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Abstract 
Pontiller, Benjamin (2021). Molecular mechanisms involved in prokaryotic cycling 
of labile dissolved organic matter in the sea, Linnaeus University Dissertations No 
412/2021, ISBN: 978-91-89283-65-7 (print), 978-91-89283-66-4 (pdf) . 
Roughly half of the global primary production originates from microscopic 
phytoplankton in marine ecosystems, converting carbon dioxide into organic 
matter. This organic matter pool consists of a myriad of compounds that fuel 
heterotrophic bacterioplankton. However, knowledge of the molecular 
mechanisms – particularly the metabolic pathways involved in the degradation 
and utilization of dissolved organic matter (DOM) – and transcriptional 
dynamics over spatiotemporal gradients are still scarce. Therefore, we studied 
the molecular mechanisms of bacterioplankton communities, including archaea, 
involved in the cycling of DOM, over different spatiotemporal scales in 
experiments and through field observations. 
In seawater experiments, we found a divergence of bacterioplankton 
transcriptional responses to different organic matter compound classes 
(carbohydrates, nucleic acids, and proteins) and condensation states (monomers 
or polymers). These responses were associated with distinct bacterial taxa, 
suggesting pronounced functional partitioning of these compounds in the Sea. 
Baltic Proper mesocosms amended with two different river loadings (forest 
versus agriculture river water) revealed a divergence in gene expression patterns 
between treatments during bloom decay. This was particularly true for genes in 
phosphorus and nitrogen metabolism, highlighting the importance and 
sensitivity of interaction effects between river- and phytoplankton-derived 
DOM in regulating bacterial activity responses to changes in precipitation-
induced riverine runoff. 
In shipboard mesocosms in an Atlantic coastal upwelling system, we found 
significant changes in bacterioplankton transcription of hydrolyzing enzymes 
and membrane transporters from phytoplankton bloom development to 
senescence, primarily driven by phytoplankton-derived DOM and dissolved 
organic carbon dynamics. These responses differed substantially between 
bacterial orders, suggesting that functional resource partitioning is dynamically 
structured by temporal changes in DOM quantity and quality. Further analysis 
of these gene systems in a stratified fjord revealed pronounced divergence in 
transcription with depth and between bacterial taxa; moreover, transcription 
was more variable in the surface waters. This highlights the interplay between 
functional and physical partitioning of biogeochemical cycles. Collectively, the 
findings in this thesis contribute novel insights into the interdependency 
between prokaryotes and DOM by shedding light on the mechanisms involved 
in DOM cycling over ecologically relevant spatiotemporal scales. 
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“How inappropriate to call this planet Earth, when clearly it is Ocean.” 
Arthur C. Clarke  
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Introduction 

A striking feature of the planet Earth is the vast amount of water covering ~71% 
of its surface (Shiklomanov and Rodda, 2003), making it the largest life-support 
system. The World Ocean is on average ~3700 m deep, reaching up to ~11 km 
(Shiklomanov and Rodda, 2003), comprising a volume of ~1338 × 106 km3 
(Shiklomanov and Rodda, 2003). Given the extensive size of this ecosystem, it 
is unsurprising that the majority of it remains unexplored. Nevertheless, the 
oceans are the foundation of life on Earth (Pendleton et al., 2020). Life in the 
Sea is dominated by microbes, given that just 1 Liter of seawater harbors as 
many as 1 billion microbial cells (Whitman et al., 1998). Roughly half of the 
planet’s primary production (i.e., photosynthesis, ultimately producing oxygen 
and organic carbon) is carried out by microorganisms in the ocean, with 
important implications for life and the climate on Earth (Falkowski et al., 1998; 
Field et al., 1998). 

Microorganisms are the oldest living organisms on Earth and have, ever since 
their emergence ~4 billion years ago (Nutman et al., 2016; Dodd et al., 2017), 
been central to ecosystem functioning (Falkowski et al., 2008). They are the 
most diverse and widespread form of life (Hug et al., 2016; Locey and Lennon, 
2016), capable of thriving in virtually all known habitats, including sea ice and 
hydrothermal vents in the deep sea (de Wit and Bouvier, 2006; Sogin et al., 
2006; Koh et al., 2011). Although the minuscule carbon content of ~12 fg C 
(1.2 ×  10-14 g C) per cell may appear insignificant at the first glance, 
collectively, bacteria (70 Gt C) and archaea (7 Gt C) contain orders of 
magnitude more carbon than multicellular organisms including humans (0.06 
Gt C) (Fukuda et al., 1998; Bar-On et al., 2018). Microbial cells are small, 
typically cell volumes range between ~0.4 and ~3 µm3 (Levin and Angert, 
2015). Yet, under nutrient-rich conditions, marine bacteria show fast growth 
rates. Estimated doubling times can range from minutes for bacterial model 
organisms in pure culture to days or even weeks for bacteria inhabiting the deep 
sea (Kirchman, 2008; 2016; Hagström et al., 2017). The combination of small 
size (efficient uptake of nutrients), short generation times (fast growth), 
numerical dominance, diverse metabolic strategies, and the long evolutionary 
history contributed to the striking phylogenetic and metabolic diversity of 
microbes that is present today (Hug et al., 2016). Ultimately, microorganisms 
are the engines driving planetary element cycles (e.g., C, N, and S) (Whitman 
et al., 1998; Falkowski et al., 2008; Kujawinski, 2011) and a central component 
of the ocean food web (microbial loop) (Azam, 1998) (Figure 1).  
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Figure 1 | Conceptual representation of the microbial loop. The majority of autochthonous 
organic matter originates from primary producers, which synthesize particulate organic 
matter (POM) and eventually dissolved organic matter (DOM). DOM, in turn, is readily 
respired by prokaryotes into carbon dioxide. However, a fraction of it re-enters the food web 
and becomes available to higher trophic levels (phytoplankton to fish). Modified and adapted 
from (Azam and Malfatti, 2007) and (Azam, 1998). 

Organic matter in the ocean 
Organic matter is predominantly produced through primary production (the 
conversion of inorganic carbon dioxide to organic carbon) by photosynthetic 
algae and cyanobacteria (autochthonous sources), and to a smaller extent 
transported into the oceans via rivers and atmospheric deposition 
(allochthonous sources) (Carlson and Hansell, 2015; Mühlenbruch et al., 2018). 
As of March 22nd, 2021 the atmosphere contained 417.19 parts per million 
(ppm) of carbon dioxide (CO2) (CO2.earth, 2021). According to estimates ~48.5 
Gt C are fixed annually by net primary production in the euphotic zone of the 
oceans (Benner and Amon, 2015). This results in an inventory of ~700 Gt of 
total organic carbon (TOC) (Hansell, 2013; Benner and Amon, 2015). Multiple 
biological, chemical and physical processes regulate both the magnitude and the 
quality of the released organic matter into the surrounding water. Accordingly, 
extracellular release by phytoplankton (Thornton, 2014), excretion by grazers, 
viral and bacterial lysis (Pernthaler, 2005), solubilization of particles, and 
release of extracellular polymeric substances by bacteria and archaea (Carlson, 
2002; Carlson and Hansell, 2015) are shaping the organic matter pool. This 
pool, divided into two operationally defined size classes, consists of particulate 
organic matter (POM) that is retained on filters (filter pore sizes typically range 



11 

between 0.2-0.7 µm) and dissolved organic matter (DOM), which passes 
through these filters (Nagata, 2008). The DOM pool harbors approximately 700 
Gt C (1 Gt = one gigaton or 1 × 1015 g), roughly half the amount of carbon 
currently present in the atmosphere (Hansell, 2013). DOM is a complex mixture 
of reduced carbon compounds, often bonded to heteroatoms such as oxygen, 
nitrogen (dissolved organic nitrogen; DON), phosphorus (dissolved organic 
phosphorus, DOP), and sulfur (dissolved organic sulfur, DOS). 
 

 
Figure 2 | The size continuum of organic matter and microbes in the ocean. The marine 
organic matter pool consists of particulate organic carbon (POC) and dissolved organic 
carbon (DOC) and is typically divided based on filter membrane pore size cutoffs of 0.2 to 
0.7 µm. Depicted is the size range of organic carbon in the ocean, ranging from chemically 
dissolved compounds such as monomers which can pass through the cell membrane (Weiss 
et al., 1991), polymers, colloids, transparent exopolymer particles (TEP), and gel organic 
matter (GOM). The DOC pool consists of low molecular weight DOM (LMW-DOM) < 1000 
Da and high molecular weight DOM (HMW-DOM) > 1000 Da (Benner et al., 1992; Carlson 
and Hansell, 2015). Modified and adapted from (Azam and Malfatti, 2007) and (Verdugo et 
al., 2004). 

Dissolved organic carbon (DOC) is the largest fraction of the DOM pool. DOC 
consists of a myriad of compounds, spanning over different compound classes 
and condensation states (i.e., monomers, oligomers, and polymers) (Hansell and 
Carlson, 2015; Moran et al., 2016), and is divided into two classes based on a 
molecular weight cut-off (Figure 2). Compounds exceeding 1 kDa are 
considered as high-molecular-weight (HMW-DOM) and these below as low-
molecular-weight (LMW-DOM) (Benner et al., 1992; Carlson and Hansell, 
2015). 
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The DOC pool is grouped into categories based on characteristics such as 
concentration, turnover times, and chemical identity of constituents (Carlson 
and Hansell, 2015). Compounds of the low-concentration high-flux pool are 
part of the labile DOC pool (LDOC). The LDOC pool has a relatively small 
inventory (~0.2 Gt C) compared to the other pools because marine microbes 
utilize compounds in steady-state over just hours to days. Comparisons of the 
estimated pool size and the turnover time of LDOC show a disproportionately 
high flux compared to its stock (Hansell, 2013). Hence, this labile fraction 
essentially fuels a significant amount of the heterotrophic production in the 
surface ocean (Hansell, 2013) (Figure 3). The LDOC pool consists of e.g., free 
sugars, dissolved free amino acids, labile proteins, nucleotides, DNA, and 
carboxylic acids (Biersmith and Benner, 1998; Geider and La Roche, 2002; 
Kirchman, 2003; Nagata, 2008; Bergauer et al., 2018; Vorobev et al., 2018). 
Importantly, low concentrations (or pool sizes) of specific compounds in 
seawater, often below the detection threshold of currently available instruments, 
can be a result of low production. Alternatively, concentrations can be low 
because the turnover and consumption rates by bacteria are extremely high. The 
latter seems to apply to many important organic compounds (e.g., sugars, amino 
acids, carboxylic acids, and vitamins) present in seawater (Moran et al., 2016). 
The semi-labile pool (SLDOC) consists of organic matter, which is less 
attractive and energetically less favorable for microbial growth and that is 
associated with a slower turnover (month to years, inventory ~6 Gt C) compared 
to the labile pool. The largest organic matter pool (~630 Gt C) in the ocean - 
primarily found in the bathy- and abyssopelagic - is refractory (RDOC). 
Curiously, the precise reasons for this massive amount of RDOC are still 
unknown. One hypothesis is that bacteria and archaea alter the DOM pool in a 
manner that prevents further degradation by microorganisms (microbial carbon 
pump concept), resulting in an estimated turnover time of RDOC between 4000-
6000 years (Jiao et al., 2010; Carlson and Hansell, 2015; Moran et al., 2016). 
Thus, the turnover of RDOC is comparably slow (Figure 3). Arrieta and 
colleagues (2015), in turn, hypothesized that single constituents are too diluted 
to support bacterial carbon and energy demands in the deep ocean. 
Irrespectively of the precise mechanisms, bacterial transformation alone is 
unlikely to account for the large pool of RDOC (Arrieta et al., 2015). 
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Figure 3 | Comparison of the inventories and fluxes of dissolved organic matter (DOM). 
The dissolved organic carbon pool (DOC) is a complex mixture of a myriad of organic 
compounds, grouped into different classes ranging from labile to refractory, based on 
characteristics such as inventories and turnover times by microorganisms. The labile 
dissolved organic carbon (LDOC) pool has a small pool size but a disproportionately high 
flux through marine microbes. The refractory dissolved organic matter pool (RDOC), in turn, 
is large but has a comparatively slow turnover time. Thus, the labile high-flux portion of the 
DOM pool supports most of the heterotrophic production in the Ocean but appears to be 
“invisible” (Moran et al., 2016). Modified and adapted from (Hansell, 2013) and (Jiao et 
al., 2010). 

