti (2003). The FLA-PS solutions are free of
monosaccharides or oligosaccharides, due to the fact
that they are repeatedly injected onto standardised gel
permeation chromatography systems as part of the
labelling procedure; any low-molecular-weight carbo-
hydrates are thereby removed during purification.
Average-molecular weights of fluorescently labelled
laminarin, xylan and chondroitin sulphate are 6000,
9000 and >50000daltons, respectively. A single
polysaccharide was added at a concentration of
1.75 pmol monomer-equivalent to each 500 ml water
sample; each polysaccharide was incubated in tripli-
cate, plus one killed control, as described above.
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Substrate staining, FISH and epifluorescence
microscopy

For all the time points, the cells were filtered as
described and counter-stained with 4',6-diamidino-
2-phenylindole (DAPI) and nile red and subse-
quently mounted using a Citifluor/VectaShield (4:1)
mounting solution. Substrate-stained cells were
visualised and enumerated using a fully automated
microscope imaging system, described in detail by
Bennke et al. (2016), on a Zeiss Axiolmager.Z2
microscope stand (Carl Zeiss Microlmaging GmbH,
Gottingen, Germany) with a cooled charged-coupled-
device (CCD) camera (AxioCam MRm; Carl Zeiss)
and a Colibri LED light source (Carl Zeiss) with three
light-emitting diodes (UV-emitting LED, 365 +4.5 nm
for DAPI; blue emitting LED, 470 + 14 nm for FLA-PS
488; red-emitting LED, 590+17.5nm for the tyra-
mide Alexa 594, FISH), combined with the HE-62
multifilter module (Carl Zeiss). This module consists
of a triple emission filter TBP 425 (%25), 527 (x27),
LP 615, including a triple beam splitter of TFT
395/495/610. All automatic cell counts were vali-
dated using manual cell counting. Briefly automated
cell counting was carried out by initially acquiring
images (using a 63 x magnification and 1.4 numer-
ical aperture oil emersion plan apochromatic objec-
tive (Carl Zeiss)), at selected wavelengths (DAPI,
FLA-PS, FISH), of a previously defined set of
coordinates consisting of a minimum of 46 fields of
view on each sample filter (Bennke et al., 2016).
Subsequently, the images were imported into
the ACMETOOL2.0 (http://www.technobiology.ch/
index.php?id =acmetool) image analysis software.
From the images, cells were deemed ‘substrate
stained’ if they showed a positive signal in both the
DAPI and FLA-PS (488) images. Additionally, these
signals had to have a minimum overlap of 30%, a
minimum area of 17 or 30 pixel (0.17-0.3 pm?) (DAPI
signal and FLA-PS signal, respectively) and a
minimum signal background ratio of 1 or 2.5 (DAPI
and FLA-PS signals, respectively) (Bennke et al.
2016).

FISH was carried out with slight alterations of the
protocol by Manz et al. (1992). The hybridisation
buffer contained 900 mm NaCl, 20 mm Tris-HCI (pH
7.5), 0.02% sodium dodecyl sulphate, 10% dextran
sulphate (wt/vol) and 1% (wt/vol) blocking reagent
(Boehringer; Mannheim, Germany) with a forma-
mide concentration optimised for individual probes
(Supplementary Table S1). All hybridisations were
carried out at 46 °C in a humidity chamber for 3 h,
with a subsequent wash in a buffer containing
14-900 mm NaCl (dependent on formamide concen-
tration in the hybridisation buffer), 20 mm Tris/HCI
(pH 8), 5mm EDTA (pH 8) and 0.01% sodium
dodecyl sulphate at 48°C. For super-resolution
structured illumination microscopy (SR-SIM), the
cells were initially scraped from the filter using
a sterile scalpel and heat fixed to coverslips at
46 °C. After heat fixation, FISH was carried out as
described above.
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Super-resolution structured illumination microscopy
Substrate incubation samples were visualised on a
Zeiss ELYRA PS.1 (Carl Zeiss) using 561, 488 and
405 nm lasers and BP 573-613, BP 502-538 and BP
420-480+LP 750 optical filters. Z-stack images were
taken with a Plan-Apochromat 63 x /1.4 Oil objective
and processed with the software ZEN2011 (Carl
Zeiss). SR-SIM images are taken by exciting the
sample using non-uniform wide-field illumination.
The laser light passes through an optical grating,
generating a striped-shaped sinusoidal interference
pattern. This pattern then combines with the sample
information originating from structures below the
diffraction limit to generate moire fringes. The image
is detected by a CCD camera and contains high
spatial frequency sample information shifted to a
lower spatial frequency band that is transmitted
through the objective. Mathematical reconstructions
from raw image slices then allow for a reconstruction
of a high-resolution image with doubled resolution
in the xy plane (Schermelleh et al., 2010). Intensity
line profiles of individual cells were carried out
using the ZEN black software (Carl Zeiss).

Medium preparation

HaHa medium was prepared as described in detail by
Hahnke and Harder (2013) and Hahnke et al. (2015).
The basic HaHa medium was supplemented with
0.2 pm sterile filtered carbon sources (glucose, cello-
biose, yeast exiract, peptone, casamino acids (Hahnke
and Harder, 2013), laminarin (Sigma-Aldrich) and
FLA-laminarin) to make different carbon source media
(Supplementary Table S2).

Pure culture FLA-PS incubations

FLA-PS incubations were performed using a pure
culture of Gramella forsetii strain KT0803 (DSM
17595), a marine member of Bacteroidetes. All
growth experiments were carried out in biological
duplicates. For all incubations and sampling time
points (see below), cell growth and FLA-substrate
uptake was analysed by fixing 1 ml of culture using
2% sterile filtered formaldehyde for 1h at RT.
Subsequently, the sample was filtered through a
25mm polycarbonate filter (0.2pm pore size),
applying a gentle vacuum of <200 mbar, and the
cells were visualised using microscopy (see ‘Sub-
strate staining, FISH and epifluorescence micro-
scopy’ section above). Cell fluorescence due to
FLA-substrate uptake was quantified using an Accuri
C6 flow cytometer (BD Accuri Cytometers, Ann
Arbor, M1, USA).

G. forsetii was grown in HaHa high carbon
medium (Supplementary Table S2) until it reached
the stationary phase (48h) and a cell count of
107 cellsml~'. Subsequently, G. forsetii was inocu-
lated (1:10) into HaHa minimal medium and grown
for 48 h; this was repeated twice to starve the culture
and mimic a minimal carbon environment. To track
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the uptake of FLA-laminarin by G. forsetii, in a low To allow for the upregulation of gene expression
carbon environment, this starved culture was inocu-  and production of enzymes capable of laminarin
lated (1:10) into HaHa FLA-laminarin 35 pmM medium  uptake (induction), the starved G. forsetii culture
and sampled every 3 h. was inoculated into HaHa laminarin medium
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Figure 1 Relative abundance of substrate-stained cells and FISH identification of substrate-stained cells in incubations of seawater from
five stations of different provinces of the Atlantic Ocean (see Supplementary Figure S1 for station locations). (a) relative abundance of cells
stained by laminarin (yellow), xylan (red) and chondroitin sulphate (blue). Incubation time is indicated by ‘T" (0-18 days). T0 refers to
samples taken approximately 30 min after addition of the FLA-PS. (b) Relative abundance of laminarin-stained cells and fraction stained
by FISH probes for Bacteroidetes (CF319a), Planctomycetes (PLA46) and Catenovulum (CAT653). (€) Relative abundance of xylan-stained
cells and fraction stained by FISH probes for Bacteroidetes (CF319a), Planctomycetes (PLA46) and Catenovulum (CAT653). (d) Relative
abundance of chondroitin-stained cells and fraction stained by FISH probes for Bacteroidetes (CF319a), Planctomycetes (PLA46) and
Catenovulum (CAT653).
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for 48 h (1 x 10° cells ml~1). This was also carried out
to test whether the uptake of FLA-laminarin
increased after induction of the cells, mimicking an
environment where laminarin is already available.
Induced G. forsetii was inoculated (1:10) in
both HaHa FLA-laminarin 35 pm medium and HaHa
FLA-laminarin 3.5 pv medium. Substrate staining
was tracked by sampling at 5, 20, 40, 60, 80 and
100 min.

To further analyse the FLA-substrate uptake by the
cells and to determine whether the FLA tag can
be excreted, after 100min incubation in HaHa
FLA-laminarin 35 pm medium, the substrate-stained
cells were inoculated (1:10) in HaHa laminarin.
The decrease in FLA signal was analysed by
sampling at 20, 40, 60, 80, 100 min and 1 day after
inoculation.

All growth experiments without FLA-laminarin
were sampled regularly to check for autofluores-
cence or other sources of fluorescence that could be
mistaken for substrate signals. Additionally, to
ensure that there was no unspecific binding of
FLA-laminarin to cells, cells grown in HaHa high
carbon medium and HaHa laminarin medium were
fixed using 2% sterile filtered formaldehyde for 1h
at RT and subsequently incubated with 35 pm FLA-
laminarin for 4h. The cells were then filtered
through a 25mm (0.2 pm pore size) polycarbonate
filter, applying a gentle vacuum of <200 mbar and
visualised using microscopy. There was no unspe-
cific binding of substrate to fixed cells.

Flow cytometry and fluorescence quantification

Cell fluorescence due to FLA-substrate uptake was
quantified in all G. forsetii growth cultures using an
Accuri C6 flow cytometer (BD Accuri Cytometers).
Initially, the cells were fixed in 37% sterile filtered
formaldehyde (final concentration 2%) for 1 h at RT.
The 8- and 6-peak validation bead suspensions
(Spherotech, Lake Forest, IL, USA) were used as
internal references. The cells were analysed under
laser excitation at 488 nm from a blue-green diode
laser and the green fluorescence was collected in the
FL1 channel (530+30nm). An electronic threshold
of 10 000 FSC-H was set to reduce background noise.
All samples were analysed at the same flow rate
(slow) and a total of 20 000 events per sample were
acquired. Bacteria were detected from the signature
plot of SSC-H vs green fluorescence (FL1-H). The
FCM output was analysed using the BD Accuri
software. Cells were assumed to give a positive
signal if their associated mean fluorescence intensity
was greater than the FL1-H of a culture not incubated
in FLA-laminarin. As G. forsetii can form aggregates
over time, a subset of data was defined using gates
that represented single cells. For these gates, com-
parative fluorescence intensity was carried out by
comparison of the mean fluorescence intensity to
that of non-FLA-laminarin-stained cells.
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Figure 2 SR-SIM of cells stained by (a) DAPI (blue), FLA-
laminarin (green) and Bacteroidetes-specific FISH probe (CF319a,
red); (b) DAPI (blue), FLA-chondroitin sulphate (green) and
Planctomycetes-specific FISH probe (PLA46, red). Scale
bar=1 pm.

Results and discussion

We incubated sea water from five distinct oceanic
provinces with three FLA-PS and observed by
epifluorescence microscopy that a considerable
fraction of the bacterial community—up to 26% of
total cells (Figure 1a)—bound detectable amounts of
substrate (Figure 2,Supplementary Figure S2). Fluor-
escent staining was seen in all incubations but varied
considerably with substrate and station (Figure 1a).
The highest overall abundance and most rapid
staining of cells was usually seen in the laminarin
incubations. For example, in the Northern Tempe-
rate province 5% of cells show staining after just
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30min (70) and the abundance increased to 25%
after 6 days. Xylan staining of cells was also seen
quickly (5% at 70) in the Northern Temperate,
Northern Gyre and Equatorial stations but not in
the Southern Gyre or Southern Temperate stations.
The highest abundance of xylan-stained cells was in
the Northern Temperate station after 12 days (20%).
In the chondroitin sulphate incubations, the increase
of substrate-stained cells occurred more slowly. High
abundances of 22 + 3% were nonetheless observed at
later time points (T18) in the gyre stations. At the
Southern Temperate station, a high percentage of
cells were stained already at T6. Many different cell
morphologies were observed among substrate-
stained cells—coccoid, rod shaped and ovoid; the
rate of staining of the different cell types varied
(Figure 2,Supplementary Figure S2). A diverse range
of bacteria thus were binding FLA-PS.

Examination of individual cells using SR-SIM,
which enables visualisation of prokaryotic cell
compartments, showed that the initial association
of cells with substrates occurred in the cell periphery
within  30min (Supplementary Figure S4a).
Such rapid direct staining was surprising, as
polysaccharide additions were moderate (ca. 21 pm
C) and the average number of fluorophores
per molecule of polysaccharide (the labelling den-
sity) was low (between 0.5 and 1.3 per polysacchar-
ide molecule; Arnosti (2003). Currently, it is not
possible to measure the absolute number of
fluorophores taken up over time by individual cells
in an environmental sample. However, a comparison
of the FLA-PS signal and the FISH signal resulting
from a 4 x labelled rRNA targets oligonucleotide of
the same cell (Figure 2) suggests that thousands of
FLA-PS molecules have been bound by
individual cells.

Rapid staining was also observed in pure cultures
of G. forsetii incubated with FLA-laminarin
(Supplementary Figure S3 and Supplementary
Table S3). When G. forsetii cells grown on a minimal
carbon medium with no polysaccharide were inocu-
lated into a medium containing FLA-laminarin
(35 pM monomerl-?), it took up to 12h for
substrate-specific staining to be observed. However,
when G. forsetii was grown on a laminarin medium
and subsequently inoculated into FLA-laminarin
(3.5 pv monomer] ') containing media, staining
could be seen within minutes (Supplementary
Figure S3 and Supplementary Table S3). This result
not only shows the high affinity of induced G. forsetii
towards laminarin but also demonstrates that a
fraction of the environmental bacteria were likely
induced or specialised for the immediate uptake of
polysaccharides, as seen by staining at 70 (Figure 1a
and Supplementary Figure S4).