High molecular weight DOM - sources, quantity, quality and 
vertical fluxes 
High molecular weight DOM (HMW-DOM) accounts for roughly one-third of 
the total DOM pool in the ocean (Benner et al., 1992), and it has been shown 
that HMW-DOM - in particular carbohydrates - is preferentially remineralized 
by marine microbes (Benner and Amon, 2015). Polysaccharides (glycans) 
contribute roughly half of the HMW-DOM pool in surface waters and up to one-
fourth below the euphotic zone (Benner et al., 1992) and fulfill important roles 
as primary energy storage compounds in photo- and chemoautotrophic 
organisms (Lapebie et al., 2019; Becker et al., 2020b; Arnosti et al., 2021). 
Carbohydrates including polysaccharides derive from a multitude of sources 
such as plants (e.g., cellulose), algae including phytoplankton (e.g., laminarin, 
chrysolaminarin, pectin, and fucoidan) (Beattie et al., 1961; Lewis and 
McCourt, 2004; Bennke et al., 2016), and crustaceans (e.g., chitin). Cellulose is 
one of the most abundant glycans on our planet, with an estimated stock of ~9.2 
× 1011 tons, produced by plants at ~0.85 × 1011 t y-1 (Duchesne and Larson, 
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1989; Leschine, 1995). Phytoplankton, in turn, produce every year ~12% (5-15 
Gt y-1) of the annual primary production in the form of laminarin (Alderkamp 
et al., 2007; Becker et al., 2020b). Chitin, is a critical source of carbon and 
nitrogen and one of the most abundant polymers in the ocean (Souza et al., 
2011). According to estimates, annually ~2.3 Mt of chitin is produced in the 
marine system by zooplankton (Jeuniaux and Voss-Foucart, 1991). Also, the 
cell walls of brown macroalgae such as Macrocystis and Sargassum are 
composed of proteins and polysaccharides, in particular the sulfated 
polysaccharide fucoidan and alginate, accounting for up to ~45% of their dry 
weight (Deniaud-Bouet et al., 2014; Deniaud-Bouet et al., 2017). While the 
precise diversity of glycans remain unknown, estimates range between several 
thousand to a theoretical maximum of up to 1012 isomers (hexasaccharides) 
(Lapebie et al., 2019). 

Phytoplankton- and bacterioplankton-derived organic matter can form three-
dimensional networks of biopolymers referred to as gel organic matter (GOM) 
(Verdugo et al., 2004). GOM is composed of transparent exopolymer particles 
(TEP) that are abiotically assembled from dissolved extracellular 
polysaccharides released by phytoplankton (e.g., diatoms) and bacteria in large 
quantities (Alldredge et al., 1993), and globular, sheet, or string-like 
proteinaceous particles (Coomassie stained particles - CSP) (Long and Azam, 
1996). Also, filter fluorescent particles (FFP) and DAPI yellow particles (DYP) 
have been identified that may overlap with TEP and CSP (Mostajir et al., 1995; 
Samo et al., 2008). Given that TEP is enriched in carbohydrates and CSP in 
proteins it is important to understand the influence that GOM quantity and 
quality have for determining successional patterns of bacterioplankton 
community composition and function during phytoplankton blooms, the role 
microbial enzymes play in the formation and degradation of GOM, and how 
these enzymatic activities influence export fluxes (Cho and Azam, 1988; Smith 
et al., 1995; Nagata, 2008). 

Collectively, these gel organic matter constituents are vital sources of carbon 
(C) and nitrogen (N) for heterotrophic microbes and aquatic food webs (Passow, 
2002). These constituents can form nanogels that are buoyant but more 
importantly can aggregate into larger particles that sink from the photic zone to 
the ocean’s interior (Figure 4), thereby connecting microbial and classical food 
webs but also establishing a link between surface and deep waters (Verdugo et 
al., 2004; Herndl and Reinthaler, 2013). Ultimately this vertical particulate 
organic matter (POM) flux is the prime source of organic compounds for 
heterotrophic microbes in the deep sea (Ducklow and Steinberg, 2001; Aristegui 
et al., 2009). 
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Figure 4 | Conceptual model depicting the crucial role of extracellular hydrolysis in the 
assembly and degradation of particulate organic matter (POM). Phytoplankton - 
particularly diatoms - excrete polymers that abiotically form larger aggregates such as 
marine snow and transparent exopolymers (TEP). Particle-attached and free-living bacteria 
produce a suite of hydrolytic enzymes that break these polymers into smaller oligo and 
monomers. Thereby, enzymatic activities prevent the aggregation of POM and hence the 
export. However, particle-attached bacteria hydrolyze POM during the sinking process, 
ultimately providing dissolved organic matter (DOM) for free-living bacteria in meso- and 
bathypelagic zones. Modified and adapted from (Cho and Azam, 1988; Smith et al., 1995; 
Nagata, 2008). 

Gene systems with important roles in the 
degradation and the uptake of DOM 

Enzymes (carbohydrate-active enzymes and peptidases) 
Primary producers synthesize and excrete the majority of organic matter in the 
sea (Field et al., 1998). These exudates are rich in polymers and especially 
polysaccharides (Mühlenbruch et al., 2018). Since the uptake of large 
biopolymers by bacteria is limited to ~600 Da molecular weight (Figure 2) 
(Weiss et al., 1991), some bacteria invest in the production of a large variety of 
extracellular enzymes that are either cell-attached or secreted, enabling them to 
hydrolyze polymers into oligo- and monomers that are suitable for transport 
across the cell membrane (Hoppe et al., 2002; Arnosti, 2011; Traving et al., 
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2015; Baltar et al., 2019). Among these enzymes are carbohydrate-active 
enzymes (CAZymes) that play essential roles in the synthesis, degradation, and 
modification of complex carbohydrates and glycoconjugates (Cantarel et al., 
2009). CAZymes are ubiquitously distributed among all organisms (Grondin et 
al., 2017). Since the first classification attempt by Henrissat in 1991 (Henrissat, 
1991), CAZymes have been particularly well studied in human gut microbiomes 
but also in an environmental context such as during phytoplankton blooms 
(Bauer et al., 2006; Teeling et al., 2012; El Kaoutari et al., 2013; Kappelmann 
et al., 2019). CAZymes can be divided into five modules: i) Glycoside 
Hydrolases (GHs) comprise catalytic enzymes which hydrolyze and rearrange 
glycosidic bonds, ii) Glycosyltransferases (GTs) are involved in the assembly 
of glycosidic bonds, iii) Polysaccharide Lyases (PLs) cleave polysaccharides 
using a non-hydrolytic mechanism, iv) Carbohydrate Esterases (CEs) catalyze 
the hydrolysis of carbohydrate esters, v) Auxiliary Activities (AAs) consist of 
enzymes carrying out redox reactions together with CAZymes, and vi) 
Carbohydrate-Binding Modules (CBMs) display a modular structure with non-
catalytic modules appended to the enzymes mentioned above (i-v) (Cantarel et 
al., 2009; Lombard et al., 2014; Zhang et al., 2018). In March 2021, the database 
called CAZy contained 170 GH families, 114 GT families, 41 PL families, 18 
CE, 16 AA families, and 88 families of non-catalytic CBM (see also 
www.cazy.org and www.cazypedia.org). In addition, some families are grouped 
into clans based on conserved three-dimensional structure, catalytic geometry 
and reaction stereochemistry (Davies and Sinnott, 2008). However, assignment 
of substrate specificity to certain GH families is hampered by the fact that 
multiple enzymes with different three-dimensional structures are catalyzing the 
same reaction. In fact, divergent evolution resulted in a diversification of GHs 
so that specific enzymes can be found in more than one GH family and a range 
of different specificities can be found within a GH family (Davies and Sinnott, 
2008). Nevertheless, putative substrate specificities can be assigned to 
important GH families to provide a better understanding of their potential 
ecological roles and the range of hydrolyzable compounds that drive 
heterotrophic bacteria (Teeling et al., 2012; Kamke et al., 2013; Becker et al., 
2017; Pelve et al., 2017; Becker et al., 2020b; Vera-Ponce de Leon et al., 2020). 

Peptidases (also called proteases) are enzymes that degrade proteins into 
polypeptides or single amino acids by cleaving the peptide bonds through 
hydrolysis (Rawlings, 2016). In comparison to the complexity of glycans, 
peptides are uniform, thus, a relatively small set of highly conserved families of 
peptidases suffice to degrade the majority of proteins (Rawlings, 2016; Lapebie 
et al., 2019). These proteolytic enzymes are currently classified based on i) the 
reaction that they catalyze, ii) the chemical properties of the catalytic site, and 
iii) sequence similarity taking into account evolutionary and structural 
relationships (Barrett, 1994) and are deposited in the MEROPS database 
(Rawlings et al., 2018). The database version 12.0 (September 2017) consists 
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of 3181 sequenced and experimentally characterized peptidases that are 
manually curated (Rawlings et al., 2018). The peptidases are hierarchically 
classified into protein species, families, and clans (Rawlings, 2016). A family 
is a set of homologous proteolytic enzymes that are grouped based on the 
catalytic type of the enzymes into Aspartic proteases (A), Cysteine (C), 
Glutamic (G), Metallo (M), Asparagine (N), Serine (S), Threonine (T), Mixed 
(P), and Unknown (U) (Rawlings, 2016). The catalytic types serine (942), 
metallo (633), and cysteine (615) are best represented in the MEROPS database 
(Rawlings et al., 2010). Clans, in turn, summarize one or more peptide families 
that share an evolutionary relationship e.g., similar tertiary structures, 
alternatively a similar order of catalytic-site residues in the polypeptide chain, 
and possibly common sequence motifs (sequence-specific binding sites for 
proteins) around the catalytic residues (Rawlings et al., 2018). 
 

Membrane transporters 
Bacteria and archaea in the ocean are exposed to constantly changing 
environmental conditions, for example, varying nutrient concentrations over 
space and time (Stocker, 2012; Zehr et al., 2017). In order to be successful in 
this dynamic environment, microorganisms evolved various uptake systems 
which allow them to scavenge nutrients efficiently (Hosie and Poole, 2001; 
Davidson and Chen, 2004; Mulligan et al., 2011; Fernandez et al., 2019). 
Phytoplankton-derived organic matter (in particular POM and HWM-DOM) 
needs to be transformed into oligo and monomeric compounds (LMW-DOM) 
prior to uptake via diverse transport systems. Subsequently, compounds < 600 
Da need to pass the outer cell membrane of gram-negative bacteria and make 
their way through the periplasmic space, and finally pass the inner membrane 
(Arnosti, 2011). This uptake is enabled and facilitated by a diverse set of 
membrane transport proteins. These proteins are hierarchically grouped into 
different transporter classification (TC) systems and collected in the transporter 
classification database (TCDB) (Saier et al., 2006). At the time of writing, the 
database consisted of 1557 families of transport proteins including for example, 
adenosine triphosphate-binding cassette transporters (ABC) (Davidson and 
Chen, 2004), tripartite ATP-independent periplasmic transporters (TRAP) 
(Mulligan et al., 2011), tripartite tricarboxylate transporters (TTT) (Winnen et 
al., 2003), TonB-dependent transporters (TBDT) (Noinaj et al., 2010), and 
ammonium transporters (Pantoja, 2012). These transporters are grouped based 
on TC categories into channels/pores (TC 1), electrochemical potential-driven 
transporters (TC 2), primary active transporters (TC 3), group translocators (TC 
4), and electron carriers (TC 5). 
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Considerations regarding bacterial foraging 
strategies and the micro-scale architecture in which 
bacteria interact with phytoplankton and organic 
matter 
From a birds-eye view, the oceans are seemingly homogenous. However, at the 
microscale, chemical and physical gradients are exceptionally dynamic, 
heterogeneous and patchy (Stocker, 2012). The most important interface 
between phytoplankton and prokaryotes is the thin region surrounding a 
phytoplankton cell coined the “phycosphere”. This region is enriched in organic 
compounds, which become readily available upon bloom demise (Buchan et al., 
2014; Mühlenbruch et al., 2018) (Smriga et al., 2016; Seymour et al., 2017). 
However, phytoplankton blooms are episodic events, and nutrient hotspots 
dissipate over very short timescales due to uptake and physical mixing (Stocker, 
2012). In contrast to nutrient-rich systems that are characterized by intense 
phytoplankton blooms, open ocean areas like the big-gyres (Reintjes et al., 
2019b) are typically defined by low inorganic nutrient concentrations and 
therefore have the lowest primary production (sometimes referred to as oceanic 
“deserts”). These differences in environmental conditions are broadly 
associated with the extremes of two distinct evolutionary strategies among 
bacteria. Hence, some bacteria are well adapted to thrive under high nutrient 
concentrations, while others evolved to thrive in the oligotrophic oceans (Koch, 
2001; Lauro et al., 2009; Giovannoni, 2017). 

Microbes well adapted to respond rapidly to nutrient pulses, depict fast 
growth rates (> 1 h-1), and have typically large genome sizes (e.g., > 4.8 Mbp 
Photobacterium angustum S14) are known as copiotrophs (r-strategy) (Lauro et 
al., 2009; Kirchman, 2016). Copiotrophs regulate the expression of many genes 
compared to their oligotrophic counterparts (Cottrell and Kirchman, 2016). 
Also, many are motile, able to sense chemical gradients (chemotaxis), thereby 
prolonging the time spent in nutrient hotspots (Smriga et al., 2016). Motility is 
a common copiotrophic trait and is often linked with the expression of 
extracellular enzymes (Mühlenbruch et al., 2018). At a first glance, this lifestyle 
seems desirable in the competition for resources by enabling cells to quickly 
adapt to fluctuations or periodic pulses of nutrients (Stocker et al., 2008; Smriga 
et al., 2016; Fernandez et al., 2019). However, operating a complex motility 
machinery is associated with additional energetic costs (Stocker, 2012; Taylor 
and Stocker, 2012) and may increase the encounter rate with predators (Matz 
and Jurgens, 2005; Visser and Kiørboe, 2006). 

Contrary to the copiotrophs, which thrive under high nutrient concentrations 
as found in, e.g., coastal upwelling zones, oligotrophic microorganisms face 
nutrient scarcity in a relatively stable environment. Therefore, these organisms 
tend to have evolved smaller genomes. This process is referred to as genome 
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streamlining (Giovannoni et al., 2005b) and represents an evolutionary 
adaptation of oligotrophs to nutrient-poor conditions. Having smaller genomes 
reduces the energy and nutrient demand and contributes to the success of 
oligotrophs in the open ocean. Oligotrophs typically grow slower (< 0.2 h-1) 
compared to copiotrophs (Lauro et al., 2009; Kirchman, 2016). Examples of 
such bacteria are found within the Alphaproteobacteria (e.g., SAR11 clade), 
including Pelagibacter ubique the most abundant and ubiquitously distributed 
bacteria in the ocean (genome size ~1.3 Mbp, ~0.4 µm in diameter) 
(Giovannoni, 2017; Zehr et al., 2017). These bacteria regulate only a small 
fraction (< 0.1%) of their genes (Cottrell and Kirchman, 2016), although up to 
10% have been reported elsewhere (Steindler et al., 2011). These two 
contrasting environmental settings and associated microbial adaptations 
(lifestyles) are critical for our understanding of microbial evolution (Koch, 
2001) and ultimately for ecosystem processes. 

Besides the broadly used dichotomy between copiotrophs and oligotrophs, 
bacterial foraging strategies are certainly more diverse and nuanced in their 
natural habitats (Fernandez et al., 2019). However, knowledge of the various 
foraging strategies utilized by marine microbes and how they contribute to the 
partitioning of resources is crucial for understanding the complex dynamics of 
DOM cycling in the sea. For instance, Reintjes and colleagues (2019) proposed 
a three-player model consisting of selfish, sharing, and scavenging microbes 
that are collectively responsible for the transformation and respiration of 
organic matter (Reintjes et al., 2019a). The different foraging strategies 
highlight the diverse adaptations of microbes to distinct niches (Lauro et al., 
2009). 

Bacterial and archaeal communities in the ocean are exceptionally diverse 
(Sunagawa et al., 2015). Understanding the mechanisms that allow the 
coexistence of a plethora of different species (e.g., phytoplankton, bacteria, and 
archaea) in a seemingly homogenous environment with limited resources has 
been a central question in microbial ecology (Hutchinson, 1961; Sunagawa et 
al., 2015). For example, resource (niche) partitioning among species provides 
one explanation for this observation (Salazar and Sunagawa, 2017). The 
ecological niche concept, as outlined by Hutchinson (1957), describes a niche 
as an n-dimensional hypervolume that corresponds to an environmental state 
which enables a species to exist indefinitely. This niche space is called an 
organism’s fundamental niche (Hutchinson, 1957). Thus, each organism in a 
population has a fundamental niche space. The genome contents of bacteria 
ultimately define their fundamental ecological niches (Marco, 2008; Lauro et 
al., 2009). More recently, it has been shown that ecological niches can be 
predicted from metagenomes (Suen et al., 2007; Alneberg et al., 2020). 
However, microorganisms rarely live isolated, thus are likely to compete for the 
same resources in nature. Assuming that two species have the same fundamental 
niche, they cannot stably coexist according to competition exclusion principles 
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(Hardin, 1960). Thus, a microorganism’s realized niche is the reduced space in 
which a cell can coexist and be competitive. Metatranscriptomics, in turn, 
allows detecting the portion of the genome that is actively transcribed as a 
consequence of, for example, an environmental stimulus such as exposure to 
organic matter as demonstrated in (Gifford et al., 2013) and Paper I. Thus, the 
analysis of transcribed genes enables us to estimate a microorganism’s realized 
niche at a given time. While this response does not necessarily indicate the full 
potential (fundamental niche), it allows hypothesizing about the actively used 
fraction of the realized niche space that the microorganism occupied under 
competition. Thus, we can estimate the particular role of these organisms in a 
biogeochemical process. In the light of the previously mentioned 
considerations, metatranscriptomic analyses potentially represent conservative 
estimates of bacterial phenotypes (functional traits). 
 

The Ocean Microbiome 
Aquatic ecosystems are full of microbial life, collectively accounting for the 
largest living surface area on Earth (Whitman et al., 1998). Although the precise 
mechanisms involved in prokaryotic foraging in the ocean remain unknown, 
advances in molecular techniques and tools allow us to shed light on the 
microbial “black box” and to study the incredible diversity and complexity that 
is hidden in just one drop of water (Stocker, 2012; Moran et al., 2016). At a high 
taxonomic level, the world's oceans are essentially dominated by a few bacterial 
and archaeal clades (e.g., Alphaproteobacteria, Gammaproteobacteria, 
Bacteroidetes, Cyanobacteria, and Thaumarchaeota) (Glockner et al., 1999; 
Kirchman, 2002; Kirchman et al., 2003; Brown et al., 2014; Yilmaz et al., 2015; 
Giovannoni, 2017). Here, I am introducing a few of them with a focus on their 
contribution to the processing of DOM compounds (degradation, modification, 
and uptake) and their role in biogeochemical cycles. However, this is by no 
means an exhaustive overview of the exceptional diversity of microorganisms. 
Many more bacterial and archaeal groups with essential roles in global nutrient 
cycles exist, which go beyond the scope of this thesis (Figure 5). 
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Figure 5 | A current view of the tree of life. The tree is based on 16 concatenated ribosomal 
protein alignments comprising 3083 genomes. Relevant bacterial and archaeal lineages, of 
which a few are discussed in this thesis, are highlighted in color. Modified and adapted from 
(Hug et al., 2016). 

 

Alphaproteobacteria 
The Alphaproteobacteria are a diverse and ancient bacterial group, displaying 
exceptionally diverse metabolic strategies (Giovannoni, 2017; Daniel et al., 
2018). This class consists of two subgroups that are abundant in the oceans, 
oligotrophs that are capable of thriving and surviving in low-nutrient 
environments such as the SAR11 clade (e.g., Pelagibacter ubique) and 
members that are often associated with phytoplankton blooms, e.g., the 
Roseobacter clade (Buchan et al., 2014; Giovannoni, 2017). 
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The SAR11 clade (Pelagibacterales) is relatively old, branching near the root 
of the Alphaproteobacteria, and these bacteria are among the most abundant 
organisms in the world accounting for up to 50% of the total surface microbial 
community in the ocean (Morris et al., 2002). They are ubiquitously distributed, 
reaching the highest cell abundances in stratified, oligotrophic oceanic gyre 
systems (Giovannoni, 2017). Pelagibacterales are small, vibrioid, and free-
living cells. An interesting feature of Pelagibacter ubique is the reduced 
genome size (Grote et al., 2012), resulting in one of the smallest genomes (~1.3 
Mbp) of free-living bacteria sequenced so far (Giovannoni et al., 2005b). 
Interestingly, comparative genomics showed unprecedented conservation of the 
genome among the SAR11 clade (Grote et al., 2012). However, the authors 
noticed substantial variation among genomes (e.g., phosphorus metabolism, C1 
metabolism, glycolysis), suggesting a high degree of adaptive specialization for 
resources resulting in ecotype divergence within the SAR11 clade (Grote et al., 
2012). For instance, the SAR11 clade can generate energy by a light-driven 
proteorhodopsin proton pump (Giovannoni et al., 2005a) or respiration 
(Giovannoni, 2017). Moreover, they are exceptionally efficient in the uptake of 
labile compounds such as amino acids and dimethylsulfoniopropionate (DMSP) 
through high-affinity transporters such as ABC transporters (Malmstrom et al., 
2004; Sowell et al., 2009; Zhao et al., 2017). Interestingly, SAR11 isolates from 
the open ocean lacked the ability to grow on glucose, whereas a coastal isolate 
could use glucose as a carbon source (Schwalbach et al., 2010). Taken together, 
SAR11 are exceptionally abundant, active, and specialized to thrive under low 
nutrient conditions in euphotic water layers. Therefore, they significantly 
impact element cycles such as carbon (C), nitrogen (N), sulfur (S) (Tripp et al., 
2008; Giovannoni, 2017). 

The Roseobacter clade, a paraphyletic group within the Rhodobacteraceae 
(Simon et al., 2017), comprises more than 60 described genera and thousands 
of uncharacterized species and strains (Buchan et al., 2014; Pujalte et al., 2014). 
Within the Roseobacter clade, many taxa thrive in a broad variety of 
environments such as sediments, sea ice, and animal surfaces (Buchan et al., 
2005; Buchan et al., 2014; Daniel et al., 2018). They comprise 20 to 30% of the 
bacterioplankton community in coastal surface waters but less than 1% below 
the euphotic zone (Buchan et al., 2005; Daniel et al., 2018). Roseobacters play 
an important role in the transformation of C, N, S, and phosphorus (P). Genome 
analysis of isolated and uncultured members suggests diverse adaptations to 
different environmental settings within this clade (Newton et al., 2010; Ottesen 
et al., 2011; Buchan et al., 2014). Accordingly, genomic studies revealed a 
relatively high abundance of transporters, in particular, ABC (ATP binding 
cassette), TRAP (Tripartite ATP-independent periplasmic), and MFS (Major 
facilitator superfamily) (Moran et al., 2007; Newton et al., 2010). Therefore, the 
Rosebacter seems to be exceptionally efficient in the uptake of phytoplankton-
derived organic matter such as DMSP, urea, polyamines (spermidine and 
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putrescine), amino acids (taurine, glycine betaine), methylated amines, 
phosphoesters, and phosphonates (Gonzales et al., 1999; Newton et al., 2010; 
Chen, 2012). 
 

Gammaproteobacteria 
The class Gammaproteobacteria consists of ~250 genera with broad ranges of 
trophic strategies, morphologies, and adaptations to a variety of environmental 
gradients (Williams et al., 2010). At large, this class consists of copiotrophs but 
also bacteria from the oligotrophic marine gammaproteobacteria (OMG) group, 
including the recently proposed order Cellvibrionales ord. nov. (Cho et al., 
2007; Kang et al., 2011; Huggett and Rappe, 2012; Spring et al., 2015). The 
OMG contains for instance proteorhodopsin and ribulose bisphosphate 
carboxylase genes (Cho et al., 2007; Kang et al., 2011; Huggett and Rappe, 
2012). Commonly known copiotrophic Gammaproteobacteria are Vibrio, 
Alteromonas, Pseudoalteromonas, and to some extent Oceanospirillum 
(Fuhrman and Hagström, 2008). Many members within the 
Gammaproteobacteria are responsive to organic matter additions and show 
exceptionally high activities and growth rates in enrichment experiments and 
field observations (McCarren et al., 2010; Mason et al., 2012; Sarmento and 
Gasol, 2012; Mason et al., 2014; Pedler et al., 2014; Pedler Sherwood et al., 
2015) and (Paper I and III). They are among the major polysaccharide 
degraders and some members are even capable of degrading the structural 
polysaccharide cellulose found in plant cell walls (Edwards et al., 2010). Thus, 
this group consists of important players in the turnover of major element cycles, 
e.g., C and S (Dyksma et al., 2016). 
 

Alteromonadales 
The Alteromonadales is an order of the class Gammaproteobacteria. Members 
of this order are motile copiotrophic heterotrophs, of which many are r-
strategists (Koch, 2001; Pedler et al., 2014). Alteromonadales are globally 
distributed and thrive particularly well in temperate (Ivars-Martinez et al., 
2008a) and artic regions (Williams et al., 2013). Members within the order are 
abundant in surface waters but also functionally active in the deep sea (Lopez-
Perez et al., 2012; Bergauer et al., 2018) reflecting ecotype diversification 
(Garcia-Martinez et al., 2002; Lopez-Lopez et al., 2005; Ivars-Martinez et al., 
2008b; Neumann et al., 2015). Alteromonas macleodii is one of the best-studied 
“model” species and regarded as a representative strain of the order 
Alteromonadales (Lopez-Perez et al., 2012). Single isolates within the order are 
exceptionally efficient in the utilization of DOC. Hence, they have the potential 
to significantly contribute to the cycling of carbon compounds (Pedler et al., 
2014), and it is not surprising to find them among the dominant bacterial groups 
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associated with particles and increased abundance/activity during elevated 
concentration of HMW-DOM from seawater or phytoplankton-derived organic 
matter (McCarren et al., 2010; Sarmento and Gasol, 2012). Alteromonas spp. 
show an array of diverse metabolic strategies related to distinct carbohydrate 
utilization. For instance, A. macleodii encodes alginolytic systems consisting of 
alginate lyases, is capable of hydrolyzing laminarin, pullulan, and xylan, and 
encodes TonB-dependent receptors (TBDR) (Neumann et al., 2015; Wietz et 
al., 2015; Mitulla et al., 2016). Moreover, catabolite repression allows them to 
prioritize certain polysaccharides e.g., laminarin (GH16, GH3, GH1) over 
alginate and pectin (GH105, GH28, CE8, PL1, PL6, PL17) (Koch et al., 2019a; 
Koch et al., 2020). Hence, Alteromonadales are key players during 
phytoplankton blooms and are known to thrive in laboratory co-cultures with 
cyanobacteria (Tada et al., 2011; Aharonovich and Sher, 2016; Hou et al., 
2018). They certainly fulfill an important ecological role as external polymer 
degraders in natural environments (Reintjes et al., 2019a) and may be crucial 
for exchanging metabolites with other bacteria (Aharonovich and Sher, 2016). 
 