Live G. forsetii lost much of the substrate signal
from FLA-laminarin within 24h (Supplementary
Table S3). Specifically, when G. forsetii was trans-
ferred from HaHa FLA-laminarin medium into HaHa
laminarin medium, cells continued growing and

simultaneously lost the FLA-laminarin signal over
time, The slow removal of FLA from the cell
indicates that the substrate was not unspecifically
bound to the cell surface but instead taken up into
the cell. Moreover, the loss of signal in G. forsetii
over time cannot be solely related to dilution through
cell division, as the signal decreased more rapidly
than average doubling times of G. forsetii.

In environmental samples, the overall abundance
of substrate-stained cells increased with time in
all incubations (R*=0,0823, P-value=0.0153)
(Figure 1a), despite the fact that (with a single
exception) the absolute cellular abundances within
the incubations did not increase significantly
(Supplementary Figure S5). Although the abundance
of stained cells increased, this relationship varied by
station and substrate. At the Equatorial station (xylan
and chondroitin sulphate incubations) and the
Southern Gyre station (laminarin and xylan incuba-
tions), moreover, there was a decrease in the
abundance of substrate-stained cells between day 3
and day 6. No substrate staining was detected in
heat-killed or formaldehyde-fixed cell controls,
indicating that staining was due to biological activity
(Supplementary Figure S6).

The ability to use polysaccharides has been
confirmed for many marine bacterial phyla, includ-
ing Bacteroidetes, Planctomyceles, Verrucomicrobia
and Proteobacteria (Martinez-Garcia et al., 2012;
Teeling et al., 2012; Kabisch et al., 2014; Lage and
Bondoso, 2014; Wietz et al., 2015). Based on the
literature (Schattenhoffer et al., 2009; Teeling et al.,
2012; Lage and Bondoso, 2014; Wietz et al., 2015)
and cell morphologies, a selection of group-specific
FISH probes (Supplementary Table S1) was used to
identify and enumerate specific bacterial group
abundances at each time point and station. The
combination of FISH with substrate staining allowed
for the identification of organisms directly taking up
a specific substrate (Figures 2a and b). Using this
probe set (CF319a, PLA46 and CAT653 targeting the
Bacteroidetes, Planctomycetes and Catenovulum,
respectively), an average of 48% +49% (median of
55%) of the substrate-stained cells could be identi-
fied (Figures 1b—d). Future analysis using 168 rRNA
sequencing is currently being pursued to supplement
this probe set in future and further increase the
fraction of identified cells.

The FISH counts of the substrate incubations of the
Atlantic Ocean showed an increase in abundance of
the selected clades. For example, FISH counts of the
laminarin incubation at the Northern Temperate
station showed a nearly fivefold increase in Bacter-
oidetes abundance over 6 days (from 7.2x10* to
3.3x10° cellsml~" at day 6), with 80% of these cells
showing substrate-specific staining (Figure 1b and
Supplementary Figure S9). In the other regions,
Bacteroidetes did not increase as strongly in abun-
dance, possibly due to lower initial cell numbers, but
the percentage of substrate stained Bacteroidetes
increased from 5% to 72 +28% in 12-18 days.
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Planctomycetes cellular abundances likewise  2.3x10% to 2.5x10° cellml™' over 6 days; 84% of
increased, particularly in the chondroitin sulphate  these cells showed substrate staining (Figure 1d and
incubation of the Southern Temperate station, from  Supplementary Figure S9). The subsirate-stained
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after 6 days of incubation. (a and b) Cells stained with FLA-PS (green), nile red (red; membrane) and DAPI (blue; DNA). White arrows
indicate sections along which the fluorescence intensity line profiles were recaorded. Scale bars =1 pm. Corresponding profiles indicating
co-localisation of substrate and membrane are shown on the right. (a) Bacteroidetes cell from the Northern Temperate station stained with
FLA-laminarin. (b) Bacteroidetes cell from the Southern Temperate station stained with FLA-xylan. (¢) Planctomycetes cells from the
Southern Temperate station stained with FLA-chondroitin. Cells were identified using the FISH probe PLA46 (magenta), which labels the
riboplasm; the substrate staining is in the paryphoplasm. (d) Conceptual model of sus-like bacterial uptake of FLA-PS into the periplasm
via TonB-dependent outer membrane transporters, causing halo-like staining in periplasm (green). The large oligosaccharides are further
hydrolysed within the periplasm to monosaccharides, disaccharides or trisaccharides, which are subsequently transported into the
cytoplasm. Modified after Koropatkin et al. (2012). ‘GH’ represents glycoside hydrolases.
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cells in the chondroitin sulphate incubations of other
regions exhibited distinctive Planctomycetes-like
cell morphologies but were only partially identified
as Planctomycetes with FISH probe PLA46, perhaps
due to difficulty of permeabilising Planctomycetes
cells (Pizzetti et al, 2011). In addition to the
Bacteroidetes and Planctomycetes, the gammapro-
teobacterial genus Catenovulum also showed
substrate-specific staining. Catenovulum increased
in abundance in the laminarin and xylan incubations
at the Equatorial, Southern Gyre and Southern
Temperate stations and constituted 1-4% of the
total stained cells.

Substrate-stained cells predominantly exhibited a
halo-like staining that was restricted to the cell
periphery (Figures 3a and b,Supplementary
Figure S8). Fluorescence intensity line profiles of
individual cells in combination with nile red
membrane counterstaining showed a co-localisation
of the substrate signal with the cell membranes
(Figures 3a and b). However, in cells <0.5 pm in
width, for example, some Bacteroidetes, the halo-like
staining could not, due to limits of optical resolution,
definitively be shown to be within the periplasmic
space between the membranes. In contrast, for the
larger cells of Planctomycetes uptake of FLA-
chondroitin sulphate across the outer membrane
could be seen (Figure 3¢ and Supplementary
Figure S7). SR-SIM revealed that FLA-chondroitin
sulphate had been transported into the parypho-
plasm but not into the riboplasm (Figure 3c and
Supplementary Figure S7). Similar to the periplasm
of Gram-negative bacteria, the paryphoplasm is a cell
compartment located between an inner and an outer
membrane that does not contain ribosomes (Fuerst
and Sagulenko, 2011).

Genomic analyses of marine strains from Bacter-
oidetes and Planctomycetes have shown that they
have the potential to express carbohydrate transpor-
ters for the uptake of large oligosaccharides through
the outer membrane (Fuerst and Sagulenko, 2011;
Teeling et al., 2012; Paparoditis et al., 2014).
Intestinal Bacteroidetes in particular are known for
sus-like polysaccharide utilisation loci (Koropatkin
et al., 2012). When expressed, the proteins encoded
in these loci are principally located in the outer
membrane and the periplasm. They sequentially
bind and hydrolyse polysaccharides, transporting
large oligosaccharides into the periplasm, where
further degradation occurs in a protected space
(Figure 3d; Koropatkin et al., 2012). Our observations
of the staining patterns of marine Bacteroidetes cells
are consistent with this mode of substrate
processing. Previous research on G. forsetii has
shown that, in laminarin-amended cultures, the
expression of proteins required for its binding,
transport and utilisation of laminarin is induced
(Kabisch et al., 2014). Here we show that induced
G. forsetii cells are stained with FLA-laminarin in
minutes (Supplementary Figure S3), whereas
cells that were not induced required hours before

staining can be detected. Up to 5% of open ocean
bacteria are readily stained with FLA-laminarin,
showing detectable staining after just 30 min (70),
which indicates that for these bacteria no induction
is required: they are primed for rapid uptake of
laminarin into the periplasm. (Supplementary
Figure S4a),

Based on our microscopic examination of Bacler-
oidetes from the surface ocean, data from pure
cultures of G. forsetii and genomic information
(Koropatkin et al, 2012; Teeling et al., 2012;
Kabisch et al, 2014), we hyvpothesise that the
substrate uptake we observed is homologous to the
sus-like mechanism of gut Bacteroidetes. This
mechanism has recently been referred to as ‘selfish’
by Cuskin et al. (2015) owing to the fact that,
after uptake of large oligosaccharides, further degra-
dation occurs in the protected periplasmic space.
Selfish substrate uptake confers a distinct ecological
benefit by minimising formation of monosacchar-
ides, disaccharides and trisaccharides in the
external environment and avoiding diffusive loss
of enzymes (Figure 3d; Cuskin et al., 2015). The
uptake of chondroitin sulphate by Planctomycetes
likely occurs via an analogous but unknown
mechanism,

As demonstrated by the substantial fraction of the
natural microbial community that was stained by
just three distinct substrates (Figure 1a), this sub-
strate utilisation strategy is important not only in the
anaerobic and organic-carbon rich environment of
the human gut (Cuskin et al., 2015) but also in the
oxic, dilute and comparatively organic-carbon-poor
surface waters of the Atlantic Ocean. Although these
experiments were carried out in bottle incubations
that may well have led to changes in the microbial
community from its initial composition, the organ-
isms growing later in the incubations must ulti-
mately have originated from the seawater sample we
collected. The activity seen later in the incubations
thus may not reflect the exact dynamics that occur in
the ocean, but nonetheless highlight the selfish
uptake capabilities that these microorganisms pos-
sess. Moreover, the observation that FLA-PS were
bound by organisms in both the early (initial 30 min)
and late (up to 18 days) phases of the incubations
suggest that this strategy of substrate acquisition
competes well with alternative strategies of substrate
utilisation in complex microbial communities. These
observations imply that a re-evaluation of models of
bacterial substrate utilisation in natural environ-
ments will be necessary. Current models typically
encompass two classes of organisms, those that
produce enzymes that release low-molecular-weight
substrates to the environment and those that use the
hydrolysis products but do not produce enzymes
themselves (for example,Allison, 2005; Kaiser et al.,
2015; Traving et al., 2015). These two-player models
will need to be expanded to consider organisms that
have evolved mechanisms to minimise substrate
sharing.
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Conclusions

Measurements and models of the manner in which
the most abundant products of photosynthesis,
polysaccharides, are channelled into the microbial
food chain need to account for the varying ecological
strategies of heterotrophic marine bacteria. Most
field measurements of enzyme activities rely on
substrate proxies containing monomers (Zaccone
et al., 2012; Kellogg and Deming, 2014); carbohy-
drate uptake measurements in ocean waters likewise
are made most frequently with monosaccharides
(Rich et al., 1996). These measurements do not
account for bacteria that quickly capture and process
HMW npolysaccharides. The speed and extent of
selfish substrate uptake by phylogenetically distinct
bacteria at five widely spaced stations in the Atlantic
Ocean demonstrate that this is an important mechan-
ism of carbon utilisation that previously has been
overlooked. Future models as well as measurements
will need to account for this mode of substrate
acquisition as part of microbially driven carbon
cycling in the ocean.

The FLA-PS staining method, in combination
with FISH, allows for direct identification of
polysaccharide-degrading bacteria in environmental
samples. Based on this new method, future studies
can specifically measure the types and quantities of
phytoplankton-produced polysaccharides that are
processed by this mechanism, as well as explore
other locations and conditions under which selfish
substrate utilisation may predominate.
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Abstract

We recently reported an alternative “selfish” polysaccharide uptake mechanism of
marine bacteria which significantly impacted our understanding of the global turnover
of organic matter. Here we report on the extracellular hydrolysis rates of
polysaccharides and the change in microbial community composition based on 168
rRNA tag sequencing and fluorescence 7z situ hybridisation (FISH) within the same
experiments. These new analyses gave us an insight into the activity of other
polysaccharide utilisation mechanisms within the same experiments and allowed us to
qualitative and quantitative access the changing in microbial community composition
during the incubations.

Five of the six tested polysaccharides were hydrolysed at every station but the rates
and spectrum of hydrolysis varied across the Atlantic Ocean. The highest rates of
hydrolysis were seen in the laminarin and xylan incubations (22 nmol monomer L1 h-!
and 17 nmol monomer L1 h-! for laminarin and xylan, respectively). We found distinct
patterns in the rates and spectrum of hydrolysis of individual polysaccharide and could
associate these to variations in the community composition between stations. In our
previous study, we discovered that the Bacteroidetes, Planctomycetes and Catenovulum were
using an alternative substrate uptake mechanism and now using 16s tfRNA sequencing
we could further classify these into specific genera. Additionally, we could show that
Alteromonas was potentially a dominant external degrader within the Atlantic Ocean.
The combined analysis of the activity of different substrate utilisation mechanisms and
changes in the community composition enabled us to link specific bacterial groups to
specific functions and identify the potentially dominant polysaccharide degrading
organisms in the Atlantic Ocean. Using these data, we can begin to hypothesise on
how differences in the global distribution patterns of specific microorganism effect
the turnover of organic matter in the marine environment.
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Introduction

Marine phytoplankton fix an estimated 44 to 67 Gt of carbon per year which accounts
for half of the global carbon fixation (Ciais et al 2013, Field et al 1998, Finkel 2014,
Westberry et al 2008). The primary mediators of the decomposition and
remineralisation of up to 90% of this fixed carbon are heterotrophic microorganisms
(Cho and Azam 1988, Elifantz et al 2007, Hedges 1992, Moran et al 20106, Piontek et
al 2011). Phytoplankton derived carbon is available to microorganisms largely in the
form of dissolved organic matter (DOM) and it is degraded within hours to days of its
production (Arnosti 2004, Bunse and Pinhassi 2016, Elifantz et al 2005, Elifantz et al
2007, Kirchman et al 2001). The high turnover of organic matter by marine
microorganisms has a significant impact on global carbon and nutrient cycling (Landa
et al 2016, Legendre et al 2015, Piontek et al 2011, Teira et al 2008).