Pseudomonadales 
The genus Pseudomonas within the order Pseudomonadales is perhaps best 
known for its pathogenic representatives, e.g., Pseudomonas aeruginosa 
(Mougous et al., 2006). However, the genus is exceptionally diverse and 
globally distributed, found in a wide range of habitats (from freshwater to the 
open ocean and the deep sea), and often associated with plants and animals 
(Palleroni and Doudoroff, 1972; Spiers et al., 2000; Nelson et al., 2002; Timmis, 
2002; Khan et al., 2007; Bravakos et al., 2021). Some species are efficient 
degraders and capable of utilizing toxic compounds, aromatic hydrocarbons, 
dipeptides, and proteins, as well as branched-chain amino acids (Griffith and 
Fletcher, 1991; Bartolome-Martin et al., 2004; Kazakov et al., 2009; Teufel et 
al., 2010; Wasi et al., 2013). Moreover, members within the Pseudomonadales 
were exceptionally competitive and active in enrichment experiments amended 
with amino acids (Paper I). Thus, this order fulfills vital contributions in 
biogeochemical element cycles in the global ocean. 
 

Oceanospirillales 
Oceanospirillales are found in marine environments (Satomi and Fujii, 2014). 
Together with Alteromonadales, they contributed up to ~2% in metagenomes 
and ~20% of metaproteomes in the Arctic (Williams et al., 2013) and are known 
to be members of the surface water communities in the Atlantic Ocean (Joglar 
et al., 2020; Joglar et al., 2021). Oceanospirillales are capable of degrading 
hydrocarbons (near-complete pathways for non-gaseous n-alkane and 
cycloalkane degradation) and produce bactericidal compounds (Mason et al., 
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2012; Redmond and Valentine, 2012; Mason et al., 2014; Satomi and Fujii, 
2014). Also, they encode chemotaxis and motility genes besides a complete B12 
vitamin synthesis pathway in conjunction with a suite of transporters for 
scavenging nutrients such as amino acids, fatty acids, carboxylic acids, 
ammonium, iron, sulfate, and phosphate (Mason et al., 2012; Delmont et al., 
2015). A multi-omics study showed that the utilization of organic matter in the 
bathypelagic zone was dominated by Oceanospirillales (Zhao et al., 2020). 
Also, in a metatranscriptomics study, Oceanospirillales dominated most 
metabolic processes upon enrichment with a suite of monosaccharides (Paper 
I). The experimental evidence suggests that these bacteria are extraordinarily 
efficient in scavenging labile DOM compounds. 
 

Cellvibrionales 
Recently, it has been suggested to assign members of the OMG group to the 
newly proposed order Cellvibrionales (Spring et al., 2015). The evolutionary 
relationship of the three major orders Cellvibrionales, Oceanospirillales, and 
Pseudomonadales is complex (Liao et al., 2020). Although knowledge of the 
ecophysiology of Cellvibrionales is limited, they seem to be globally distributed 
(Banerjee et al., 2018; Signori et al., 2018; Chenard et al., 2019; Pajares et al., 
2020) and found to be important during phytoplankton blooms in the North 
Atlantic upwelling system (Joglar et al., 2020). Moreover, metatranscriptomics 
analyses during upwelling induced phytoplankton blooms and across a stratified 
depth profile showed that Cellvibrionales are exceptionally active in 
transcribing glycoside hydrolases (GHs) (Paper III and IV), suggesting a vital 
role as polymer degraders in the global ocean. 
 

Bacteroidetes, Flavobacteriales 
The term Flavobacteria refers to bacteria in the class Flavobacteriia in the 
phylum Bacteroidetes. Currently, the order Flavobacteriales consist of only four 
families. The Flavobacteriaceae form a major and very diverse family in this 
order, with more than 100 genera (Buchan et al., 2014). Sequenced genomes 
indicate features that allow the organisms to attach to particles and to perform 
gliding motility (Fernandez-Gomez et al., 2013). Flavobacteriaceae are 
widespread across diverse habitats ranging from marine, freshwater to 
terrestrial habitats (Fuhrman and Hagström, 2008). Flavobacteria, like other 
relatives in the phylum, are, judged by their genome content and transcriptional 
response, specialized in the degradation of HMW-DOM compounds (Teeling et 
al., 2012; Fernandez-Gomez et al., 2013) and (Paper I and III). This is reflected 
in a relatively large number of glycoside hydrolases (GHs), peptidases, and 
glycosyltransferases (GTs), along with genes encoding for TonB-dependent 
receptors (e.g., SusC and RagA) and outer membrane-binding proteins (e.g., 
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SusD and RagB) (Fernandez-Gomez et al., 2013; Mann et al., 2013; Williams 
et al., 2013). Noteworthy, these diverse genes are strictly regulated and arranged 
in clusters known as polysaccharide utilization loci (PULs) (Bjursell et al., 
2006; Fernandez-Gomez et al., 2013; Grondin et al., 2017; Kappelmann et al., 
2019; Lapebie et al., 2019). In laboratory experiments and field observations, 
including phytoplankton blooms, it was shown that they perform crucial 
ecological roles in the degradation of polysaccharides and proteins (Pinhassi et 
al., 1999; Cottrell and Kirchman, 2000; Riemann et al., 2000; Pinhassi et al., 
2004; Teeling et al., 2012; Fernandez-Gomez et al., 2013; Bennke et al., 2016; 
Orsi et al., 2016) and (Paper I and III). Another interesting feature of some 
relatives discovered recently, is a ‘selfish’ uptake mechanism of molecules 
exceeding > 600 Da molecular weight into the periplasmic space through TonB-
dependent outer membrane transporters and further hydrolysis in the 
periplasmic space to minimize the loss of hydrolysis products (Reintjes et al., 
2017). These genomic adaptations ultimately enable Flavoacteriales to degrade 
a suite of organic polymers in aquatic environments.  
 

Planctomycetes 
Planctomycetes are members of the PVC superphylum (Wagner and Horn, 
2006). The PVC superphylum is a monophyletic group consisting of the phyla 
Planctomycetes, Verrucomicrobia, Chlamydiae, Lentisphaerae, and the 
candidate phyla Poribacter and OP3 (Wagner and Horn, 2006). Planctomycetes 
are globally distributed and abundant in various habitats including terrestrial 
and marine systems where they constitute up to 7% of the microbial community 
(Glockner et al., 1999). They are aerobic heterotrophs that are often associated 
with marine snow and phytodetritus (Glockner et al., 2003). In the Baltic Sea, 
they are not among the most abundant bacterial groups, but they increase in 
abundance during summer and typically show strong correlations with 
phytoplankton biomass and colored dissolved organic matter (cDOM) (Lindh 
et al., 2015; Bunse et al., 2016). Interestingly, the majority of Planctomycetes 
lack peptidoglycan in their cell walls (Glockner et al., 2003; van Teeseling et 
al., 2015) and possess additional features that are eukaryote-like such as a 
membrane-bounded nuclear body (Fuerst, 1995). Comparative genome analysis 
of a few members of the phylum Planctomycetes showed a versatile hydrolytic 
potential and growth on a variety of polysaccharides (e.g., xylan, pectin, starch, 
cellulose, chitin, and microbial-derived polysaccharides) (Ivanova et al., 2017; 
Dedysh and Ivanova, 2019). Also, some representatives of marine 
Planctomycetes are capable of gaining energy from the anaerobic oxidation of 
ammonia directly into dinitrogen gas (Anammox) (Strous et al., 1999) and may 
even be capable of fixing nitrogen (Delmont et al., 2018). Thus, they play 
crucial ecological roles by taking part in marine N and C cycles (Glockner et 
al., 2003; Wagner and Horn, 2006; Delmont et al., 2018). 
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Verrucomicrobia 
Verrucomicrobia (PVC superphylum) are best known for their abundance in 
soil but are also ubiquitous in the ocean. They constitute ~2% of the bacterial 
community, and depict pronounced community variability related to 
physiochemical gradients (Freitas et al., 2012). In the Baltic Sea, they become 
abundant during summer (Andersson et al., 2010). Despite their seemingly low 
abundance in marine microbial communities, Verrucomicrobia harbor an 
astounding set of carbohydrate-active enzymes (CAZymes) (Martinez-Garcia 
et al., 2012). In particular, they encode glycoside hydrolases (GH107, GH2); 
sulfatases, and carbohydrate esterases to hydrolyze the cell wall polysaccharide 
fucoidan in brown macroalgae (Sichert et al., 2020). Interestingly, the 
degradation of fucoidans is slower compared to other polysaccharides, likely 
because of the branched and highly sulfated structure of this polysaccharide. 
Curiously, during the degradation of fucoidans, toxic intermediates such as 
lactaldehyde are produced (Sichert et al., 2020). Therefore, the degradation of 
fucoidans is limited to highly specialized organisms which harbor genomic 
features and adaptations such as bacterial microcompartments (BMC) to cope 
with the toxic intermediates (Sichert et al., 2020). Thus, Verrucomicrobia may 
be more important in the cycling of carbon, especially of specific 
polysaccharides, than their abundances may suggest. 
 

Nitrospinae 
The majority of inorganic fixed nitrogen in marine ecosystems is present in the 
form of nitrate, thus nitrite is rapidly oxidized to nitrate by nitrite-oxidizing 
bacteria (NOB) (Kuypers et al., 2018). NOB are chemolithoautotrophs that 
catalyze the second step of nitrification, the aerobic oxidation of nitrite (NO2

-) 
to nitrate (NO3

-) (Daims et al., 2016; Kuypers et al., 2018). For instance, 
Nitrospinae are the most abundant NOB in the global dark ocean where they 
substantially contribute to the oxidation of nitrite via nitrite oxidoreductase 
genes that are often encoded on a single operon (NxrABC) (Pachiadaki et al., 
2017). 
 

Cyanobacteria 
Marine picocyanobacteria are the most abundant organisms on Earth that 
possess chlorophyll a and perform oxygenic photosynthesis (Scanlan et al., 
2009; Schirrmeister et al., 2011). The phylum Cyanobacteria consists of 
hundreds of genera, and two of them, Prochlorococcus (Chisholm et al., 1988) 
typically found under stable oligotrophic settings and Synechococcus 
(Waterbury et al., 1979) which are often found in dynamic environments with 
higher nutrient concentrations (Scanlan et al., 2009; Flombaum et al., 2013; 
Biller et al., 2015) occur in high abundances in oceanic waters, along with e.g. 
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larger genera like Trichodesmium. However, the two genera differ in their 
metabolic diversity and global distribution. For instance, Prochlorococcus 
shows pronounced ecotype diversification toward different light intensities 
(high- and low-light) (Moore et al., 1998), whereas Synechococcus is 
genetically exceptionally diverse and shows adaptations to gradients in nutrients 
and light quality through diverse pigments (Rocap et al., 2003; Dufresne et al., 
2005; Palenik et al., 2006; Scanlan et al., 2009 and references therein). 
Prochlorococcus is typically found between 45ºN and 40ºS and more abundant 
offshore, whereas Synechococcus is ubiquitously distributed (Scanlan et al., 
2009 and references therein). Interestingly, while photoautotrophs are known 
for their ability to produce carbohydrates, they also encode a variety of enzymes 
(e.g., cellulases, amylases, galactosidases, proteases, and lipases) to degrade 
them (Brasil et al., 2017). A search for Synechococcus and Prochlorococcus in 
the CAZy database (January 18th, 2020) resulted in 71 and 34 entries, 
respectively, including diverse sets of e.g., glycoside hydrolases and 
carbohydrate esterases. Although these groups utilize light energy to produce 
organic compounds, they also encode transporters, for example, ABC 
transporters (for amino acids, peptides and sugars), and ferrous iron 
transporters, suggesting that mixotrophy is an important feature of 
picocyanobacteria (Scanlan et al., 2009; Yelton et al., 2016). 
 
 

Archaea 

Archaea are often morphologically indistinguishable from Bacteria. However, 
they are a separate evolutionary branch fundamentally different from Bacteria 
and in many regards more similar to Eukaryotes (Spang et al., 2015). 
Consequently, they do share specific features with Eukaryotes, namely the same 
number of RNA polymerase subunits, DNA polymerase family B (Huet et al., 
1983). Yet, another difference is that Archaea lack a murein cell wall and many 
taxa have only one membrane that is surrounded by a glycoprotein S-layer 
(Albers and Meyer, 2011). While it was once thought that Archaea are restricted 
to extreme habitats characterized by high temperature, pressure, or salinity 
(Santoro et al., 2019), our understanding of their global distribution, metabolic 
capabilities and importance in biogeochemical cycles has changed dramatically. 
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Thaumarchaeota 
Nitrification, the oxidation of ammonia via nitrite to nitrate, plays a central role 
in the oceanic nitrogen cycle. For decades, it was believed that ammonia-
oxidizing bacteria (AOB) exclusively perform the first step of nitrification (the 
oxidation of ammonia to nitrite) (Kuypers et al., 2018). However, the discovery 
of Nitrosopumilus maritimus, an archaeon belonging to the phylum 
Thaumarchaeota (Brochier-Armanet et al., 2008; Spang et al., 2010), revealed 
for the first time that mesophilic ammonia-oxidizing archaea (AOA) may play 
a crucial role in the global nitrogen cycle (Könneke et al., 2005). N. maritimus 
oxidizes ammonia to nitrite with the key enzyme ammonia monooxygenase 
(alpha subunit - amoA) (Könneke et al., 2014; Kuypers et al., 2018). Archaeal 
ammonia oxidation is coupled with the inorganic fixation of carbon dioxide 
(Pratscher et al., 2011). Thaumarchaeota fix inorganic carbon via a modified 
version of the 3-hydroxypropionate/4-hydroxybutyrate cycle (Berg et al., 2007; 
Fuchs, 2011; Hugler and Sievert, 2011; Könneke et al., 2014). However, the 
low energy yield attainable by ammonia oxidation suggests that a large quantity 
of ammonia has to be oxidized to fix a small amount of carbon dioxide (Norman 
et al., 2015). Thaumarchaeota can account for up to ~40% of microbial 
communities (Karner et al., 2001; Herndl et al., 2005) and it has been shown 
that AOA are widespread in marine waters and sediments including hypoxic 
waters (Francis et al., 2005; Berg et al., 2015) to the extent that AOA may even 
outperform their bacterial counterparts (AOB) by orders of magnitude (Wuchter 
et al., 2006). 

Moreover, members of the Thaumarchaeota encode a variety of ABC type 
transporters (e.g., amino acids, oligopeptides, phosphonates), high-affinity 
ammonium transporters and urea metabolism genes (urea transporters and 
ureases), allowing them to outcompete bacteria under low ambient ammonium 
concentrations (nM range) (Martens-Habbena et al., 2009; Walker et al., 2010; 
Alonso-Saez et al., 2012; Bayer et al., 2016). Regarding their role in the 
degradation of polymers, a large scale meta-omics study recently reported only 
a minor contribution of Archaea encoding and expressing CAZymes and 
peptidases (Zhao et al., 2020). This is in agreement with our results from the 
Gullmar Fjord (Paper IV). Thus, Archaea, particularly Thaumarchaeota, seem 
to be more important in labile organic matter uptake than extracellular 
degradation of polymers. Recently, two genomic studies identified populations 
within the Thaumarchaeota that do not oxidize ammonium but rather have a 
fully heterotrophic lifestyle (Aylward and Santoro, 2020; Reji and Francis, 
2020). This confirms early suggestions that ~17% of bulk of archaeal biomass 
production is fueled by heterotrophic consumption of organic carbon (Ingalls et 
al., 2006). Moreover, Thaumarchaeota may be an ecologically relevant source 
of labile organic matter (e.g., amino acids and cobalamin), as has been recently 
demonstrated for AOA in pure cultures (Doxey et al., 2015; Bayer et al., 2019). 
Assuming that AOA would release similar quantities of organic matter in their 
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natural environment as has been estimated in the laboratory, these exudates 
could indeed be important substrates for heterotrophs in the dark ocean. Thus, 
Thaumarchaeota are important constituents of the marine microbiome with 
crucial roles in oceanic C and N cycles. 
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Aims of this thesis 

The ocean microbiome is exceptionally diverse regarding taxonomy and 
metabolic and ecological functions. Although our knowledge of microbial 
diversity and functional potential has advanced over the last decades, 
mechanistic understanding of the molecular mechanisms involved in microbial 
DOM cycling in aquatic systems is still limited. This thesis aims to extend our 
knowledge of the interdependency between DOM and prokaryotes using 
metatranscriptomics, laboratory experiments, and field studies over different 
spatiotemporal gradients. A first focus was on examining functional gene 
expression responses in natural microbial communities to ecologically relevant 
a priori defined organic matter compounds (Paper I). I thereafter focused on 
complex DOM mixtures (uncharacterized) derived from rivers rich in humic 
substances or inorganic nutrients (Paper II), and phytoplankton-derived 
organic matter produced during either induced (Paper II and III) or natural 
blooms (Paper III) across spatiotemporal gradients (Paper II, III, and IV). 
These studies were carried out with the following overarching aims: 
 
• To determine functional gene expression responses to different ecologically 

relevant DOM compound classes (carbohydrates, nucleic acids, and 
protein) and condensation states (monomers or polymers), I conducted 
seawater enrichment cultures with natural bacterial communities from the 
Baltic Sea (Linnæus Microbial Observatory - LMO) (Paper I). 

 
• To examine how allochthonous DOM characteristics influence natural 

bacterioplankton communities, I examined the influence of two climate 
change relevant river water additions (forest- versus agricultural-influenced 
DOM composition) and inorganic nutrients on Baltic Sea bacterioplankton 
transcription responses in a mesocosm experiment by applying 
metatranscriptomics (Paper II). 

 
• To investigate the temporal gene expression dynamics of bacterioplankton 

to natural phytoplankton-derived DOM (autochthonous), I used an onboard 
mesocosm experiment in comparison to a field bloom. Bacteria were used 
as bioindicators to assess the importance of putative glycans and the role of 
particular genes in determining bacterioplankton succession during the 
phytoplankton blooms. To determine the responsiveness of glycoside 
hydrolases, peptidase, and transporters, and their role in driving functional 
cascades during the blooms, I conducted a comparative analysis between 
mesocosms and the field (Paper III).  
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• To elucidate the variability of prokaryotic gene transcription of 
carbohydrate degrading enzymes and peptidases along with transporters in 
a strongly stratified water column, I investigated prokaryotic transcription 
profiles in relation to physicochemical variables (e.g., DOC, nutrients, 
oxygen, temperature, and salinity) (Paper IV). 
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Methodology 

The applied research strategies in this thesis relied on laboratory microcosms 
(Paper I) and mesocosms studies (Paper II and III) along with extensive field 
sampling (Paper IV). Given that most bacteria and archaea escape cultivation 
attempts under laboratory conditions (Staley and Konopka, 1985; Martiny, 
2019), all included studies relied on state-of-the-art sequencing technology (i.e., 
metatranscriptomics - sequencing of messenger RNA (mRNA)). The gene 
expression data were analyzed in relation to standard measurements such as cell 
abundance, enzymatic activities, bacterial production, chlorophyll a, DOC, and 
nutrient concentrations. To obtain a broader view of bacterial responses, we 
conducted the studies in aquatic environments with differences in water 
chemistry (i.e., salinity, temperature, DOC, and nutrient concentrations). For 
detailed information on bioinformatic and statistical analyses, I refer the reader 
to the Material and Methods sections of the individual articles and references 
therein. 
 

Sequencing technology, bioinformatics, advantages, 
and limitations  
A breakthrough in DNA sequencing technology in 2005 changed the fate of 
many scientific fields, including microbial ecology (Kchouk et al., 2017). The 
“Next Generation Sequencing (NGS) Technologies” replaced the relatively 
time-consuming and expensive Sanger sequencing, allowing to obtain a higher 
throughput and more sequences at a lower cost (Mardis, 2011). Rapid 
development and improvements in sequencing technology contributed to the 
widespread use of DNA and RNA sequencing as a standard tool for 
environmental screening and basic science (Shendure et al., 2017). This leap in 
technology opened up new possibilities of gathering unprecedented amount of 
genetic information from diverse systems in which microorganisms play pivotal 
roles. Concomitantly, the massive amount of generated sequence data poses 
additional challenges of data storage and computational capacities (Sboner et 
al., 2011; Muir et al., 2016), and often there are shortcomings regarding 
sequence data and metadata availability (Jurburg et al., 2020). Nowadays, most 
sequencing in microbial ecology, with a prime interest in the entire microbial 
community (microbiome), is performed on one of Illumina’s sequencing 
platforms (e.g., HiSeq and MiSeq) (Kchouk et al., 2017). The basics of Illumina 
sequencing are i) library preparation, ii) cluster generation, iii) sequencing and 
iv) data analysis (Slatko et al., 2018; Illumina, 2020). During library preparation 
the DNA or cDNA (mRNA reverse transcribed into complementary DNA) is 
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randomly fragmented and short adapters (known sequences) are ligated to the 
5’ and 3’ end. The adapter-ligated fragments are then amplified by PCR 
(polymerase chain reaction) to generate multiple copies of identical fragments. 
Illumina consists of so-called flow cells which typically comprise eight lanes 
manufactured on a glass chip. These lanes contain surface-bound 
oligonucleotides that are complementary to the library adaptors. This ensures 
that each fragment is physically separated in the cluster generation step. Bridge 
amplification is used to increase the number of fragments to ensure the detection 
of bases during the sequencing step. For the sequencing step, Illumina uses a 
proprietary reversible terminator-based method that allows detecting single 
base incorporation into the DNA template strands in real-time with very low 
error rates. The output of such platforms is typically millions of short 100 to 
300 base pairs (bp) long fragments called reads, which contain the information 
of specific gene fragments in the case of amplicon sequencing or fragments of 
mRNA for transcriptomics. Illumina can deliver up to 2 billion reads from a 
single flow-cell (Illumina, 2020). 
 

Bioinformatics 
Untargeted meta-omics enable the culture-independent analysis of DNA or 
RNA derived from virtually all microorganisms from an environmental sample 
without the need for cultivation. In this thesis, I used metatranscriptomics to 
study the expression of functional genes in diverse prokaryotic communities. 
After sequencing of the messenger RNA (mRNA), the short reads can either be 
directly used to infer functional and taxonomic information (assembly-free 
approach), or de novo assembled into longer sequence fragments called contigs 
(assembly-based approach). Afterwards, potential genes (ORFs) can be 
predicted, and sequences aligned against references databases (e.g., NCBI 
(Pruitt et al., 2007), BARM (Alneberg et al., 2018), TARA Ocean (Pesant et al., 
2015), or GORG (Pachiadaki et al., 2019)) to assign functional and taxonomic 
labels. Both approaches are valid to derive mechanistic understanding of 
microbial expression responses (Anwar et al., 2019). Metatranscriptomics is a 
powerful tool that revolutionized microbial ecology and many other disciplines 
because it allows obtaining functional snapshots in space and time by analyzing 
genes that are actually expressed in an environmental sample (Poretsky et al., 
2005; Moran, 2009; Moran et al., 2013). For instance, metatranscriptomics can 
overcome some of the limitations of detecting compounds of the labile DOC 
pool that are typically below the detection limits of currently available 
analytical tools because of exceptionally rapid turnover by marine microbes 
(Moran et al., 2016). This has been shown in studies that analyzed transcribed 
functional genes involved in the assimilation or degradation of organic 
compounds and pollutants to deduce these vital compounds by using microbes 
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as biosensors (McCarren et al., 2010; Poretsky et al., 2010; Teeling et al., 2012; 
Gifford et al., 2013; Lidbury et al., 2014; Vorobev et al., 2018; Karlsson et al., 
2019). Collectively, these studies demonstrate the power of 
metatranscriptomics for environmental science. 

However, there are many limitations to omics of which I want to discuss a 
few that are relevant to this thesis. The analysis of gene expression is hampered 
by the fact that the majority of RNA is ribosomal RNA (rRNA) accounting 
between 80-90% of the total RNA pool (Stewart et al., 2010; Merchant and 
Helmann, 2012). Although rRNA removal protocols and kits are available 
(Stewart et al., 2010) and remaining rRNA can be bioinformatically removed, 
the low proportion of mRNA and residual rRNA molecules reduce the intended 
sequencing depth of functional genes of interest (Filiatrault, 2011). Also, 
mRNA is inherently unstable and has typically short half-life times (< 10 min), 
which may bias in situ transcriptional responses between sample retrieval from 
the environment and the processing of mRNA to an unknown extent (Steiner et 
al., 2019). Given that reads or contigs need to be aligned to reference databases 
to assign useful functional and/or taxonomic information, novel functions 
remain unknown due to imbalances between generating sequences and 
experimental assignment of functions in the laboratory (Moran, 2008). Thus, 
the accuracy and completeness of processes and taxa expressing certain 
functions depend on the completeness of the databases that are used for 
annotating functional genes and taxonomy, which are typically biased toward 
fast-growing isolates and human pathogens. This limitation becomes obvious 
when genes with unknown functions have high abundances, and often only half 
of the genes can be taxonomically assigned (Shi et al., 2011; Alivisatos et al., 
2015; Dupont et al., 2015). For instance, less than 5% of metagenomes and less 
than 10% of metatranscriptomes can be assigned at the species level (Salazar et 
al., 2019). Also, gene expression is under strict regulation, post-transcriptional 
modification through RNA-binding proteins (RBS) and post-translational 
control of translated proteins via modification and degradation (Mata et al., 
2005), which impairs our knowledge of the relevance of these functions in the 
environment, and generally do not inform about the enzymatic kinetics of these 
enzymes (Louca et al., 2018). Despite the aforementioned limitations, 
metatranscriptomics, as a stand-alone approach, allows us to derive snapshots 
of functional gene expression responses in diverse microbial communities and 
has been proven a powerful tool in environmental microbiology. 