Phytoplankton derived organic matter consists of low molecular weight (LMW)
compounds, such as amino acids and sugars, and high molecular weight (HMW)
components, such as proteins, polysaccharides, lipids and nucleic acids (Alderkamp et
al 2007, Benner et al 1992, Biddanda and Benner 1997, Biersmith and Benner 1998,
Myklestad 1995). Polysaccharides can account for as much as 50% of the total
dissolved organic carbon (DOC) in surface oceans (Benner et al 1992). Whereas
microorganisms can directly transport the LMW components across their cell
membranes, a major fraction of HMW substrates must first be extracellularly
enzymatically hydrolysed (Arnosti 2011, Decad and Nikaido 1976, Weiss et al 1996).
The remineralisation of a significant fraction of marine organic matter is, therefore,
dependent on the enzymatic activity of microorganisms.

Environmental enzymatic activity rates are determined by measuring the change in
concentration of a substrate or the rate of product production over time (Arnosti
2003, Chroést 1992). However, it is currently not or only partially possible to fully
characterise and measure the concentrations of specific polysaccharides within an
environmental sample (reviewed in detail by Thornton (2014)), (Becker et al 2017).
Without knowing the concentration of a polysaccharide, we cannot determine its rate
of hydrolysis or estimate the impact its turnover has on the global carbon cycle.

We can, however, calculate the potential hydrolysis rates by using fluorescently-
labelled polysaccharide (FLA-PS) incubations (Arnosti 2003). FLA-PS incubations
allow for the quantification of the change in the molecular mass distribution of a
specific polysaccharide as it is enzymatically hydrolysed to smaller sizes over time.
Previous analyses using FLA-PS have highlighted distinct patterns both in the
spectrum and rates of polysaccharide hydrolysis across latitudes (Arnosti et al 2011). It
is unknown however if these patterns are dependent on differences in the microbial
community composition and to what extent functional differences between
communities affect the activity rates.
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Marine microorganisms have three main mechanisms of accessing HMW substrate;
external degradation, cheating and selfish behaviour (Chapter 5 Figure 1) (Allison
2005, Cuskin et al 2015, Kaiser et al 2015, Reintjes et al 2017). Selfish organisms use
surface-associated enzymes to bind and partially degrade HMW substrates on the cell
surface and then directly transport the produced oligomers into the cell. These are
further hydrolysed within the protective space of the periplasm (Cuskin et al 2015,
Kabisch et al 2014, Reintjes et al 2017). External degraders (aka. decomposers,
cooperative microbes) produce extracellular or surface-associated enzymes to
externally degrade HMW substrates to sizes suitable for uptake (Kaiser et al 2015,
West et al 2007). The extracellular degradation of a substrate causes the release of
hydrolysis products into the environment; collectively called “public goods” (Cordero
et al 2012, West et al 2007). “Public goods”™ are freely available LMW substrates that
can be taken up by other organisms such as “cheaters” and scavengers (Allison 2005,
West et al 2007). Cheaters do not produce extracellular enzymes but profit from the
enzymatic activity of other organisms (Allison 2005, Kaiser et al 2015). These
functional differences between microorganisms may also influence the hydrolysis
patterns previously observed in the marine environment.

Selfish behaviour External degradation Cheating

Polysaccharide Monosaccharide
Surface-associated enzymes P o "public goods"

bind and partially hydralyse & &
polysaccharide

CO0oo0oocen 00 g
@
/ ~ 0020 \
o / ) \
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Chapter 5 Figure 1 Schematic diagram of the three main mechanisms of HMW substrate
utilisation of marine bacteria. Selfish behaviour: cells use surface associated enzymes to
bind and partially degrade polysaccharides. These are directly taken up into the periplasm
for further degradation with no production of extracellular hydrolysis products. External
degradation: cells use surface-associated or extracellular enzymes to degrade
polysaccharide to sizes suitable for uptake. This causes the production of extracellular
hydrolysis products termed “public goods”. Cheating: cells do not / cannot produce enzymes
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for the hydrolysis of polysaccharides but take up the hydrolysis products produced by the
activity of other organisms.

We investigated both the taxonomic and functional diversity of microorganisms
associated with the hydrolysis of HMW polysaccharides to increase our understanding
of why there are differences in the patterns of extracellular hydrolysis rates across
oceanic provinces. We did this by analysing the activity of external degraders using
FLA-PS incubations and identifying the active external degraders using 16S rRNA
sequencing and fluorescence 7 sitn hybridisation (FISH). We combined these results
with our previous finding of the taxonomy and activity of selfish behaviour within in
the Atlantic Ocean (Reintjes et al 2017). These combined analyses allowed us to
further our understanding of the patterns in polysaccharide utilisation on a functional
and taxonomic level across the Atlantic Ocean.

Methods

Sampling and Substrate Incubations

During the Atlantic Meridional Transect (AMT) 22 cruise from Southampton, UK, to
Punta Arenas, Chile, from 10.10.2012 to 24.11.2012 seawater samples were taken
from five sites in four different oceanic provinces (Chapter 4 Supplementary Figure
1). These included the Northern Temperate, Northern Gyre, Equatorial and Southern
Gyre province. The Southern Gyre was sampled twice, once in the north and once in
the south. The samples were collected at solar noon using a Niskin bottle rosette with
an attached Sea Bird CTD (Sea Bird Scientific). Triplicate 20 L. samples were taken at
each station from 20 m depth. Six 500 ml subsamples of each triplicate were added to
acid washed sterile glass bottles (18 in total) and incubated with one of six
fluorescently labelled polysaccharides (FLA-PS) for a total of 12 to 18 days. The
polysaccharides were laminarin, xylan, chondroitin sulphate, arabinogalactan,
fucoidan, pullulan and they were added at a concentration of 1.75 uM monomer
equivalent to each 500 ml incubation mimicking a natural low input of organic matter.
Two types of control samples were taken. Firstly, an additional 500 ml subsample was
incubated in a sterile glass bottle, without a polysaccharide; this served as a treatment
control. Secondly, six 50 ml subsamples of seawater were placed in sterile glass bottles
and autoclaved. Subsequently, one of each of the 6 polysaccharides was added to a
bottle and incubated under the same conditions; these served as killed controls.

All bottles (18 incubation, 1 treatment control, 6 kill control) were kept at room
temperature in the dark. Subsamples for microscopy, FISH analysis, extracellular
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enzymatic activity and microbial diversity were collected at regular time points
(typically 30 min, 1, 3, 6, 12, and 18 days). For microscopy and FISH, 20 ml of water
was filtered through a 47 mm (0.2 um pore size) polycarbonate filter, applying a gentle
vacuum of < 200 mbar. After drying, the filters were stored at -20°C until further
analysis. For microbial diversity analyses, 10 ml of water was filtered through a 0.2 pm
pore size polycarbonate filter using a Whatman 420200 Swin-Lok filter holder (Sigma-
Aldrich, Munich, Germany). Two ml of the filtrate from the microbial diversity
sample was collected and stored at -80°C for measurement of extracellular enzyme
activity.

DNA Extraction

Microbial DNA was extracted using the MoBio Power Water DNA Extraction Kit
(MoBio Laboratories, Inc) as recommended by the manufacturer.

PCR and Sequencing

PCR was carried out using the primers S-D-Bact-0341-b-S-17 (5
CCTACGGGNGGCWGCAG-3") and S-D-Bact-0785-a-A-21 (5-
GACTACHVGGGTATCTAATCC-3) targeting the V3-V4 variable region of the 168
rRNA (Klindworth et al 2013) and Phusion High-Fidelity DNA polymerase as
recommended by the manufacturer (Thermo Fisher). Subsequently, the PCR products
were visualised and amplicon bands were cut out with a sterile scalpel. The excised gel
slices were purified using the QiagenMiniElute kit (Qiagen). After purification, the
PCR products were pooled into libraries with a minimum DNA concentration of 1
ug, measured using a Qubit assay (Invitrogen). The libraries were paired-end
sequenced using the 300 bp chemistry on an Illumina Miseq (Illumina, CA, USA).

Processing of Sequencing Data

The sequence reads from the Illumina Miseq were further processed using the
bioinformatics pipeline of the SilvaNGS project (Quast 2013). Processing involved
quality controls for sequence length (> 200 bp) and the presences of ambiguities (<
2%) and homopolymers (< 2%). The remaining reads were aligned against the SSU
rRNA seed of the SILVA database release 119 (Quast et al 2013). The classification
was done by a local BLAST search against the SILVA SSURef 119.1 NR database
using blast -2.2.22+ with standard settings.
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Microbial Diversity Analysis and Evaluation of

Sequencing Triplicates

The interpretation and visualisation of the microbial diversity analyses were done
using normalised species abundance to site matrices using the R software with the
packages Vegan (community ecology package (Oksanen et al 2013)) and Rioja
(Analysis of Quaternary Science Data (Juggins 2016-07-13)). Specifically, the Vegan
package was used to calculate diversity indices, community ordination, ANOSIM and
dissimilarity analysis.

All substrate incubations were performed in biological triplicates and the community
within each triplet showed similar changes in diversity (Chapter 5 Supplementary
Figure 1Chapter 5 Supplementary Figure 2). The similarity was calculated by first
obtaining the mean variance of the triplicate read abundance from each genus and
then calculating the mean variance in each sample (all genera). The standard deviation
was calculated by taking the square root of the mean variance of each sample.
Subsequently, the confidence intervals were calculated. The mean variance of all
triplicate incubations was 1.62 x 10> with a mean standard deviation of 3.6 x 10-3 and
95% confidence interval of 2.37 x 10-4; 79% of the samples fell within the confidence
intervals. A treatment control bottle with no substrate addition was run in parallel at
all stations (as mentioned above).

The change in community composition over the course of each incubation was
investigated using the percentage change in abundance of each genus over time
(minimum read abundance of 0.5%). The percentage change in abundance is
calculated by analysing the change in normalised read abundance of each bacterial
genus over time compared to the initial community (T0). The percentage change in
abundance highlights both the positive and negative responses of each genus to the
substrate addition.

Extracellular Enzymatic Activity

Six polysaccharides (laminarin, xylan, chondroitin sulphate, arabinogalactan, pullulan,
fucoidan) obtained from Sigma-Aldrich (Germany) were fluorescently labelled with
fluoresceinamine (Sigma-Aldrich; isomer II) as described in Arnosti (2003). The
fluorescently labelled polysaccharide solutions are free of mono- or oligosaccharides
because they are repeatedly injected onto standardised gel permeation
chromatography systems as part of the labelling procedure; any lower molecular
weight carbohydrates are thereby removed during purification. A single polysaccharide
was added at a concentration of 1.75 umol monomer-equivalent to each 500 ml water
sample; each polysaccharide was incubated in triplicate, plus one killed control, as
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described above. Activities of enzymes that hydrolyse each polysaccharide were
determined by monitoring the changes in molecular weight of the fluorescently
labelled polysaccharides over the time course of the incubations, as described in detail
in Arnosti (2003). In brief, a sub-sample of each sample was injected into a gel
permeation chromatography / HPLC system with two Sephadex columns (G-50 and
G-75 gel) connected in sequence, with the column outflow passing through a Hitachi
fluorescence detector set to excitation and emission maxima of 490 and 530 nm,
respectively. Columns were standardised using a series of FITC-labelled dextrans, and
free fluorescent tags (Sigma-Aldrich). Changes in substrate molecular weight
distribution relative to the time-zero samples were determined at each time point, and
hydrolysis rates were calculated from the changes in molecular weight distribution
with time. Note that added polysaccharides would be in competition with naturally
present substrates for the enzyme active sites; hydrolysis rates reported here are
potential rates. Since the added substrate represents a ~25% increase in total DOC
typical for surface ocean waters of the North Atlantic (Longhurst 2007), however, the
added substrate is likely at saturating concentrations for specific enzymes.

Substrate Staining, FISH and Automated
Microscopy

A selection of groups specific FISH probes was chosen based on the bacterial groups
that showed changes in read abundance during the incubations (see Results, Microbial
Diversity). This selection included probes for the Bacteroidetes (CE319a), Planctomycetes
(PLAA4G), Alteromonadales (ALT1314) and  Catenovulum (CAT653) (Chapter 4
Supplementary Table 1).

All cell staining and microscopy was done as described in detail in Chapter 4. Briefly,
for the enumeration of substrate stained cells all samples were counterstained with
DAPI and subsequently mounted using a Citifluor (EMS) Vectashield (Vector
Laboratories) (v/v) (4 : 1) mounting solution. The samples were then visualised and
enumerated on a fully automated microscope imaging system, as described in detail in
Chapter 1. FISH was carried out as described in Chapter 4 with the FISH probes
shown in Chapter 4 Supplementary Table 1. To test for relationships between the
total cellular abundance of specific bacterial clades enumerated by FISH and the
change in extracellular hydrolysis activity over time Pearson correlations were
performed using the R software package.
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Results

Extracellular Hydrolysis Rates

Five of the six polysaccharides were hydrolysed at every station, although the rates
varied considerably by station and substrate (Chapter 5 Figure 1). Fucoidan was not
measurably hydrolysed in any incubation. Laminarin and xylan had the highest overall
hydrolysis rates and were rapidly hydrolysed in all stations. The highest rate of
hydrolysis of these two substrates occurred in the S. Gyre (N) (22 nmol monomer L
h'' and 17 nmol monomer L h-! for laminarin and xylan, respectively) and the S.
Gyre (S) (20 nmol monomer L1 h'! and 16 nmol monomer L1 h'! respectively)
(Chapter 5 Figure 2). In all stations, except the N. Temperate and N. Gyre, laminarin
and xylan followed a similar hydrolysis pattern with the highest hydrolysis rates at day
three. The subsequent decrease in calculated hydrolysis rate is primarily because most
of the substrate was hydrolysed to small size classes by day 3, such that longer
incubation times yielded lower calculated rates (see Methods).

The N. Temperate had the most distinct hydrolysis patterns, with only laminarin and
pullulan being hydrolysed at day three, whereby pullulan hydrolysis could only be
measured in one of the triplicates (Chapter 5 Figure 2). All five substrates were
actively hydrolysed at day 6 but again there was high variability between the triplicates.
This high variability between the biological triplicates was only seen in the N.
Temperate station.

The N. Gyre had the lowest overall hydrolysis rates with only two of the six substrates
(laminarin and xylan) being hydrolysed at low rates at day 3 (Chapter 5 Figure 2). Only
after 18 days of incubation could low rates of hydrolysis of five substrates be detected.
Contrastingly both S. Gyre stations had high hydrolysis rates of laminarin and xylan
within 3 days in both stations and high hydrolysis rates of chondroitin sulphate in the
S. Gyre (S) station.

Chondroitin sulphate hydrolysis could be measured earlier in the N. Temperate,
Equatorial and S. Gyre (S); with the highest and earliest rate seen in the Southern
Gyre (S) (10 nmol monomer L' h'l; T6) (Chapter 5 Figure 2). By comparison,
hydrolysis rates of chondroitin sulphate were very low (1 nmol monomer L1 h'!) and
could only be measured on day 18 in the N. Gyre and S. Gyre (N). Arabinogalactan
showed a hydrolysis pattern similar to chondroitin sulphate. The highest hydrolysis of
arabinogalactan was at the Equatorial station (5 nmol monomer L1 h-1; T12). Pullulan
was hydrolysed fastest in the N. Temperate and S. Gyre (N) (T6), but overall the rates

were low (average; 2 nmol monomer L1 h-1) at all stations.
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Chapter 5 Figure 2 Hydrolysis rates (nmol monomer Lt h'l) of laminarin (yellow), xylan
(red), chondroitin sulfate (light blue), arabinogalactan (purple) and pullulan (dark blue) in
different oceanic provinces (N. Temperate, N. Gyre, Equatorial, S. Gyre (N), S. Gyre (S)) with
incubation time (T0, T1, T3, T6, T12, T18 days). Error bars indicate a difference in rates
among biological triplicate bottles

Microbial Diversity

The change in microbial diversity was only analysed in the laminarin, xylan and
chondroitin sulphate incubations. We deliberately chose to sequence a selected set of
incubations because we wanted to analyse each biological triplicate from these
incubations. Although it is not yet common practice to analyse biological replicates
using NGS, we sequenced and analysed replicates to statistically show that there is a
reproducible change in community composition. The analysis of biological replicates
is essential because it determines to what extent results are representative of the
environment (Prosser 2010). However, owing to the high volume of data produced
from analysis replicates we reduced our analyses set by examining only the incubations
with the highest activity rates (Chapter 5 Figure 2).

ANOSIM of the initial communities (T0) showed a slight difference between the
stations (R = 0.48, p = 0.0009) (Chapter 5 Supplementary Figure 3). In all stations, the
dominant genera were SAR86, Alteromonas, SAR11, SAR116, AEGEAN-169 marine
group, Rhbodobacteraceae, Prochlorococcus, NS5, NS4, Candidatus Actinomarina (Chapter 5
Supplementary Figure 4). These results are consistent with previous findings of
surface ocean waters showing that the same groups dominate across large oceanic
regions (Friedline et al 2012, Giovannoni and Stingl 2005, Giovannoni and Vergin
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2012, Yilmaz et al 2012). Differences in the total community composition were most
apparent in the N. Temperate and N. Gyre. The N. Gyre had a higher abundance of
Gammaproteobacteria and Alphaproteobacteria, whereas the N. Temperate exhibited a high
abundance of Flavobacteraceae, Alphaproteobacteria and a lower abundance of
Gammaproteobacteria (Chapter 5 Supplementary Figure 4).

Microbial community composition changes during the course of each incubation
showed both a substrate-specific changes - enrichment of Planctomycetes in nearly all
chondroitin sulphate incubations - and site-specific changes with an increase of
different organisms (Bacteroidetes, Alteromonas and Catenovulum) in the laminarin and
xylan incubations (Chapter 5 Figure 3, Chapter 5 Figure 4, Chapter 5 Figure 5,
Chapter 5 Figure 6, Chapter 5 Figure 7). All incubations showed a decrease in
Cyanobacteria, specifically Prochlorococcus and  Synechococcus. This corresponds to their
phototrophic lifestyle as incubations were kept in the dark.

In the N. Temperate, there was an increase in Bacteroidetes in all incubations (Chapter 5
Figure 3) specifically, the family Flavobacteriaceae and the genera Muricanda,
Salegentibacter, Tenacibaculum and uncultured Flavobacteriaceae. There was also an increase
in the alphaproteobacterial genus Shimia and the gammaproteobacterial genus
Colwellia. The treatment control had a similar increase of the genera Shimia and
Tenacibaculum but also a marked increase in ["7brio, which was not seen in the substrate
incubations.

113




Chapter 5 | Tracking bacterial community dynamics in polysaccharide incubations
along an Atlantic Meridional Transect

Northern Temperate

- Chondroitin Treatment
Laminarin Xylan sulphate control

50
|

B Gammaproteobacteria Vibrio

B Gammaproteobacteria Colwellia

B Alphaproteobacteria Rhodobacteraceae
O Flavobacteriaceae Salegentibacter

o Flavobacteriaceae Tenacibaculum

@ Flavobacteriaceae uncultured

B Flavobacteriaceae Muricauda
¥ Flavobacteriaceae

Abundance (%)

£ Actinobacteria Candidatus Actinomarina
m Cyanobacteria Prochlorococcus

B Cyanobacteria Synechococcus

= Alphaproteobacteria SAR11 clade

= Gammaproteobacteria SAR86 clade

= Other Bacteria

=50

o[1]3]6[12 o[1]3[6]12 o[1][3[6[12 [o[1[3[6]12

Chapter 5 Figure 3 Percentage change in relative read abundance of bacterial genera within
substrate incubations (laminarin, xylan, chondroitin sulphate) and treatment control of the
N. Temperate station. Substrate incubations were sampled at T0, 1, 3, 6, and 12 days.

In the laminarin and xylan incubations of all other stations, there was an increase of
predominantly Gammaproteobacteria specifically the genus Alteromonas, Catenovulum and
other Alteromonadaceae. whereas in the chondroitin sulphate incubations there was an
increase of Planctomycetes, specifically the Rhodopirellula and — Planctomyces. The
Planctomycetes increased after 12 to 18 days in the N. Gyre, Equatorial and S. Gyre (N)
and after 3 days in the S. Gyre (S) (Chapter 5 Figure 4, Chapter 5 Figure 5,

Chapter 5 Figure 6, Chapter 5 Figure 7). In addition to the Planctonycetes there was an
increase in Flavobacteriaceae in the Equatorial and S. Gyre (S) chondroitin sulfate
incubations, specifically the genus Rewhenbachiella and Tamlana respectively. The S.
Gyre (N) also showed an increase in VVerrucomicrobia late in the chondroitin sulphate
incubation.

In all stations, there was a decrease in the abundance of the initial (T0) dominant
groups of SAR86 and Candidatus _Actinomarina as well as Prochlorococens and
Synechococens. Similarily, SAR11 showed an initial decrease in all incubations but
increased in abundance late (T12 - T18) in the N. Gyre, Equatorial and S. Gyre (N).
The treatment controls generally showed different changes in composition in
comparison to the incubations although slight similarities could be seen.
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Chapter 5 Figure 4 Percentage change in relative read abundance of bacterial genera within
substrate incubations (laminarin, xylan, chondroitin sulphate) and treatment control of the
N. Gyre station. Substrate incubations were sampled at T0, 1, 3, 6, and 18 days.
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Chapter 5 Figure 5 Percentage change in relative read abundance of bacterial genera within
substrate incubations (laminarin, xylan, chondroitin sulphate) and treatment control of the
Equatorial station. Substrate incubations were sampled at TO, 3, 6, 12, and 18 days.

115




Chapter 5 | Tracking bacterial community dynamics in polysaccharide incubations
along an Atlantic Meridional Transect

Southern Gyre (N)
Laminarin Xylan Chondroitin Treatment
sulphate control
o |
uw
g
Q
Q
| =
T o-
=
3
<
[ =
u
1

0136 /12]18

0[3]6[12/18

ol3le [12]18

ol3]6]12/18

B Verrucomicrobiales DEV007

o Flavobacteriaceae Robiginitalea

= No.Relative

B Planctomycetes

B Gammaproteobacteria Alteromonas

B Gammaproteobacteria Catenovulum

B Gammaproteobacteria Alteromonadaceae
I Actinobacteria Candidatus Actinomarina
B Cyancbacteria Prochlorococcus

= Cyanobacteria Synechococcus

& Alphaproteobacteria SAR11 clade

= Gammaproteobacteria SARS6 clade

Chapter 5 Figure 6 Percentage change in relative read abundance of bacterial genera within
substrate incubations (laminarin, xylan, chondroitin sulphate) and treatment control of the
S. Gyre (N) station. Substrate incubations were sampled at TO, 3, 6, 12, and 18 days.
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Chapter 5 Figure 7 Percentage change in relative read abundance of bacterial genera within
substrate incubations (laminarin, xylan, chondroitin sulphate) and treatment control of the
S. Gyre (S) station. Substrate incubations were sampled at TO, 3, 6, 12 days.

116




Chapter 5 | Tracking bacterial community dynamics in polysaccharide incubations
along an Atlantic Meridional Transect

Total Cellular Abundance

The total cellular abundance did not change significantly during the incubations (with
a single exception, Chapter 4 Supplementary Figure 5). The percentage change in
abundance of specific groups accompanied by low changes in bulk abundance
indicated a community level response to the substrate addition. Although a bottle
effect is inevitable within such incubations, the data obtained reflects the potential of
the 7z sitn organisms as the bacteria within the bottles were certainly from the original
water sample.

Relative Abundance of Specific Bacterial Groups

(Enumerated by FISH)

In the laminarin incubation, there was an increase in the abundance of Bacteroidetes in
the N. Temperate, N. Gyre and S. Gyre (S) (Chapter 5 Figure 8a). In addition to the
Bacteroidetes, there was an increase in abundance of _A/feromonas in all laminarin
incubations. They increased significantly at day 3 in all stations, with an average
increase from 8.12 x 103 cells ml!' to 1.07 x 10> cells ml!. Additionally, the
gammaproteobacterial genus Catenovulum increased in abundance in the laminarin
incubation of the S. Gyre (N) and S. Gyre (S).

In the xylan incubations, there was a significant increase in the abundance of
Bacteroidetes in the N. Temperate and N. Gyre (Chapter 5 Figure 8b). In the Equatorial
region, their abundance increased only slightly after 12 - 18 days. .A/eromonas increased
in abundance by day 3 in all stations of the xylan incubation. Similar to the laminarin
incubations there was an increase in Catenovulum in the Equatorial, S. Gyre (N) and S.
Gyre (S) stations.

In the chondroitin sulphate incubations, the highest increase in cellular abundance was
seen in the Planctomycetes. They increased in abundance in the N. Gyre, Equatorial, S.
Gyre (N), and S. Gyre (S) stations (Chapter 5 Figure 8c). In the N. and S. Gyre (N),
Planctomycetes only increased in abundance after 18 days, whereas in the Equatorial and
S. Gyre (S) stations they increased after 6 days. In addition to the Planctomycetes, the
Alteromonas increased in the Equatorial, S. Gyre (N) and S. Gyre (S) station at day 3. In
the chondroitin sulphate incubation of the N. Temperate station there was no increase
in Planctomycetes, however, there was an increase in Bacteroidetes from 5.48 x 10* cells ml-
1'to 3.60 x 10° cells ml! after 6 days (Chapter 5 Figure 8c).

The treatment controls showed no increase in abundance of Bactervidetes (except in the
N. Gyre), Catenovulum or Planctomycetes (Chapter 5 Figure 8d). There was an increase in
the abundance of Alferomonas in all treatment control bottles but it was not as high as
in the substrate incubations (except in the S. Gyre (§)). Slight changes in the
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community composition of the treatment control were expected as experiments were
done in bottles and the seawater used in the experiments would have a natural
abundance of DOM which can also cause community composition changes.
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Chapter 5 Figure 8 Absolute abundances of specific bacterial groups during substrate
incubations and treatment control in the N. Temperate, N. Gyre, Equatorial, S. Gyre (N), S.
Gyre (S). The absolute abundance was determined by using group-specific FISH probes
CF319a (orange), PLA46 (purple) and CAT653 (green), ALT1413 (blue) for Bacteroidetes,
Planctomycetes, Catenovulum and Alteromonas respectively. Panels: (a) laminarin, (b)
xylan, (c) chondroitin sulphate and (d) treatment control.
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Correlation of Extracellular Hydrolysis Activity
with Cellular Increase of Specific Microbial

Groups (Enumerated by FISH)

Pearson correlations between the increase in cellular abundance of specific microbial
groups (enumerated by FISH) and the extracellular hydrolysis activity were performed.
A significant correlation between the increase in abundance of _A/feromonas cells and
the increase in extracellular hydrolysis activity was seen in the laminarin (R = 0.59, P-
value = 0.002) and xylan (R = 0.56, P-value = 0.005) incubations. Additionally, there
was a negative correlation between the increase in Bactervidetes abundance and
extracellular hydrolysis activity in the laminarin incubation (R = - 0.43; P-value =
0.035) and a positive relationship between the increase of Catenovulum and extracellular
hydrolysis of xylan (R = 0.52, p-value = 0.015).