Significant progress has been made in sequencing and bioinformatic 
approaches, yet equivalent breakthroughs in our ability to measure relevant 
enzymatic activities in nature are lagging behind, given that these techniques 
remained essentially unchanged for decades (Arnosti, 2011). Moreover, widely 
used enzymatic activity assays use substrate analogs, such as the commonly 
used leucine-MCA, MUF-β-, and MUF-α-glucose proxies, which have the 
caveat of measuring exo-acting rather than endo-acting enzymatic activities. 
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These proxies do not represent the precise structure of HMW-DOM 
compounds, highlighting an important limitation regarding the enzyme-
substrate fit (Arnosti, 2011). Given that mass spectrometry is limited by the fact 
that molecular formula generally do not allow resolving the structure of a 
compound of interest (Dittmar and Stubbins, 2014), and that an identified 
transcript that encodes for an enzyme prevents us to infer in situ substrate range 
and enzyme kinetics, our ability to derive knowledge about the substrate-
enzyme fit in the environment is limited (Arnosti, 2011). Thus, linking 
enzymatic activity assays with meta-omics is inherently difficult. However, 
future research aiming at coupling enzyme kinetics with omics is required along 
with the development of alternative techniques to the widely used substrate 
proxies (Arnosti, 2003; Arnosti et al., 2005; Murray et al., 2007), in order to 
advance our understanding of the complex relationships between enzyme 
activities and their role in the turnover of specific HMW-DOM compounds 
(Arnosti, 2011). 
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Sampling site characteristics 

 
Figure 6 | Overview of the sampling locations. Paper I and II were conducted with water 
samples from the Linnæus Microbial Observatory (LMO) time series station located in the 
Baltic Sea (Sweden); Paper III was carried out in the NW Iberian upwelling system (Vigo, 
Spain) with water samples from a coastal station; Paper IV was conducted in the Gullmar 
Fjord (Kristineberg, Sweden) at station Alsbäck. 

The Baltic Sea 
The Baltic Sea is a large semi-enclosed brackish water ecosystem consisting of 
three main basins (Gulf of Bothnia, Gulf of Finland, and the Baltic Proper) 
(Kullenberg and Jacobsen, 1981). The Baltic Sea is characterized by a relatively 
long residence time of the water (~35 years) due to limited water exchange with 
the North Sea through the Danish Straits (Kullenberg and Jacobsen, 1981). This 
is reflected in a horizontally pronounced but temporally relatively stable salinity 
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gradient ranging from essentially freshwater in the north (Gulf of Bothnia) to a 
high salinity of up to 35 PSU (Practical Salinity Unit) in the south (Skagerrak) 
(Hansson and Gustafsson, 2011). The catchment area surrounding the Baltic 
Sea is densely populated (~85 million people), and thus heavily influenced by 
forest, agriculture and industrial land use (Voss et al., 2011; Reusch et al., 
2018). Consequently, the Baltic Sea receives increased loads of nutrients 
(nitrogen and phosphorus) and sewage water (Conley et al., 2011; Gustafsson 
et al., 2012) resulting in elevated nutrient concentrations compared to other 
coastal seas and the oligotrophic open ocean. For instance, ammonium 
concentrations typically vary between 1-2 µM, phosphate between ~0.6– 2.8 
μM, and silicate between ~1.5 and 23 µM (Bunse et al., 2019). In addition to 
elevated nutrient concentrations, the geographical location and pronounced 
seasonal variation of environmental parameters (e.g., light intensity, water 
temperature, and stratification) result in yearly recurring and relatively well 
predictable phytoplankton blooms in the Baltic Sea. These massive blooms are 
typically dominated by diatoms (e.g., Chaetoceros, Thalassiosira, and 
Skeletonema) and dinoflagellates (e.g., Biecheleria, Apocalathium, and 
Gymnodinium) during spring, whereas filamentous cyanobacteria (e.g., 
Aphanizomenon/Dolichospermum, Nodularia, Pseudanabaena, Planktothrix, 
and Snowella) dominate the phytoplankton biomass during summer (Wasmund 
et al., 2011; Legrand et al., 2015; Fortis-Bertos et al., 2016; Spilling et al., 
2018). Accordingly, chlorophyll a dynamics show pronounced seasonal 
variation ranging from ~0.8 µg L-1 in winter to ~4 µg L-1 in April but can reach 
up to ~13 µg L-1 during spring phytoplankton blooms, resulting in average 
dissolved organic carbon (DOC) concentrations of ~360 µM C (Bunse et al., 
2019). Thus, these blooms have important ecological consequences for the 
entire ecosystem due to pronounced CO2 uptake and production of POM and 
DOM, which are subsequently degraded and respired by heterotrophic microbes 
that in turn produce CO2. In the light of projected climate change and increasing 
anthropogenic pressure, it is predicted that the Baltic Sea will be 
disproportionately affected until the end of this century (Andersson et al., 2015; 
Reusch et al., 2018). Thus, monitoring and research efforts aiming on teasing 
apart the response of this ecosystem to future stressors such as warming of 
surface waters, increased nutrient loading, ocean acidification, and oxygen 
depletion are imperative to formulate and implement required management 
strategies for a sustainable future “ocean health” (Franke et al., 2020). 

For Paper I and II, water samples were collected from the Linnæus 
Microbial Observatory (LMO). The sampling site LMO is situated in the 
Western Baltic Proper located roughly 10 km off the coast of Kårehamn, Öland, 
Sweden (56°55.851 N, 17°03.640 E) (Figure 6 and Figure 7). Surface water (2 
m depth) was collected on February 16th and March 15th, 2016 (Paper I) and on 
May 30th, 2016 (Paper II) during the routine sampling effort at the LMO time 
series. In addition, ~120 L of river water from an agriculture-influenced 
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catchment area (Lielupe river, Latvia, 56°48'42" N, 23°35'5" E) and a boreal 
forest (humic) catchment area (Lapäarti river, Finland, 62°14'21”, N 21°34'38" 
E) were collected between May 26th and 28th, 2016 (Paper II). 
 

 
Figure 7 | The Linnæus Microbial Observatory (LMO) time-series station. The color bar 
depicts the sea surface temperature (SST) derived from multi-scale ultra-high resolution 
(MUR) satellite measurements that were obtained from the National Oceanic and 
Atmospheric Administration (NOAA) ERDDAP during the time of sampling on February 
16th, 2016 (Paper I). The figure is redrawn from Paper I - Figure S1. 

 

The Northeast Atlantic Ocean 
The Atlantic Ocean is the second-largest water body in terms of surface area 
and plays a paramount role for regulating the Earth’s climate (Shiklomanov and 
Rodda, 2003). The northern part of the Atlantic Ocean is the origin of the North 
Atlantic Deep Water (NADW) that is essentially the driving force of the 
thermohaline circulation (ocean conveyor belt) (Broecker, 1991). This large-
scale circulation of water masses, among other factors, determines the 
movement of surface water (gyres). The rotational movement of surface water, 
in clockwise (CW) direction in the northern hemisphere and counterclockwise 
(CCW) in the southern hemisphere together with local winds and wind-fetch 
induced transport of water is the basis for the vertical flow of water along the 
western side of the continents (along coastlines) resulting in upwelling of cold 
nutrient-rich subsurface water. The combination of the before mentioned 
processes contribute to the high primary production that is typically found in 
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coastal upwelling areas (Bakun, 1990; Capone and Hutchins, 2013; Bode et al., 
2015). Along the west coast of Galicia (NW Spain) strong local northerly winds, 
especially during the summer months result in the upwelling of nutrient-rich 
subsurface water, whereas downwelling typically occurs between October and 
March (Figueiras et al., 2002; Arístegui et al., 2009; Álvarez-Salgado et al., 
2011). These intermittent upwelling events are characterized by pronounced 
spring and summer phytoplankton blooms (Nogueira et al., 1997; Cermeño et 
al., 2006) typically dominated by diatoms (e.g., Thalassiosira and Chaetoceros) 
and dinoflagellates (e.g., Dinophyceae) (Villamaña et al., 2019). The upwelling 
periods induce substantial variability in the duration of sequential bloom cycles 
that can vary from a couple of days to weeks (Pitcher et al., 1991; Nogueira and 
Figueiras, 2005; Wilkerson et al., 2006; Smayda and Trainer, 2010; Broullón et 
al., 2020; Fraga, 1981). 

In Paper III, we carried out mesocosm experiments together with field 
observations in August 2016 at a coastal station (stn 3; 42° 7' 42.3984'' N, 8° 
55' 44.9724'' W) in close proximity to the Ria de Vigo (Spain) (Figure 6 and 
Figure 8). Water samples were collected from the surface layer (5-20 m depth) 
and subsequently onboard mesocosm incubations were set up to study the 
temporal gene expression responses of bacterioplankton communities 
throughout a naturally induced phytoplankton bloom (Paper III). 
 

 
Figure 8 | Geographical location of the study site in the northeast Atlantic Ocean off the 
northwest Iberian coastline (Spain). The color bar shows the sea surface temperature (SST) 
on August 6th, 2016 when water for mesocosms was sampled from the coastal station (STN 
3). Satellite data was obtained from the National Oceanic and Atmospheric Administration 
(NOAA) ERDDAP. The figure is redrawn from Paper III - Figure S1. 
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The Gullmar Fjord 
The Gullmar Fjord, located about 100 km north of Gothenburg on the Swedish 
west coast, is a marine nature reserve, thus, relatively unaffected by pollution 
and industry (Lindahl et al., 1998). The fjord is 28 km long and between 1 and 
2 km wide (Filipsson and Nordberg, 2004). The fjord has a maximum depth of 
~120 m and a deep basin below 100 m depth that is roughly 1 km wide and 5 
km long and situated ~15 km inwards from the inlet (Filipsson and Nordberg, 
2004). Furthermore, a sill of 42 m depth is situated close to the inlet (Lindahl, 
2009). Two major current systems shape the fjord water: i) a mixture of low 
saline Baltic and Kattegat/Skagerrak water flowing northwards parallel along 
the west coast and ii) a mixture of North Sea and North Atlantic water with a 
higher salinity flowing towards the coast (Belgrano et al., 1999). The first layer 
is approximately 15 m thick, made up of a mixture of Baltic Sea and Skagerrak 
water which is characterized by a salinity ranging between 24 and 27 PSU 
(Practical Salinity Units). The surface layer has an estimated turnover time of 
16 to 26 days. The second layer is generally found at a depth of 15 to 50 m and 
is composed of surface water from the Skagerrak with a salinity typically 
ranging from 30 to 33 PSU. The average residence time has been estimated to 
be 40 days. The third layer is a mixture of relatively cold (4ºC to 8ºC) Skagerrak 
and North Sea water with a salinity higher than 33 PSU making up the water 
layer below 50 m depth (Arneborg and Liljebladh, 2001b; Arneborg, 2004; 
Arneborg et al., 2004). The bottom layer is relatively stagnant with minor 
seasonal variability and stratification is pronounced during summer through a 
strong thermocline (Lindahl et al., 1998; Arneborg, 2004; Filipsson and 
Nordberg, 2004). In addition, the fjord receives moderate (22 m3 s-1) freshwater 
input from the Örekil River in the inner end (Filipsson and Nordberg, 2004).  
The mesotrophic sill fjord supports phytoplankton blooms (Tiselius et al., 
2016). The phytoplankton community during summer is typically dominated by 
flagellates, dinoflagellates (Gymnodinium and Prorocentrum) and diatoms 
(Leptocylindrus, Nitzschia and Chaetoceros) (Schollhorn and Graneli, 1996). It 
has been shown that during spring, diatoms contribute substantially to the 
vertical export of carbon (Waite et al., 2005). The before mentioned unique 
geological and hydrographic characteristics of the Gullmar Fjord make it a 
perfect model system that acts in many ways like a miniature ocean (Tobias-
Hunefeldt et al., 2019). Thus, we can study microbial processes over ~100 m 
depth that typically occur over thousands of meters in the open ocean. 

In Paper IV, we investigated the functional responses of bacteria and archaea 
throughout a strongly stratified water column with pronounced shifts in 
environmental variables (e.g., salinity, temperature, and nutrient 
concentrations) to study the vertical variability of carbohydrate-degrading 
enzymes (CAZymes), peptidases and transporters. 
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Figure 9 | Overview of the study site in the Gullmar Fjord. In total, seven stations were 
sampled during the Kristineberg project (manuscript not included in this thesis), the 
sampling site Alsbäck (S4 -58°19'22.7" N; 11°32'49.0" E) that was studied in Paper IV is 
highlighted in blue. The figure is redrawn from Paper IV - Figure 1A and B. 
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Results and Discussion 

Bacterioplankton community responses to a priori 
selected labile organic matter compounds 
Dissolved organic matter (DOM) consists of a myriad of organic compounds 
fueling the majority of heterotrophic production in the ocean (Hansell et al., 
2009). However, we still lack crucial knowledge of the molecular mechanisms 
that natural bacterioplankton assemblages use to metabolize DOM, and, 
importantly, how these responses are shaped by different DOM characteristics 
such as compound classes (e.g., carbohydrates and protein) or condensation 
state (monomers or polymers). This knowledge is imperative, given that 
bacteria readily assimilate the majority of these compounds over very short time 
scales, thereby impacting planetary element cycles and the stoichiometry of the 
DOM pool (Moran et al., 2016). 