Discussion

The microbial community composition throughout the Atlantic Ocean had the
potential to quickly hydrolyse laminarin. The high potential to degrade laminarin has
also been shown across a broad latitudinal range (Arnosti et al 2011). Laminarin has
been identified as one of the major storage compounds of marine phytoplankton and
its global production is estimated at 5 to 15 billion tons per year (Alderkamp et al
2007, Hecky et al 1973). The seemingly global potential to degrade laminarin indicates
that it could be highly available and a common substrate for marine microorganisms.

The most distinct hydrolysis patterns occurred in the N. Temperate station.
Consistent with these distinct patterns there was also a distinctive change in the
community composition compared to the other stations. All substrate incubations of
the N. Temperate stations had an increase in both the cellular and read abundance of
Bacteroidetes, specifically the family Flavobacteriaceae and the genera Muricanda,
Salegentibacter, Tenacibaculum. Many Flavobacteriaceae are HMW specialists and have been
repeatedly reported to contain a specific genetic repertoire for the degradation of
polysaccharides (Bauer et al 2006, Buchan et al 2014, Fernandez-Gémez et al 2013,
Gomez-Pereira 2010, Teeling et al 2012). Within our incubations, they showed the
ability to use three distinct polysaccharides further highlighting the metabolic
versatility of the family. In the N. Temperate station the Flavobacteriaceae had a higher
initial (TO) abundance which appeared to give them a competitive advantage over
other organisms in the substrate incubations. Comparatively, Flavobacteriaceae had a
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lower initial abundance and did not significantly increase in the incubations in all other
stations.

All other stations (N. Gyre, Equatorial, S. Gyre (N) and S. Gyre (§)) showed highly
similar patterns of hydrolysis particularly in the laminarin and xylan incubations,
although the rates varied and were particularly low in the N. Gyre. All stations showed
an increase in cellular and read abundance of Gamumaproteobacteria, specifically the genus
Alteromonas and Catenovulum, except the N. Gyre where only Alteromonas increased. The
initial read abundance of Alteromonas and Catenovulum was higher in the Equatorial, S.
Gyre (N) and S. Gyre (S), specifically when compared to the N. Temperate stations.
Although the cellular abundance of _Alteromonas and Catenovulum was low in all
incubations they increased in abundance and responded to the substrate addition.

In the chondroitin sulfate incubations of the N. Gyre, Equatorial, S. Gyre (N) and S.
Gyre (S) there was a substrate-specific selection of Planctomycetes, specifically the genera
Rbhodopirellula and Planctomyces. This selection was substrate—specific as no other
organisms appeared to hydrolyse chondroitin sulfate (except Bacteroidetes in the N.
Temperate station). Hydrolysis could only be measured after there was an increase in
Planctomycetes. Throughout the Atlantic Ocean there is a lower potential to use
chondroitin sulfate and the Planctomycetes and Bacteroidetes were the only organisms that
degraded this high sulphated marine polysaccharide. Both phyla have been shown to
contain sulfatases which would enable them to degrade chondroitin sulfate (Bondoso
et al 2017, Gomez-Pereira 2010, Goémez-Pereira et al 2012b, Grondin et al 2017,
Wegner et al 2013).

Our results show that differences in the microbial community composition among
stations result in different patterns in the rates of hydrolysis. Consequently, the global
distribution patterns of marine microorganisms have an impact on the rate of
bacterially mediated carbon turnover.

An important limitation of our study is the necessity to do incubations in bottles, this
inevitably leads to changes in the bacterial community composition due to the “bottle
effect” (Calvo-Diaz et al 2011, Hammes et al 2010, Lee and Fuhrman 1991, Massana
et al 2001). However, we addressed this issue by adding only a low amount of
substrate and running a treatment control in parallel to each incubation. The lack of
any significant increase or decrease (“boom and bust”, (Alonso-Saez et al 2015, Calvo-
Diaz et al 2011)) in cellular abundance within the incubations suggested that there was
a continuous predator-prey relationship and/or the effects of viral lysis kept the
microbial abundance constant. The water samples were not prefiltered to mimic
natural conditions and allowing for grazing and viral lysis to occur as in a natural
environment. We focused on the dominant changes in community composition
because all incubations were done directly in seawater and contained a natural
concentration of DOM and polysaccharides which may have caused additional minor
changes.

121




Chapter 5 | Tracking bacterial community dynamics in polysaccharide incubations
along an Atlantic Meridional Transect

Relationship Between Taxonomy and Function

Taxonomic variations in the community composition corresponded to differences in
the hydrolysis patterns. In the following, we argue that based on correlations between
total abundance and hydrolysis rates, bacterial group specific substrate utilisation
mechanisms can be identified.

We make this argument to link taxonomy and function and to formulate a hypothesis
on the distribution of individual substrate utilisation mechanisms across the Atlantic
Ocean. We identified the dominant external degraders by correlating the increase in
extracellular hydrolysis rates with the increase in cellular abundance. This was done
under the assumption that the extracellular hydrolysis of a substrate yields resources
for growth resulting in increased abundance. The _A/feromonas were significantly
correlated with the increase in hydrolysis rates in the laminarin and xylan incubations.
Although their initial abundance was always very low they increased significantly
during the incubations in all provinces except the N. Temperate. A/teromonas have
previously been shown to respond to the addition of phytoplankton derived
polysaccharides and DOC (Allers et al 2007, Neumann et al 2015, Sarmento and
Gasol 2012, Tada et al 2011, Taylor and Cunliffe 2017, Teeling et al 2016, Wietz et al
2015). For example, Taylor and Cunliffe (2017) could show that _Alteromonas
assimilated phytoplankton-derived exopolymers and increased in abundance within 18
hours of incubation. Additionally, both in pure culture analyses and environmental
transcriptomic analyses the _A/feromonas showed the metabolic capacity to degrade
complex polysaccharides (McCarren et al 2010, Neumann et al 2015). Our results
indicate that _Alferomonas extracellularly hydrolyse HMW polysaccharides and can
quickly respond to changes in substrate availability. However, their substrate range
may be limited as they did not degrade chondroitin sulphate. Our study agrees with
the theory that A/feromonas are r-strategists which can quickly make use of available
substrates (Allers et al 2007, McCarren et al 2010, Neumann et al 2015, Sarmento and
Gasol 2012, Taylor and Cunliffe 2017, Wietz et al 2015).

Potential cheaters were identified by analysing the latent changes in the microbial
composition after the hydrolysis rates reached a peak at day 3 — 6. The read
abundance of SAR11 increased late in the incubations, mostly where A/teromonas had
previously shown high abundance. We took this as an indication of possible
scavenging of the “public goods” produced by A/feronomas or other sharing organisms.
Genetic information of SAR11 has shown that they lack the ability to actively degrade
HWM substrates, but have a high abundance of ABC transporters for both amino
acids and sugars (Elifantz et al 2005, Morris et al 2012, Tang et al 2012, Tripp 2013).
The increase in available hydrolysis products, caused by the extracellular hydrolysis of
the HMW substrate, may be scavenged by the SAR11 explaining their increase in

abundance late in the incubations where essentially all the HMW substrate is
degraded.
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Within the N. Temperate province there was an increase in Bacteroidetes in all substrate
incubations. However, the Bacteroidetes were negatively correlated to the extracellular
hydrolysis rates. In a previous study, we could show that they use an alternative,
“selfish”, mechanism for substrate utilisation which does not result in the production
of extracellular hydrolysis products and therefore no measurable extracellular
hydrolysis rates (Reintjes et al 2017). The Bacteroidetes are HMW specialists that take up
HMW substrate directly (Buchan et al 2014, Elifantz et al 2007, Fernandez-Gomez et
al 2013, Gémez-Pereira 2010, Kabisch et al 2014). Their initial high abundance in the
N. Temperate province may have enabled them to quickly use the HMW substrates
and effectively reduce the substrate available for other organisms such as external
degraders.

Catenovulum and Planctomycetes were also identified as selfish organisms (Reintjes et al
2017) and increased in abundance in the N. Gyre, Equatorial, S. Gyre and S.
Temperate. Catenovulum and Planctomycetes both exhibited selfish substrate uptake (of
xylan and chondroitin sulphate, respectively) but showed significant differences in the
increase in total cellular abundance during the incubations. The Planctomycetes used
chondroitin sulphate almost exclusively and significantly increased in abundance.
Comparatively, Catenovulum showed selfish uptake of xylan but did not increase
significantly in abundance. The simultaneous increase of external degraders, such as
Alteromonas, in the xylan incubations caused a competition for the substrate. This
competition may have restricted the growth of Catenovulum and caused the observed
variation in growth between the two selfish organisms.

Finally, the S. Gyre had the highest extracellular hydrolysis rates of laminarin and
xylan. Additionally, there was a very low abundance of selfish organisms (Reintjes et al
2017). The rapid hydrolysis of HMW substrate by external degraders decreased its
availability of HMW substrates and resulted in a limited growth of selfish organisms.
This resulted in external degraders outcompeting selfish organisms in the S. Gyre.
Similarly, in all stations, where high rapid hydrolysis activity for laminarin and xylan
was seen (Equatorial and S. Gyre stations), a generally low selfish behaviour was
observed.

Conclusion

In the marine environment, there is a high abundance of HMW polysaccharides,
which are available almost exclusively to heterotrophic microorganisms. The current
methods of analysing and modelling organic matter turnover rates in the marine
environment are limited because they rarely account for the differences in
functionality between microorganisms. Using our combined analyses of selfish
substrate uptake, extracellular hydrolysis rates and the qualitative and quantitative
changes in bacterial community composition we could link the taxonomy and
function of marine microorganisms. By associating individual mechanisms with
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specific bacterial groups, we can begin to understand how global variations in the
distribution patterns of microorganism affect the turnover rates of organic matter in
the marine environment.
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Discussion

In this part of my thesis, I will summarise the major achievements of the research that
was done during this thesis and discuss them in a broader context. Moreover, I will
present open research questions and suggest approaches to address these questions. 1
will not discuss the results of the methodological chapters 2 and 3 again since these
two chapters represent ongoing research. The respective outlooks have, therefore,
been solely stated as part of each chapter’s conclusion.

L. Three-player models of marine polysaccharide utilisation

The work done in this thesis has significantly changed our understanding of how
marine bacteria interact with and degrade HMW organic matter. Prior to this study, it
was assumed that marine bacteria can only access HMW substrate using extracellular
enzymes (Arnosti 2004, Sinsabaugh 1994, Vetter et al 1998). This inevitably leads to
the production of smaller hydrolysis products which are also available to scavenging
organisms, which do not produce enzymes (Allison 2005, Travisano and Velicer 2004,
West et al 2007). This hypothesis resulted in the formations of a two-player model of
substrate acquisition in marine bacteria, consisting of bacteria capable of degradation
and others that profit from the scavenging of degradation products. The results
presented in this study expand this two-player model to include an additional substrate
uptake mechanism (Figure 5). This alternative mechanism is homologous to that gut
bacteria, which have been shown to take up HMW substrates in a selfish manner. The
mechanism is specialised for the uptake of HMW compounds and minimises the
production of freely diffused extracellular enzymes and hydrolysis products (Chapter
4) (Cuskin et al 2015). Furthermore, the work of this thesis enabled the identification
of the dominant organisms associated with each of the three substrate utilisation
mechanisms (Figure 5, Chapter 4 and 5).
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Bacterial genera associated to individual substrate utilisation mechanism

Selfish behaviour External degradation Cheating
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Bacteroidetes - Flavobacteriaceae - Gammaproteobacteria - Alphaproteobacteria - SAR11 clade
Muricauda, Salegentibacter and Alteromonadaceae - Alteromonas

Tenacibaculum.
Gammaproteobacteria - Catenovulum.
Planctomycetes- Rhodopirellula and
Planctomyces.

Figure 5 Proposed three-player model of substrate acquisition in marine bacteria. The
Schematic diagram shows the mechanisms of HMW substrate utilisation of marine bacteria
and the bacterial genera associated with each mechanism (above). Selfish behaviour
(Bacteroidetes, Gammaproteobacteria, Planctomycetes): cells use surface associated
enzymes to bind and partially degrade polysaccharides. These are directly taken up into the
periplasm for further degradation with no production of extracellular hydrolysis products.
External degradation (Gammaproteobacteria): cells use surface-associated or extracellular
enzymes to degrade polysaccharides to sizes suitable for uptake. This causes the production
of extracellular hydrolysis products termed “public goods”. Cheating (Alphaproteobacteria):
cells do not / cannot produce enzymes for the hydrolysis of polysaccharides but take up the
hydrolysis products produced by the activity of other organisms.

II.  Culture-independent analysis of HMW substrate uptake
in Bacteroidetes and other marine bacteria

Prior to this study, it was not possible to analyse the activity of selfish bacteria in
environmental samples. The widespread presence and activity of this alternative
uptake mechanism, in the marine environment, could only be shown using the newly
developed culture-independent technique (Chapter 4). Using fluorescently labelled
polysaccharide (FLA-PS) incubations the uptake of polysaccharides into the periplasm
of individual environmental bacterial cells, could be visualised (Figure 6).
Furthermore, we combined the newly developed substrate staining technique with
FISH to identity the organisms showing substrate uptake. The results, obtained from
these two techniques, were analysed using a high-throughput automated image
acquisition and enumeration system (Chapter 1). This enable the statistically relevant
analyse of ~2000 samples taken from FLA-PS incubations of different provinces of
the Atlantic Ocean.
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Figure 6 Super-resolution structured illumination microscopy image showing uptake of
fluorescently labelled substrate in an environmental sample. Cells were stained with DAPI to
visualise the DNA (blue), while the FLA- laminarin can be seen in green in the periplasm of
the cells. The figure shows the incubation experiment after 6 days, done on the AMT22
research cruise from a station sampled in the Northern Temperate region (described in
chapter 4 and 5). Scale bar = 2 um

This high-throughput culture independent-technique enabled the identification of a
high abundance of the cells, showing substrate specific staining, as Bacteroidetes. Based
on the cell-specific staining patterns, I hypothesised that these cells were selfishly
taking up polysaccharides through the activity of sus-like systems (Chapter 4) (D'Elia
and Salyers 1996, Martens et al 2009, Reeves et al 1997). This hypothesis agrees with
the metagenomics findings of high abundances of sus-like systems in marine
Bacteroidetes (Cuskin et al 2015, D'Elia and Salyers 1996, Gémez-Pereira et al 2012b,
Kabisch et al 2014, Teeling et al 2012, Wemheuer et al 2015). This study thereby
provides robust evidence that marine Bacteroidetes use a selfish mechanism to take up
and degrade polysaccharides.

I also showed that the gammaproteobacterial genus Catenovulum and the Planctomycetes
affiliated with the genera Planctomyces and Rhodopirellula took up FLA-PS into their
periplasm (Chapter 4). Neither Catenovulum nor Planctomycetes have been found to
contain canonical sus-like systems and therefore likely use yet other methods to
transport FLA-PS into their periplasmic space.

Currently, there are only two available isolates (Li et al 2015, Yan et al 2011) and two
draft genomes (Shan et al 2014) of the gammaproteobacterial genus Catenovulum.
Protein predictions of Catenovulum agarivorans YMO1 (accession no. PRJNA158387)
and Catenovulum agarivorans DS-2 (accession no. PRJNA200359) genomes reveal the
presence of several tonB dependent receptors and hypothetical proteins of outer
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membrane SusC/RagB and susD/RagA. Additionally, both genomes contain
predicted glycoside hydrolases associated with the families 3 and 43 indicating
potential xylanases. These protein predictions indicate a potential to use xylan and the
presence of a mechanism that could be similar to the Bacteroidetes sus-like system.
These prediction are in agreement with the selfish xylan staining observed during this
study. Further detailed studies with isolates of Catenovulum would enable the
biochemical charateristion of their potentially selfish polysaccharide utilisation
mechanism.

Planctomycetes is a well-studied phylum with a wide range of genetic potentials (reviewed
by Fuerst and Sagulenko 2011). Marine Planctomycetes have frequently been associated
with macroalgae and the degradation of organic matter (Bengtsson and Ovreds 2010,
Berlemont and Martiny 2016, Bondoso et al 2017, Lage and Bondoso 2014). Genetic
analyses have shown that they are uniquely equipped to degrade marine sulphated
polysaccharides due to a high abundance of sulfatase genes (Glockner et al 2003,
Paparoditis et al 2014, Wegner et al 2013). This may also have been the reason why
Planctomycetes increased so strongly in the chondroitin sulfate incubations, of this study.
Further analysis are required to understand the mechanism with which Planctomycetes
take up chondroitin sulfate into their periplasm.

I Substrate specific staining of Bacteroidetes

The Bactervidetes are widely distributed and present in a broad range of environments
including, terrestrial soils, marine waters and sediments, as well as in human and
animal gut systems (review by Gupta and Lorenzini 2007, and Thomas et al 2011).
They are specialised for the degradation of polymers, such as proteins and
polysaccharides, because they have unique substrate acquisition systems (Thomas et al
2011). These systems are called sus-like systems and encoded by co-localised and co-
regulated genes that coordinate the recognition, binding, enzymatic degradation and
uptake of polysaccharides (reviewed in detail by Foley et al 2016 and, Grondin et al
2017). The gene clusters encoding these systems are termed polysaccharide utilisation
loci (PULSs) (Bjursell et al 20006, Foley et al 2016, Grondin et al 2017).

Although many other bacteria have been shown to contain several of the genes
encoded in PULs (Neugebauer et al 2005, Neumann et al 2015), there is one gene
unique to the Bactervidetes. This gene encodes the susD protein, which is responsible
for the cell surface carbohydrate binding (Bjursell et al 2006, Cameron et al 2014). The
susD forms together with the outer membrane pore formed by susC subunits a
complex which enables the binding and transport of large oligosaccharides into the
cell. The activity of the susC and susD proteins accounts for up to 70% of the binding
capacity of sus-like systems and therefore play a central role in the uptake of
polysaccharides by Bacteroidetes (Bjursell et al 2006, Cameron et al 2014, Reeves et al
1997). Additionally, they are also likely responsible for the uptake of FLLA-PS into the
periplasm resulting in the substrate specific staining which was observe in this study.
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A recent X-ray crystallography study has provided further detail on the structure of
the susC-susD protein complex (Glenwright et al 2017). The authors described the
protein complex as a “pedal bin” structure, whereby each susC pore is capped by a
susD binding protein. This structural description is relevant for the work done in this
thesis because it allows for a theoretical size and abundance prediction of the complex
on a cell. This, in turn, enables us to evaluate whether the level of staining, observed
in environmental and cultured Bacteroidetes of this study, is feasible (thousands of FLA,
Chapter 4) and can give us an indication of selfish uptake rates.

The susCD protein complex exists of dimers that have a maximum length of 14 nm
and a width of 6.4 nm, which corresponds to a surface area of ~90 nm?. As much as
50% of the outer membrane of gram negative bacteria can consist of proteins
(Koebnik et al 2000). Therefore, assuming an average cell surface area of 2.52 pm?
(calculated from the average cell size of G. forsetii (2 pm x 0.5 um) using an ellipsoid
calculation for surface area) and that one-tenth of the outer membrane proteins are
susCD complexes (under highly induced condition), a total of 1,400 susCD complexes
could be present in the outer membrane. These high abundance would agree with
proteomics studies that have shown that the complex can be highly expressed
(Glenwright et al 2017, Kabisch et al 2014, Reeves et al 1997, Teeling et al 2012) and
can make up as much as 13% of the total identified proteins of an environmental
meta-proteome (Teeling et al 2012). Additionally, they agree with primary-labelled
fluorescence antibody experiments which show high abundance of susD on the cell
surface under induced conditions (Rogers et al 2013).

The calculations presented here are no doubt highly speculative and we cannot yet
calculate the absolute abundance of susCD complexes in the outer membrane of a
cell. However, if the susCD complex is present at the hypothesised or a similar
abundance it would explain the high level of substrate staining which was observed in
the induced culture of G. forsetii within the short time of 5 min (Chapter 4). The signal
intensity of the substrate staining requires that thousands of FLLA-PS were transported
into the cell within these few minutes. Data obtained in this study also suggest that
some marine Bacteroidetes are expressing notable levels of the susCD complex in their
marine habitat, as staining in environmental samples was observed within 30 min of
substrate incubations. (Chapter 4). Further analyses of the activity and expression of
susCD complexes in marine Bacteroidetes would significantly impact our understanding
of the turnover of polysaccharide in the marine environment.

IV, Outlook

As demonstrated in this study, selfish substrate uptake is present throughout the
marine environment and likely has as a significant impact on global carbon cycling. To
determine the extent of this impact, further research efforts should focus on
developing methods to measure the rates of FLA-PS uptake by selfish organisms in
environmental samples. In the following I present four possible culture-independent
methods of measuring selfish uptake rates.
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e Measurements of the rates of selfish uptake can be achieved by quantifying
the fluorescence intensity of the FLA-PS signal within cells over time.
Currently, it is not possible to measure the absolute number of fluorophores
taken-up over time by individual cells in an environmental sample. However,
by comparing the FLLA-PS signal intensities to a known standard set of signal
intensities, the rate of polysaccharide uptake can be measured. For this the
average number of fluorophores per molecule of polysaccharide (the
labelling density relative to the sugar monomers) must be known which is
often in the range of 0.5 to 1.3 fluorescein molecules per polysaccharide
molecule (Arnosti (2003)). This can then be used to estimate the number of
polysaccharides taken up by individual cells, assuming that the whole
polysaccharide is taken up. These analyses would be possible with
microscopy or flow cytometry.

e  Alternatively, selfish uptake rates can be calculated using “fluorescence
housekeeping”. By precisely tracking the amount of FLA within an
incubation the abundance of intracellular FLLA could be calculated. Here, one
needs to assume that selfish organisms take up 100% of the FLA-PS thereby
tully removing the fluorescein from the medium. Other bacteria degrading
FLA-PS by exoenzymes would, in contrast, move the fluorescein label from
higher molecular weight to lower molecular weight compounds but leave it
to 100% in the medium. Specifically, when selfish organisms take up FLA-PS
they remove FLA from the supernatant. Therefore, if the FLA signal
intensity of the supernatant of a FLLA-PS incubation is directly compared to
the FLLA signal intensity of a parallel negative control, then the difference in
signal intensities corresponds to the amount of intracellular FLLA. This could
then be used to calculate the uptake of FLA-PS into the periplasm and
thereby the uptake rate of FLLA-PS by selfish organisms.

e  Extracellular hydrolysis rates of FLLA-PS are calculated by analysing the
change in molecular weight of the added polysaccharide over time using
liquid chromatography coupled with fluorescence detection (Arnosti 2003).
The same method could potentially be used for the calculation of selfish
uptake rates of FLA-PS, as well as, characterising the size of the periplasmic
oligosaccharides. By analysing not just the supernatant of an incubation but
also the cells (or cell lysate), the intracellular fraction of FLA-PS could be
measured. Ideally this method should be developed using pure cultures. It
requires the gentle separation of the cells from the medium, without
compromising the membrane integrity. Subsequently the cells are fully and
rapidly lysed to release the FLA from intracellular pools. Later this method
could also be applied to environmental incubations to obtain the average
selfish uptake rates of a bacterial community.

131




General Discussion and Conclusion

Finally, by using alternative polysaccharide labelling methods and more
sensitive measuring techniques, a precise quantification of the selfish uptake
rates in environmental samples could be achieved. In particular, fluorine
labelling of polysaccharides for analyses by nanoSIMS or Nanogold labelling
of polysaccharides for subsequent analysis by electron microscopy seem to
be promising options (Behrens et al 2008, Hainfeld and Powell 2000,
Montesano-Roditis et al 2001, Musat et al 2012). However, it is important
that the alternative labels are stable and small enough to be readily taken up
by the cells like FLLA. Additionally, it is important that the label is not actively
hydrolysed by the cell because then the activity cannot be traced back to
selfish uptake. For example, radioactively labelled polysaccharides (4C)
would enable the quantification of uptake rates of polysaccharides but would
not be concentrated within the periplasm and could therefore not be
conclusively liked to selfish uptake.

In the following I will outline future research projects that would enable us to analyse
and advance our understanding of the organisms exhibiting selfish behaviour in
environmental samples, are highlighted.
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To fully understand the extent of selfish substrate uptake, the mechanisms
distribution in marine and other environments should be analysed. This
could be achieved by performing additional FLA-PS incubations in other
samples. Preliminary results from incubations in the South Pacific Gyre,
mesopelagic waters and during a coastal phytoplankton bloom indicate that
selfish substrate uptake is indeed widespread throughout marine waters and
likely actively contributes significantly to the global carbon turnover.
Additionally, the preliminary results indicated that the rates of selfish activity
vary under different environmental condition.

Furthermore, although we have a good understanding of the sus-like-system
of Bacteroidetes, we know relatively little about other “selfish” uptake
mechanisms in marine bacteria. The substrate specific staining of Catenovulum
and Planctomycetes, which was observed in this study, was hypothesised to be a
selfish uptake mechanism but further analyses are required to prove this.
Additionally, although combining the FLA-PS incubations with FISH
allowed us to identify a large fraction of the substrate stained cells (Chapter
4), there were substrate stained cells that were not target by our FISH
probes.

To enable a more comprehensive analysis of the taxonomy and function of
selfish organisms FLA-PS incubations could be combined with flow
cytometry and cell sorting. By fluorescence activated sorting, the cells
showing substrate specific signals could be retrieved for a more detailed
analysis of the active polysaccharide degrading community. The flow-sorted
cells could then be analysed by 16S rRNA sequencing, metagenomics or
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single cell genomics to gain a detailed insight into their diversity and
metabolic potentials. This combination of methods could enable the
selective “tagging and sorting” of heterotrophic communities specialised in
the uptake and degradation of specific polysaccharides.

e Finally, recent analyses have indicated that some gut Bacferoidetes perform

“leaky” selfish behaviour (Grondin et al 2017, Rakoff-Nahoum et al 2014,
Rakoff-Nahoum et al 2010). Leaky selfish behaviour occurs when a substrate
is bound to the cell, partially degraded but not or only partially transported.
This causes the production of partially degraded oligosaccharides that are
available to other organisms (Rakoff-Nahoum et al 2016).
Additionally, it is possible that the susCD complex is only “moderately”
specific and consequently takes up oligosaccharides that contain glycosidic
bonds that the bacterium is not capable of degrading. This was partially
confirmed by the unspecific transport of FLA during our substrate
incubations. The subsequent release of these “un-degraded” oligosaccharides
would result pseudo-leaky behaviour. The extent of “leaky” selfish behaviour
could be tested in culture experiments using FLA-PS, by simultaneously
analysing both the rate of selfish staining and the change in molecular weight
of the polysaccharides over time.