We carried out seawater culture regrowth experiments enriched with 
ecologically relevant labile DOM compounds, representing three compound 
classes (carbohydrates, nucleic acids, and proteins) and two distinct 
condensation states (monomers and polymers) (Paper I - Table 1) analyzed by 
metatranscriptomics (Paper I). We showed that microbial community gene 
expression responses differed between compound classes (carbohydrates, 
proteins, and nucleic acids) and condensation states. The responses at the level 
of condensation states varied between mono- versus polysaccharides and amino 
acids versus polypeptides, but marginally for DNA versus nucleotides (Figure 
10A). These differences in expression were associated with substantial shifts in 
the relative contribution of different taxonomic groups. Alteromonadales 
outcompeted commensal bacteria in polysaccharide, DNA, and nucleic acid 
treatments. Flavobacteriales, in turn, dominated in polypeptide treatments, 
whereas Oceanospirillales were most active in monosaccharides and 
Pseudomonadales in amino acid treatments (Figure 10B). 
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Figure 10 | Functional gene expression responses upon enrichment with labile organic 
matter compounds. Panel (A) shows a non-metric multidimensional scaling (NMDS) plot 
based on pairwise Bray-Curtis distances of normalized read counts per million (cpm). 
Convex hulls group biological replicates within treatments. Experiment 1, E1 (conducted on 
February 16th, 2016); experiment 2, E2 (performed on March 15th, 2016); monoCH, 
monosaccharide mix; monoNUC, nucleotide mix; monoPR, amino acid mix; Cbx, carboxylic 
acid mix, polyCH, polysaccharide mix; polyNUC, DNA; polyPR, polypeptides; contOne and 
contTwo, controls from experiment 1 and 2, respectively. Panel (B) depicts the proportions 
of normalized read counts of the 10 most abundant orders grouped into the 15 most abundant 
metabolic SEED categories. The figure is redrawn from Paper I (Pontiller et al., 2020). 
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Our analysis of functional gene expression responses to DOM enrichments 
showed that a representative set of significantly more abundant genes was 
shared between monomers and polymers, referred to as “core” responses. 
However, these responses were relatively specific to each of the tested 
compound classes (Paper I - Figure 4A-C), suggesting a functional 
partitioning occurs at the compound class level (Paper I - Figure 5A and C). 
In addition, a substantial number of significant genes were specific to each 
treatment – except for nucleic acids – here referred to as “non-core” responses 
(Paper I - Figure 4A-C), indicating that another layer of partitioning is 
dependent on the condensation state (Paper I - Figure 5B and D). These 
findings suggest pronounced functional – and associated taxonomical – 
partitioning of the tested types of DOM compounds. This confirms recent 
suggestions of resource partitioning by Bryson and colleagues (2017), who used 
similar compound classes and condensation states coupled with stable isotope 
probing (SIP) and community composition analysis (Bryson et al., 2017). These 
authors reported distinct substrate-specific shifts in community composition 
and trends in the assimilation of the tested compounds among a few bacterial 
groups, with noticeable differences between bacterial lifestyles within these 
groups. However, observations of the substrate range and preference among 
bacterial populations are inconsistent. For instance, Mou and colleagues (2008) 
reported that microbial populations in coastal waters shared a representative set 
of carbohydrate-cycling genes to metabolize a wide range of substrates 
(generalists). Gomez-Consarnau and colleagues (2012), in turn, showed a 
generally distinct but variable spectrum of labile organic matter utilization 
among bacterial populations (range from specialists to generalists). Thus, 
complex bacterioplankton communities likely demonstrate a plethora of 
substrate ranges and capabilities in natural settings. 

Collectively, our results show that taxonomy and function were tightly 
linked, implying that a limited number of bacterial taxa utilize these DOM 
compounds at a given time in the sea. Indeed, typically a handful of bacterial 
groups, of which many are opportunists, contribute disproportionately to the 
turnover of DOM in the sea (Buchan et al.; Pedler et al., 2014). In fact, the 
turnover of labile DOM compounds (as tested in Paper I) by heterotrophic 
bacterioplankton into CO2 has been shown to be exceptionally fast (and thus 
“invisible”) (Moran et al., 2016). Thus, our findings in Paper I are vital for our 
understanding of the dynamics of biogeochemical nutrient cycling (Moran et 
al., 2016; Cavicchioli et al., 2019). Future research aiming at teasing apart the 
liaison between bacterioplankton and DOM, beyond single point experiments 
and over ecologically relevant time scales, is of utmost importance. These future 
research efforts, however, should incorporate global change-relevant 
environmental parameters along with flux measurements for obtaining a holistic 
understanding on biogeochemical cycles in the future ocean. 
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Community expression responses to allochthonous 
and autochthonous DOM 
Climate change is projected to increase precipitation and riverine runoff in the 
northern hemisphere by the end of the century and thereby is expected to affect 
the Baltic Sea in particular (Andersson et al., 2015). The Baltic Sea, surrounded 
by a large catchment area, is heavily influenced by extensive forest and 
agricultural landscapes (Voss et al., 2011; Reusch et al., 2018). If predictions 
are accurate, riverine water enriched in anthropogenically influenced DOM will 
increasingly influence the DOM pool in the Baltic Sea. However, the effects of 
this altered DOM input on primary producers and bacterial metabolic processes 
are mostly unknown. 

We therefore conducted a mesocosm experiment enriched with water from 
two different rivers from different catchment areas, one influenced by a boreal 
forest (DOMhum) and the other by agricultural land use (DOMagri). 
Additionally, we included a treatment consisting of inorganic nutrients with 
nitrogen, phosphorous, and silicon (N+P+Si) to induce a reference 
phytoplankton bloom. The experimental setup allowed us to compare bacterial 
gene expression patterns in response to allochthonous (river-derived) and 
autochthonous (phytoplankton-derived) DOM (Paper II). Although all 
treatments triggered pronounced phytoplankton growth which differed slightly 
in chlorophyll a concentrations and phytoplankton community composition 
(Paper II - Figure 1), bacterial growth (abundance and production) was 
remarkably similar in all treatments until bloom decay. From day 5 onwards 
bacterial growth increased, most notably in the N+P+Si treatment (Paper II - 
Figure 1 and Figure 2A and B). Noteworthy, the river water additions resulted 
in very similar DOC and phosphate concentrations but differed substantially in 
DON (Paper II - Figure 2C and D). These findings suggest that the balanced 
N:P:Si stoichiometry in this treatment resulted in a more bioavailable 
phytoplankton-derived DOM composition (autochthonous) compared to the 
allochthonous DOM. Although DOC concentrations were similar between the 
river water treatments, bacterial gene expression responses differed 
significantly in all treatments relative to controls (Figure 11A). These results 
suggest that bacterioplankton communities are sensitive to alterations in 
allochthonous and autochthonous DOM input. However, we noticed substantial 
differences in expression patterns between DOMhum, DOMagri, and N+P+Si, 
implying that initial DOM composition – particularly the different catchment 
areas versus the phytoplankton-derived DOM, triggered different responses in 
the microbial community (Figure 11A). The most pronounced shift in active 
bacterial taxa during the early time point (day 3), primarily representative for 
expression responses toward allochthonous DOM from river water enrichments, 
was related to Actinobacteria (Mycobacteriaceae). By contrast, we noticed a 
substantial increase of Bacteroidetes (Flavobacteriaceae) in the N+P+Si 
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treatment at a late time point (day 7) in response to autochthonous DOM 
(phytoplankton-derived but influenced by the stoichiometry of the initial river 
water) (Paper II – Figure 3B). 
 

 
Figure 11 | Community expression responses to allochthonous and autochthonous DOM. 
Panel (A) non-metric multidimensional scaling (NMDS) plot depicting bacterioplankton 
gene expression profiles. Panel (B) shows an overview of the relative abundance of log-
transformed read counts per million (CPM) grouped into top-level metabolic SEED 
categories on day 3 and 7. Abbreviation of treatments: Control - unamended seawater; 
N+P+Si - inorganic nutrient additions; DOMagri - agricultural-influenced river water; 
DOMhum - forest landscape-influenced river water. The figure is redrawn from Paper II.  
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Analysis of functional genes grouped into metabolic categories (SEED) further 
emphasized the divergence of bacterial expression responses toward river and 
inorganic nutrient additions, particularly substantial differences in nitrogen and 
phosphorus metabolism between treatments (Figure 11B). Detailed gene 
expression analysis of the DOMhum treatment showed significant enrichments 
of urea metabolism genes, including transporters, carboxylases, and ureases 
compared to controls (Paper II – Figure 6). Urea, although typically present in 
low concentrations, is a major constituent of the low molecular weight nitrogen 
pool in aquatic systems and an important N source for bacteria (Berman, 2003; 
Solomon et al., 2010). Given that DON concentrations in the DOMhum 
treatment were 3-fold lower compared to the DOMagri, the expression of urea 
and ammonium transporters together with ureases showcase the community 
effort to acquire ammonium (NH4

+) (Paper II – Figure 7). In the DOMagri 
treatment, however, we noticed pronounced responses related to phosphorus 
metabolism, including phosphate transporters, porins, and alkaline 
phosphatases – the expression of these genes increased substantially from day 
3 to day 7. These results were indicative of a microbial community struggling 
to maintain a balanced N:P stoichiometry, given the high concentration of DON 
in the DOMagri treatment. The N:P imbalance shifted the system toward P-
limitation, as indicated by elevated expression levels of the phosphate starvation 
gene phoH, especially on day 7 (Paper II – Figure 8). Although inorganic 
nutrient limitation (N and P) affects microbial groups differently (Sebastian and 
Gasol, 2013), microorganisms generally increase the expression of gene 
systems related to P acquisition (e.g., phosphorus transporters and alkaline 
phosphatases) under P-limiting environmental conditions (Santos-Beneit, 2015; 
Alonso-Saez et al., 2020). 

Our results show that bacterial transformations of DOM and nutrient cycling 
in coastal waters and estuarine environments are sensitive to alterations in the 
precipitation-induced riverine runoff in a catchment area-dependent manner. 
Thereby, we provide new knowledge crucial for interpreting and modeling the 
effects of increased organic matter input in projected climate change scenarios. 
Finally, the projected increase of precipitation and allochthonous DOM input to 
coastal areas warrants research elucidating the enzyme systems and microbial 
taxa capable of degrading terrestrial-derived DOM such as humic substances 
(Colatriano et al., 2018; Santos-Junior et al., 2020). 

Temporal and spatial variability of DOM cycling 
gene transcription 

Temporal responses 
Coastal upwelling systems are exceptionally productive, allowing pronounced 
phytoplankton growth (Capone and Hutchins, 2013; Bode et al., 2015). 
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However, the injection of nutrient-rich water into the upper surface layer can 
vary in intensity over just days (Pitcher et al., 1991; Nogueira and Figueiras, 
2005; Wilkerson et al., 2006; Smayda and Trainer, 2010; Broullón et al., 2020; 
Fraga, 1981). These short-term temporal variations also affect phytoplankton 
growth, the subsequent release of organic matter and hence, bacterial 
community dynamics and function. However, surprisingly little is known about 
the microbially mediated processes involved in the degradation and uptake of 
phytoplankton-derived organic matter on the time scales of a few days to weeks 
that characterize these upwelling areas. 

We performed a high-resolution comparative metatranscriptomics analysis 
by linking experimental mesocosms with field observations in a coastal station 
in the Northwest Iberian upwelling system (Figure 8). The objective of Paper 
III was to elucidate the role glycoside hydrolases (GHs), peptidases (PEPs), and 
transporters (TPs) play during phytoplankton bloom development and decay. 
To derive crucial knowledge of bacterial responses to subtle shifts in 
phytoplankton-derived DOM, it was vital to conduct mesocosm incubations. 
Our analyses from experimental diatom/dinoflagellate bloom development to 
senescence phase revealed substantial differences between bacterial taxa in 
terms of growth, transcriptional activity and timing (Paper III - Figure 1F). 
These shifts were associated with significant alterations in community 
transcription of functional genes over just days (Paper III - Figure 2A) and 
likely driven by phytoplankton-derived DOM (i.e., chlorophyll a and dissolved 
organic carbon) (Paper III - Figure 2B). Our results are in line with studies 
showing that alterations in substrate availability can structure bacterioplankton 
community composition and functioning during phytoplankton blooms. 
(Riemann et al., 2000; Pinhassi et al., 2004; Teeling and Glockner, 2012). 
Accordingly, we found pronounced order-specific differences in transcriptional 
regulation of DOM cycling genes from bloom development to senescence 
(Paper III - Figure 3). This temporal partitioning was exceptionally 
pronounced for Alteromonadales responding to early decay and 
Flavobacteriales towards senescence (Figure 12A-C). 
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Figure 12 | Taxon-specific progression of transcriptional responses during an 
experimental phytoplankton bloom. Panel (A) shows normalized transcript abundances of 
glycoside hydrolases (GHs), (B) peptidases (PEPs), and (C) transporters (TPs). Number of 
transcribed PFAMs per order and gene system are shown in parentheses. Abbreviation of 
bloom phases, bloom development (DP), early decay (ED), and senescence phases (SP). The 
bubble size denotes the average normalized transcript abundance per order and bloom phase 
over all days in %. The location of each bubble in the plot indicates the time point of highest 
relative expression across the bloom phases. The top 12 most abundant GH families are 
shown in color, all others in grey. All PEPs are color-coded according to their proteolytic 
families in the MEROPS database. The top 12 most abundant TP families in addition to TC 
TTT, MR, and PCR are shown in color. Abbreviation of TC families: Mot/Exb - The H+- or 
Na+-translocating Bacterial Flagellar Motor/ExbBD Outer Membrane Transport Energizer; 
OMR - Outer Membrane Receptor; OOP - OmpA-OmpF Porin; TRAP-T - Tripartite ATP-
independent Periplasmic Transporter; TTT - Tricarboxylate Transporter; ABC - ATP-
binding Cassette; F-ATPase - H+- or Na+-translocating F-type, V-type and A-type ATPase; 
Sec - General Secretory Pathway; NaT-DC - Na+-transporting Carboxylic Acid 
Decarboxylase; QCR - Proton-translocating Quinol:Cytochrome c Reductase; COX - 
Proton-translocating Cytochrome Oxidase; Na-NDH - Na+-translocating NADH:Quinone 
Dehydrogenase; FeoB - Ferrous Iron Uptake; MR - Ion-translocating Microbial Rhodopsin, 
PCR - Photosynthetic Reaction Center. The figure is redrawn from Paper III. 