V7. Marine polysaccharide utilisation mechanisms across the
Atlantic Ocean

In the present study, using FLLA-PS incubations potential extracellular hydrolysis rates
of polysaccharides were determined across different oceanic provinces of the Atlantic
Ocean. For the first time, such measurements were combined with detailed analyses
of the changes of bacterial community composition within FLA-PS incubations using
both 16S rRNA sequencing and FISH. This enabled the identification of the
potentially dominant polysaccharide degrading microorganisms (see chapter 5).

A major aim of this study was to analyse how the taxonomy and function diversity of
microorganisms affect the bacterially mediated carbon turnover in the Atlantic Ocean.
This study could show, that differences in the microbial community composition,
among provinces of the Atlantic Ocean, caused difference in the rate of extracellular
hydrolysis of polysaccharides (Chapter 5). However, this was not due to differences in
the functional potentials of the external degraders among sites, in fact A/teromonas was
found to be the dominate external degrader in nearly every site, but rather due to the
competition between different substrate utilisation mechanisms.

Using the combine results of the activity of external degraders and selfish organisms
within the Atlantic Ocean I evaluate, here, under which conditions a specific substrate
utilisation strategy out-competed the other. I focus on the patterns within the
laminarin and xylan incubations because they showed both high selfish and high
extracellular hydrolysis activities (Chapter 5).
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Selfish substrate uptake was measurable prior to the activity of external degraders
(extracellular hydrolysis rates). These “early” selfish organisms were identified, in this
study, as belonging to the Bacteroidetes. The Bacteroidetes continuously produce sus-like
systems at a low concentration, so-called “surveillance levels” (Cameron et al 2014,
Karunatilaka et al 2014, Martens et al 2014). They are, therefore, directly equipped to
take up HMW substrates. As substrate becomes available, it is bound to the cell
surface, partially degraded and taken up into the periplasm via susCD complexes. The
presence of oligosaccharide in the periplasm cause the up-regulation of the sus-like
system which, due to it co-localisation and co-regulation, results in a rapid response
(Cameron et al 2014, Karunatilaka et al 2014, Martens et al 2014). In cultured
Bacteroidetes this up-regulation occurs within minutes (5 — 40 min) of the substrate
addition (Rogers et al 2013). These findings indicate that the quick (30 min) substrate
specific staining, observed in this study, maybe due to the presence of “surveillance
level” amounts of sus-like systems in marine Bacferoidetes, which results in quick
recognition and up-regulation of the required genetic machinery.

However, although Bacteroidetes responded quicker to the FLLA-PS addition they did
not always increase significantly in abundance (Chapter 5). In this study, we could
associate this to differences in the initial abundance of Bacteroidetes and external
degraders (Alteromonas) within the incubations (Chapter 5). The results indicated that
selfish organisms needed to have a specific threshold-abundance to out-complete
external degraders. However, the polysaccharides which were used in this study were
relatively “simple” (laminarin and xylan). Comparatively, marine Bacteroidetes rather
show a high amount of specialisation for complex polysaccharides (Berlemont and
Martiny 2016, Fernandez-Goémez et al 2013, Gémez-Pereira 2010, Gomez-Pereira et
al 2012b). It is therefore possible that this threshold-abundance is only required when
they are in competition for simple polysaccharides. Alternatively, they may only face
high levels of competition for simpler polysaccharide.

In the present study, we could show when external degraders showed high activity,
selfish activity was low. External degraders are social foraging organisms because their
activity causes the production of “public goods” which are freely available (Allison
2005, West et al 2007). “public goods” causes the induction of further social foragers
resulting in increased hydrolysis rates (Allers et al 2007, Allison 2005, McCarren et al
2010, West et al 2007). Additionally, it is possible that external degraders preferentially
produce specific molecules that are selective for other social foragers. For example,
the selfish uptake mechanism of Bacferoidetes is induced and up-regulated by
oligosaccharides(Cameron et al 2014, Karunatilaka et al 2014, Martens et al 2009).
However, if social foragers directly degrade the FLLA-PS to small molecular, such as
monosaccharides, they would prevent the induction of selfish organisms.

Recent models of extracellular enzyme dynamics have indicated that the production of
extracellular enzymes is only feasible with a minimum substrate concentration in the
uM range (Traving et al 2015). Our substrate incubations were performed using uM
substrate ranges and, due to their enclosed nature, may preferentially selection for
external degraders. Comparatively, the production of cell associated enzymes is
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feasible down to a nM range of substrate (Traving et al 2015). Therefore, a potential
future research project could include performing incubation with varying
concentration of FLLA-PS to identify under which conditions the various substrate
utilisation mechanism are selected for.

Concluding Remarks

The research that was done in this doctoral thesis has resulted in the development of
methods which enable the fast and reliable analysis of the abundance and diversity of
microbial communities on-board a research vessel. Additionally, it has furthered our
understanding of the community composition of different bacterial lifestyles across
the Atlantic Ocean.

Furthermore, the work presented in this thesis has significantly furthered our
understanding of the activity and distribution patterns of bacterial polysaccharide
utilisation mechanisms and enabled the association of these substrate utilisation
mechanisms with specific bacterial groups. Using the information presented in this
thesis we can begin to understand how global variations in the distribution patterns of
microorganisms affect the turnover rates of organic matter in the marine
environment. This study will enable us to make better predictions of the impact which
marine microorganisms have on global biogeochemical cycles.
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Image acquisition and cell enumeration pipeline

——

B. Overview image acquisition
Bl Ly

C. Selection of object slide position

MPISYS __
Program

Chapter 1 Supplementary Figure 1 Flow chart of automatic image acquisition and cell
enumeration pipeline. At first, the MPISYS program (A-G) is used, which is then flowed by
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the cell analysis with the ACMEtool2.0 (H-L). The first image (A) depicts the whole
microscopic set up and when starting the image acquisition at first an overview image (B)
has to be acquired. This is followed by the selection of the object slide position (C) and a
slide overview image is obtained (D) with the 1 c objective. In a next step (E) samples have
to be labelled and the number of FOV’s is defined. Then channels are chosen (F) and the
image acquisition (G) can start. When acquisition is done, images are imported into the
ACMEtool2.0 software. Within ACMEtool2.0, at first image quality control (H) is done and
with the remaining high quality images the metafile is calculated (I), which is then analysed
for cell enumeration (K). As a result ACMEtool is giving a tab-delimited report file (M) which
then can be used to graphically show the cell numbers (L).
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Autofocus

2C

Chapter 1 Supplementary Figure 2 A-C. A) EDF- Flow chart of sequential z-stack image
acquisition for extended depth of field calculation. The scheme shows exemplary a z-stack
with five images and a stack interval of 0.4um. B) QEDF- Flow chart of quick stack image
acquisition for extended depth of field calculation. The scheme shows exemplary a z-stack
with five images, a stack interval of 0.4um and a stage z-speed of 1um per second. C)
FQEDF- Flow chart of focused quick stack image acquisition for extended depth of field
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calculation. The scheme shows exemplary a z-stack with five images, a stack interval of
0.4um and a stage z-speed of 1um per second.
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Idvdad

HSIA

oLnv

Chapter 1 Supplementary Figure 3 Gray-scale micrographs show auto-fluorescent signals
(red circles) detected in both, the channel for FISH signals as well as the channel for auto-
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fluorescent signals. A/D: EDF stack image of DAPI-stained cells under UV illumination. B/E:
EDF stack image of FISH signals under blue excitation. C/F: EDF stack image of auto-
fluorescent signals under red excitation. White arrows on micrographs 3A-C show FISH-
positive signals, since they possess a DAPI signal and a FISH signal, but no AUTO signal.
Yellow arrows on micrographs 3D-F show debris of cells and other auto-fluorescent signals.
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Chapter 1 Supplementary Figure 4 Grey-scale micrographs show images with small and
large phytoplankton cells, indicated by white arrows. A: EDF stack image of DAPI-stained
cells under UV illumination. B: EDF stack image auto-fluorescent signals under red excitat
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Chapter 1 Supplementary Figure 5 Grey-scale micrographs show images with cell debris,
indicated by white arrows. A: EDF stack image of DAPI-stained cells under UV illumination.
B: EDF stack image auto-fluorescent image auto fluorescent signals under red excitation.
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Chapter 1 Supplementary Figure 6 Grey-scale micrographs show images with small and
large phytoplankton, cell debris and areas out-of-focus A: air bubble in the mounting media
between membrane filter and cover slide. B: due to aggregates and cell debris the whole
image is out-of-focus. C/D: due to phytoplankton cells and cell debris the whole images is
out of focus.
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Chapter 1 Supplementary Table 1 On-board performance test of the three different

methods for stack image acquisition with extended depth of focus calculation.
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Appendix Figures and Table for Chapter 2

On-site microbial diversity and abundance
analysis in the remotest part of the world’s

oceans, the South Pacific Gyre

Greta Reintjes, Halina Tegetmeyer, Jorg Wulf, Miriam Biirgisser, Christian
Quast, Frank-Oliver Gl6ckner, Bernhard M. Fuchs, Rudolf Amann

Manuscript in prep.
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Chapter 2 Supplementary Table 1 Latitude and longitude of stations sampled along SO245
“Ultrapac” cruise including depths of individual samples from each station.

Station type Station  Station ID Date Latitude Longitude Depth [m]
numbe [degree [degree
r north] east]

Intermediate 1 50245-01-08 2015/12/25 - -84,3374 20

1 23,30186

Intermediate 1 S0245-01-07 2015/12/25 - -84,3374 50

1 23,30186

Intermediate 1 S0245-01-06 2015/12/25 - -84,3374 75

1 23,30186

Intermediate 1 $0245-01-05 2015/12/25 - -84,3374 100

1 23,30186

Intermediate 1 50245-01-04 2015/12/25 - -84,3374 125

1 23,30186

Intermediate 1 $0245-01-03 2015/12/25 - -84,3374 150

1 23,30186

Intermediate | 1 5$0245-01-02 2015/12/25 - -84,3374 400

1 23,30186

Intermediate | 1 5$0245-01-01 2015/12/25 - -84,3374 500

1 23,30186

Main 1 2 50245-02-12 2015/12/27 - -90,1767 20
23,31035

Main 1 2 5$0245-02-12 2015/12/27 - -90,1767 50
23,31035

Main 1 2 S0245-02-12 2015/12/27 - -90,1767 100
23,31035

Main 1 2 50245-02-10 2015/12/27 - -90,1766 125
23,31033

Main 1 2 50245-02-10 2015/12/27 - -90,1766 150
23,31033

Main 1 2 50245-02-10 2015/12/27 - -90,1766 175
23,31033

Main 1 2 $0245-02-10 2015/12/27 - -90,1766 200
23,31033

Main 1 2 $0245-02-10 2015/12/27 - -90,1766 250
23,31033

Main 1 2 $0245-02-10 2015/12/27 - -90,1766 300
23,31033

Main 1 2 50245-02-05 2015/12/27 - -90,1763 500
23,29502

Main 1 2 50245-02-05 2015/12/27 - -90,1763 1000
23,29502

Main 1 2 50245-02-02 2015/12/27 - -90,1762 1500
23,29502

Main 1 2 $0245-02-02 2015/12/27 - -90,1762 2200
23,29502
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Chapter 2 Supplementary Figure 1 Images of the alterations of lon Torrent PGM (Thermo
Fisher), lon Torrent OT2 (Thermo Fisher) and Fragment analyser (AATI) to enable on-board
use. a & b) Images of the fragment analyser sampling trays with attached magnets to
prevent accidental dropping. c) Image of 2 cm thick polyethylene base plate (green) with
handles for secure placement and easy transport. d & e) Images of fragment analyser
securely attached to ship working surface using bungee cords to prevent accidental
movement during ship pitch and roll movements. f —h) Images of secured lon Torrent PGM,
lon Torrent OT2 and ES with attached 2 cm thick polyethylene base plate (green) with
handles for secure placement and easy transport.
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Chapter 2 Supplementary Table 2 "Lab on a ship" server pipeline commands and time
required for each step to process 330,000 sequences.

Initialize SilvaNGS (3 min for 330000 sequences
silva_submit --config <FILENAME.conf> init

Check status of initialization or any other step, see above for details.
silva_submit --config=<FILENAME.conf> status

Import files (3 min for 330000 sequences)
silva_submit --config <FILENAME.conf> import

Cluster (10 min for 330000 sequences)
silva_submit --config <FILENAME.conf> cluster

Align (8 min for 330000 sequences)
silva_submit --config <FILENAME.conf> align

Classify (100 min for 330000 sequences)
silva_submit --config <FILENAME.conf> classify

Rarefaction (10 min for 330000 sequences)
silva_submit --config <FILENAME.conf> rarefaction

Stats (5 min for 330000 sequences)
silva_submit --config <FILENAME.conf> stats

Taxplot (5 min for 330000 sequences)
silva_submit --config <FILENAME.conf> taxplot

Exports (10 min for 330000 sequences)
silva_submit --config <FILENAME.conf> export
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Chapter 2 Supplementary Figure 2 Bar chart and cluster analysis of the bacterial community
composition obtained from the analysis of ten samples (labelled 1-10) on two versions of
the SilvaNGS pipeline (online and offline “lab on a ship”). The first ten samples are the
results from the offline “lab on a ship” server, the second ten samples are the results from
the online SilvaNGS server. Sequences were classified to genus level and colour coded at the
phylum level.
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Chapter 2 Supplementary Table 3 Statistical analysis of bacteria richness and diversity
across various depth ranges calculated from relative read abundances. Samples were taken
along the SO245 “Ultrapac” cruise.

Depth (m) Richness Shannon- Simpson Inverse Evenness
(Genus) Index Simpson

20to 100 149 2.83 0.89 9.66 0.58

100-200 170 2.99 0.88 9.50 0.59

200-500 218 3.12 0.88 9.17 0.58

1000-5000 242 3.17 0.89 10.16 0.58
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Chapter 2 Supplementary Figure 3 Bubble plot of bacterial and archaeal genera with a
minimum relative read abundance of 0.001%. The size of the bubbles indicates the average
relative read abundance (%) of each genus normalised against the total abundance. Each
vertical row of bubbles shows the microbial composition of a sample from a specific station
at a specific depth. The station names (S1 —S12) are located under the sections and each
station is coloured in a different blue tone. Main (20 — 5000 m) and intermediate (20 — 500
m) station are indicated by large and small black triangles, respectively. The triangles
thickness indicates an increase in depth (shallow to deep).
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Chapter 2 Supplementary Table 4 Time table of on-board NGS pipeline

On-Board Sequencing Time Table

Time for analysis of 11 samples

Ion314chip | Ion318 chip
time (min) | time (min)
Filtration 180 180
DNA extraction 90 90
DNA quantification (Fragment Analyser) 60 60
PCR 12 12
PCR clean up and size selection 60 60
Amplicon quantification (Fragment Analyser) | 60 60
Pool calculation and preparation 60 60
OT2 480 480
ES 60 60
Sequencing 240 420
Ton torrent suite 120 240

Offline Server Analysis (for 300,000 reads)

Import 3 3
Cluster 10 10
Align 8 8
Classify 100 100
Export (rarefaction, stats, taxplots) 20 20
Plotting results 30 60

1593 1923

27 hours 32 hours
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Appendix Figures and Table for Chapter 3

Free-living and particle-associated bacteria exist

as an interactive assemblage.

Greta Reintjes, Cheng Wang, Jorg Wulf, Bernhard Fuchs, Rudolf Amann

Manuscript in prep.
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Chapter 3 Supplementary Table 1 PCR reaction mix and thermocycler conditions applied in
Chapter 3

PCR Reaction Volume Thermocycler
conditions

Molecular grade H20 28 ul 1 cycle:

5 x HF buffer 10 ul 94°C for 5 min

dNTPs mix (2,5 mM) 1l 35 cycles:

Forward Primer (100 uM) 0.5 pul 94°C for 30 sec

Reverse Primer (100 uM) 0.5 ul 55°C for 30 sec

Phusion Polymerase (0,02 units ul'l) 0.5 ul 72°C for 30 sec

DNA (10 nguL'l) 1l 1 cycle:

DMSO 1ul 72°C for 5 min
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Chapter 3 Supplementary Figure 1 Geographic surface contour plots showing the measured
surface nitrate and nitrite (combined) and phosphate concentrations (UM L'l) along the
AMT22. Black dots indicate points of sampling

Nitrate and Nitrite (uM L)
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Chapter 3 Supplementary Table 2 Averaged total abundance (cell ml'l) of Bacteria (EUB I-
Ill) Bacteroidetes (CF319a), Gammaproteobacteria (GAM42) and Cyanobacteria (CYA664)
within different size fractions (FL, small-PA, large-PA) enumerated by FISH

EUB I-1I CF319a GAMA42 CYA664
FL 7.62E+05 5.66E+04 1.09E+04 1.53E+05
small PA 1.53E+03 2.07E+02 6.70E+01 5.90E+01
large PA 3.15E+02 7.58E+01 4.00E+01 2.32E+01
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Appendix Figures and Table for Chapter 4

An alternative polysaccharide uptake mechanism

of marine bacteria

Greta Reintjes, Carol Arnosti, Bernhard M. Fuchs, Rudolf Amann

Manuscript published: ISME Journal March 2017
DOI: 10.1038/ismej.2017.26
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Chapter 4 Supplementary Table 1 FISH probes used in this study

Probe Name Sequence 5' - 3' FA% Reference
CF319a TGGTCCGTGTCTCAGTAC 35 Manz et al. (1992)
PLA46 GACTTGCATGCCTAATCC 30 Neef et al. (1998)
CAT653 CCCCCTCTCCCTTACTCT 25 This study

*FA corresponds to the formamide concentration using in the hybridisation buffer.
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Chapter 4 Supplementary Table 2 Carbon source and concentration added to individual

media
Medium Substrate Stock concentration Volume added
[ml] to 1L
HaHa high carbon Glucose, cellobiose, | 100 g I 2 ml
yeast extract, peptone
and casamino acids
Ha Ha minimal Glucose, cellobiose, | 1g I" 1.2 ml
yeast extract, peptone
and casamino acids
HaHa Laminarin Yeast extract and [ 1gl*and 50g I 1.2 ml and 1
laminarin ml
HaHa FLA-Laminarin | FLA-Laminarin 16.6 mM monomer | 0.021 ml
3.5uM
HaHa FLA-Laminarin | FLA-Laminarin 16.6 mM monomer | 0.210 ml
35uM
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Chapter 4 Supplementary Table 3 Flow cytometry results showing signal intensities (FL1
533/30.H) from cells incubated with varying FLA-laminarin concentrations over time (5 -
100 min). Background shows the FL1 signal intensity of G. forsetii without the addition of
FLA-laminarin. The substrate loss signal indicates the reduction of the FL1 signal after 1 day
after inoculation (1:10) into HaHa laminarin medium.

Substrate
Substrate Incubation time (min) Loss
Concentration
(LM) 5 20 40 60 100 1260
35 2373 2194 2107 2061 1919 >01
15 1670 1462 1420 1363 1325
5 1178 1005 942 894 819
3.5 1108 916 876 814 759
1 803 579 525 473 426
0.5 371 254 241 232 219
0.05 291 218 211 207 203
0 179
(Background)
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Southern Temperate ()

a go°N b
Site Latitude Longitude
40°N
Northern Temperate 47°52N 17°16W
20°N R Northern Gyre 22°04N 39°47W
W Equetorial [0 : Equatorial 2°55N 25°39W
EQ g "
Southern Gyre 11°378 25°10W
20°S =N
- Southern Temperate 26°57S 25°00W

40°S

60°S Py S
80°W 60°W 40°W 20°W 0°
Chlorop_hyl_l a concentration (mg/£n3) )

001 003 01 03 1 3 10

Chapter 4 Supplementary Figure 1 Sampling sites in the Atlantic Ocean. (a) Sites shown by
white dots; background colours indicate the average chlorophyll a concentration (mg m'3)
during the sampling period (map obtained from MODIS, Ocean Biology Processing Group

(2014). (b) Latitude and longitude of each sampling site
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Chapter 4 Supplementary Figure 2 Epifluorescence microscopy images showing the
morphological variability of substrate stained cells. Images were taken from the laminarin
incubation of the Northern Temperate station after 3 days (above) and the chondroitin
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sulphate incubation of the Southern Temperate station after 6 days (below). Cells were
stained by DAPI to visualise the DNA (left, blue) and show FLA- laminarin or FLA-chondroitin
sulphate specific staining (middle, green). Scale bar =5 um
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a) G. forsetii culture - No FLA laminarin b) G. forsetii culture- 35 yM FLA laminarin c) G. forsetii culture 1 uM FLA laminarin
after 5min after 5min
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Chapter 4 Supplementary Figure 3 Detection of FLA-laminarin uptake by G. forsetii over
time using flow cytometry. (a) Untreated control culture of G. forsetii showing background
FL1-H signal (green gating). (b) G. forsetii incubated with 35 uM FLA-laminarin showing
high FL1-H signal (green gating) after just 5 min. (c) G. forsetii incubation with 1 uM FLA
laminarin showing low FLA signal after 5 min. (d and e) Substrate uptake by G. forsetii over
time. SR-SIM images showing FLA-laminarin uptake by G. forsetii after 5 min and 100 min.
Scale bar =5 um
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Chapter 4 Supplementary Figure 4 Change in substrate staining of cells over time. (a-d) Two
colour (blue = DAPI, green = FLA-laminarin) super-resolution structured illumination
microscopy images of cells from the Northern Temperate station incubated with
fluorescently labelled laminarin. Time series incubation after (a) 30 min, (b) 3 days, (c) 6
days, and (d) 12 days. Intensity of staining increased over time. Scale bar = 1 um
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Chapter 4 Supplementary Figure 5 Change in absolute cellular abundance (cell ml'l) during
each substrate incubation (laminarin, xylan, chondroitin) and unamended treatment control
over time in the Northern Temperate, Northern Gyre, Equatorial, Southern Gyre, and
Southern Temperate station. The error bars indicate the total range of triplicate incubations
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DAPI (365 nm laser, 20ms exposure time) Substrate (470 nm laser, 200ms exposure time)

Gramella forsetii FA fixed control

h. FLA - laminarin

Chapter 4 Supplementary Figure 6 Panels (a) — (h) show epifluorescence microscopy images
of DAPI stained cells excited by 365 nm with a constant exposure time of 30 ms (left side),
and corresponding image of the same field of view excited by 488 nm at constant exposure
of 300 ms (right side). Cells excited by 488 nm show in panel (b) positive FLA-laminarin
signal in the Northern Temperate Station at T6, in panels (d) and (f) treatment control of
the Northern Temperate and Southern Gyre station at T6. White scale bar = 10um. Image
(g) shows DAPI stained G. forsetii cell after fixation in 2% formaldehyde (FA) for 2 h and
subsequent addition to FLA-laminarin medium for 2 h. Panel (h) is the corresponding image
excited by 488 nm showing no unspecific substrate staining of cells. Red scale bar = 2 um
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Pérﬁ)op/asm

Chapter 4 Supplementary Figure 7 SR-SIM Z-stack of cells incubated with chondroitin
sulphate. Images (a-p) show horizontal slices of the cells at 0.2um intervals. Chondroitin
(green) is in the paryphoplasm; FISH signal (red, Pla46) is in the riboplasm, and DNA is
stained by DAPI (blue). Scale bar = 1um
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DAPI Laminarin

Chapter 4 Supplementary Figure 8 Sus-like uptake of FLA-PS by Bacteroidetes. SR-SIM
images of halo-like substrate staining (FLA-laminarin; green) in the Northern Temperate
station after 6 days. Cell was counter stained using nile red (red) and DAPI (blue) to visualise
the membranes and DNA, respectively. Scale bar = 0.5 um
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Chapter 4 Supplementary Figure 9 Absolute abundance of Bacteroidetes, Planctomycetes,
and Catenovulum during substrate incubations and treatment control (a) laminarin, (b)
xylan, (c) chondroitin sulphate, (d) treatment control) of the Northern Temperate, Northern
Gyre, Equatorial, Southern Gyre, and Southern Temperate stations. The absolute
abundance was determined by using group specific FISH probes CF319a (orange), PLA46
(purple) and CAT653 (pink) for Bacteroidetes, Planctomycetes, and Catenovulum
respectively. Also shown is the percentage of Bacteroidetes (orange with green strips),
Planctomycetes (purple with green strips) and Catenovulum (pink with green strips)
showing substrate stained
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Chapter 5 Supplementary Figure 1 Bar chart showing the bacterial community composition
across biological triplicates substrate incubations (laminarin, xylan, chondroitin sulphate)
and a treatment control (not in triplicate) of the S. Gyre (N). All incubations were sampled
after 0, 3, 6, 12 and 18 days.
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Chapter 5 Supplementary Figure 2 Standard deviation and 95% confidence intervals of the
relative read abundance within biological triplicates. Samples were obtained from substrate

incubations along the AMT22.

2,50E-02
2,00E-02
c
A=)
®
'S 1,50E-02
()]
©
2
& 1,00£-02 4 3 1
= *
a 3 i s 3
5,00E-03 3 - ¢ B
EI 35 ﬁi‘s & - P
II xft s jj‘ * =, = IIII j‘igl III ‘II
o® Yo’ o ‘e -*
0,00E+00 \ \ \ \
0 20 40 60 80

Triplicate number

192

® Min and Max
- Average

* Samples




Appendix Figures and Tables

Chapter 5 Supplementary Figure 3 NMDS plot showing Bray Curtis dissimilarity between the
initial (TO) bacterial community composition at each station (N. Temperate, N. Gyre,
Equatorial, S. Gyre (N), S. Gyre (S)) along the AMT22.
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Chapter 5 Supplementary Figure 4 Bubble plot of bacterial genera with a minimum relative
read abundance of 0.005% in all initial (TO) samples of the N. Temperate, N. Gyre,
Equatorial, S. Gyre (N) and S. Gyre (S) stations (depicted by green boxes). The size of the
bubbles indicates the average relative abundance (%) of each genus. The dominant genera
are highlighted in bold font.
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