These results suggest pronounced functional resource partitioning and different 
ecological roles of these taxa during phytoplankton blooms. However, 
Alteromonadales and Flavobacteriales transcribed a representative set of GHs 
and PEPs, indicating largely overlapping glycan and polypeptide niches. Both 
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showed a potential preference for the storage polysaccharide laminarin (GH3, 
GH16, and GH17) (Figure 12A-C). Thus, additional factors, such as growth 
rates (Kirchman, 2016), foraging strategies (Reintjes et al., 2019a), and enzyme 
kinetics, are likely contributing to the temporal partitioning between 
Aleromonadales and Flavobacteriales in the degradation of phytoplankton-
derived DOM. For instance, isozymes are functionally similar (catalyze the 
same chemical reaction) in different organisms, but a few changes in the amino 
acid sequence can lead to differences in protein structure (Zhang et al., 2011) 
and enzyme kinetics (Bloch and Schlesinger, 1974; Baani and Liesack, 2008). 
Thus, one can expect that the contribution of Alteromonadales and 
Flavobacteriales to the degradation of high molecular weight DOM, particle 
aggregation (e.g., TEP dynamics), and phytoplankton bloom formation will 
differ in the ocean. The transcriptional GH responses of Cellvibrionales were 
interesting, considering the less diverse set of GHs (11 PFAMs) compared to 
the polymer degraders mentioned above (Alteromonadales and 
Flavobacteriales), which responded primarily to phytoplankton cell lysis. In 
contrast, Cellvibrionales displayed high transcriptional investments in GHs 
during bloom development, likely towards polysaccharides released from 
physiologically deteriorating phytoplankton. Our results suggest a crucial role 
of Cellvibrionales as polymer degraders ‘sharing’ hydrolysis products with 
other bacteria such as Pelagibacterales (‘scavengers’) or Rhodobacterales 
(Buchan et al., 2014; Reintjes et al., 2019a). The latter may prefer organic matter 
from ‘healthy’ phytoplankton cells (Alonso and Pernthaler, 2006; Allers et al., 
2007; Sowell et al., 2009; Buchan et al., 2014; Giovannoni, 2017; Noell and 
Giovannoni, 2019) and our results (Paper III and IV) suggest that 
Rhodobacterales are likely not as competitive in the degradation of polymers as 
Alteromonadales or Flavobacteriales. 

Next, we validated the ecological importance of the mesocosm findings by 
comparison to the upwelling event occurring simultaneously in the field (Paper 
III - Figure 5 and S9). These analyses generally showed strikingly similar 
transcriptional investments in GH, PEP, and TP transcription in the field by the 
bacterial orders, except for Saprospirales, that were substantially more active in 
the mesocosms than in the field (Paper III - Figure 5). The temporal 
replacement of Alteromonadales by Flavobacteriales was also visible through 
the increasing investment in GH transcription by Alteromonadales in the field 
after the early bloom decay (increasing regression slopes). Flavobacteriales, in 
turn, increased these efforts during the same period in mesocosms (Paper III - 
Figure 5 and S9). We noticed a large degree of metabolic plasticity involved in 
the transcription of these gene systems, but GHs and PEPs were more 
responsive than TPs (Paper III - Figure S9). These findings imply that the 
enzymatic activities of Alteromonadales, Flavobacteriales, and Cellvibrionales 
during phytoplankton blooms have crucial implications on the vertical flux of 
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organic matter. These enzymes determine the transfer of carbon from particulate 
sinking to dissolved non-sinking pools (Smith et al., 1995). 

Collectively, our findings imply that transcriptional cascades in the 
utilization of organic matter and nutrients critically contribute to modulating the 
stoichiometry of the DOM pool. Given that GHs and PEPs determine the 
composition and concentration of organic matter exported from the euphotic 
zone, studying the functional responses of polymer degraders and their 
contribution to particle assembly and degradation are of utmost importance for 
upcoming research agendas (Figure 4). 
 

Spatiotemporal responses 
As discussed in the previous section, gathering new knowledge of the functional 
responses of key taxa in the degradation and uptake of organic matter across 
depth gradients is important. The vertical export of particulate organic matter 
(POM) from the euphotic zone to the deep ocean is the prime source of organic 
matter for heterotrophs in deeper layers (Ducklow and Steinberg, 2001; 
Aristegui et al., 2009). Therefore, knowledge of the enzymatic repertoire, the 
key taxa that produce them, and the dynamics of their expression across vertical 
gradients is paramount for a better understanding of depth-layer-dependent 
DOM cycling. 

Water column stratification leads to alterations of nutrient fluxes, microbial 
community composition, and ultimately ecosystem functioning compared to 
mixed waters (Crump et al., 2004; Galand et al., 2009; Auguet et al., 2010; 
Agogue et al., 2011; Hamdan et al., 2013). Fjords can be regarded as small-
scale oceans and are suitable model systems representative for other stratified 
systems such as the open ocean gyres (Gašparović et al., 2005; Storesund et al., 
2015; Storesund et al., 2017; Tobias-Hunefeldt et al., 2019). 

We elucidated the prokaryotic transcription of DOM cycling genes 
(carbohydrate-active enzymes and peptidases together with transporters), over 
five depth layers during two different sampling dates (July and September) at 
station Alsbäck (S4) in the Gullmar Fjord (Figure 9). Strong physicochemical 
gradients characterized the water column of this fjord (Paper IV - Figure 1C-
D), which resulted in a divergence of prokaryotic gene transcription with depth 
(Paper IV - Figure 2A). DOC and NO3

-+NO2
- concentrations were likely 

important variables in driving this divergence (Paper IV - Figure 2B). 
Transcriptional responses also differed between sampling dates, with important 
contributions of NH4

+ and chlorophyll a in explaining variations (Paper IV - 
Figure 2B) but the influence of sampling date attenuated substantially from 
surface to 100 m depth. 

Vislova and colleagues (2019) showed the variability of genes and taxa 
depicting diel cycles decreased from surface to deep waters as a consequence 
of light attenuation (Vislova et al., 2019). Similarly, our results (Paper IV) 
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showed that carbohydrate-active enzymes (CAZymes) and transporters (TPs) 
are among the gene systems that differ in transcription with depth. Moreover, 
transcription patterns of these genes indicated pronounced taxon-specific 
partitioning with depth (Paper IV - Figure 3 and 5), suggesting a water parcel-
dependent processing of carbohydrates and nutrients by a few key players in 
this system. The obtained carbohydrate-active enzyme (CAZyme) signatures 
implied crucial roles of the structural polysaccharides, chitin and peptidoglycan 
along the storage glycans laminarin and glycogen. In fact, chitin is one of the 
major polymers in the ocean and an essential source of C and N for marine 
microbes (Souza et al., 2011). This insoluble polymer is produced in large 
quantities in the marine system by zooplankton and fungi (Jeuniaux and Voss-
Foucart, 1991). Thus, chitin might be particularly important in mesotrophic 
systems in which phytoplankton-derived storage polysaccharides such as 
laminarin or chrysolaminarin are less available. Important taxa that engaged in 
the transcription of GHs were, for instance, Cellvibrionales, Bacteroidetes, and 
Cyanobacteria (Figure 13A). 
 

 
Figure 13 | Taxon-specific transcription of DOM cycling genes across depth. Panel (A) 
shows the proportional transcript abundance of the most abundant glycoside hydrolases 
(GHs). Panel (B) depicts the proportional transcript abundance of selected transporter 

[GH] Glycoside hydrolases

GH19 GH16 GH13 GH3 GH23 GH109 GH0

J
u

ly
S

e
p

te
m

b
e

r
0 1 0 1 0 1 0 1 0 1 0 1 0 1

100_B
100_A

75_B
75_A
50_B
50_A
15_B
15_A

5_B
5_A

100_B
100_A

75_B
75_A
55_B
55_A
25_B
25_A

2_B
2_A

Proportion

D
e

p
th

 [
m

]

A

TRAP-T TTT ABC OprB OMR SSS Amt

J
u

ly
S

e
p

te
m

b
e

r

0 1 0 1 0 1 0 1 0 1 0 1 0 1

100_B
100_A

75_B
75_A
50_B
50_A
15_B
15_A

5_B
5_A

100_B
100_A

75_B
75_A
55_B
55_A
25_B
25_A

2_B
2_A

Proportion

D
e

p
th

 [
m

]

Order

Alteromonadales

Cellvibrionales

Flavobacteriales

Methylococcales

Nitrosomonadales

Nitrosopumilales

Nitrospinales

Pelagibacterales

Pirellulales

Planctomycetales

Puniceicoccales

Rhizobiales

Rhodobacterales

Rhodospirillales

Synechococcales

Other Order

B



54 

families (TPs). Abbreviation of TC families: TRAP-T - Tripartite ATP-independent 
Periplasmic Transporter; TTT - Tricarboxylate Transporter; ABC - ATP-binding Cassette; 
OprB - Glucose-selective Porin; OMR - Outer Membrane Receptor; SSS - Solute:Sodium 
Symporter; Amt - Ammonium Transporter Channel. The figure is modified from Paper IV. 

Interestingly, Cellvibrionales and Flavobacteriales were also active polymer 
degraders during experimental and natural phytoplankton blooms in the 
Northwest Iberian upwelling system (Paper III). 

Strikingly, Thaumarchaeota were exceptionally active in transcribing 
ammonium transporters below 25 m depth, accounting for up to 79% of 
transporter transcription. Moreover, strong transporter signals related to ABC 
type transporters by Pelagibacterales and Rhodobacterales below 15 m depth in 
July and the surface layer in September, and Outer Membrane Receptors (OMR) 
by Alteromonadales and Cellvibrionales in the surface layer, suggested 
essential roles of glycine betaine, DMSP, peptides, amino acids, and 
carbohydrates in this system (Figure 13B). 

Our results demonstrate that fjords can be valuable model systems mimicking 
vertical depth gradients found in other stratified systems, including the open 
ocean. We demonstrate that stratification promotes functional partitioning of 
CAZymes, peptidases, and transporters in a depth-layer-dependent manner by 
different taxonomic groups. Thereby, we highlight the potential influence of 
fine-tuned alteration of DOM components in shaping biogeochemical cycles 
across spatiotemporal gradients. Additionally, the exceptional activity of 
chemoautotrophs in deeper waters suggests a disproportionate contribution to 
nutrient uptake - in particular of ammonia. 

However, bacteria and archaea can also be a considerable source of organic 
compounds (Carlson, 2002), as has been recently shown for chemoautotrophic 
Thaumarchaeota strains of the Nitrosopumilus genus which released labile 
organic matter (e.g., amino acids), at least in pure culture and under laboratory 
conditions (Bayer et al., 2019). Thus, research aiming at quantifying the 
“priming” potential of chemoautotrophs to support heterotrophic production in 
the deep sea is of crucial importance for our understanding of DOM dynamics 
in bathy- and abyssopelagic zones. Moreover, only recently have we begun to 
gather knowledge on the mechanisms that are behind the transformation of 
labile DOM into RDOM (Jiao et al., 2010; Shi et al., 2012; Herndl and 
Reinthaler, 2013; Arrieta et al., 2015; Osterholz et al., 2015) and integrative 
research efforts will certainly shed more light on the key drivers of the 
biological carbon pump. 
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Additional perspectives and directions of research 
on the interdependency between DOM and 
microbes 

Genomic features and transcriptional responses of polymer 
degraders 
In Paper I, we found that well-known polymer degraders such as 
Alteromonadales and Flavobacteriales dominated in treatments that were 
amended with labile organic matter compounds, in Paper II we noticed a 
substantial increase of Bacteroidetes (Flavobacteriaceae) to phytoplankton-
derived organic matter and in Paper III we observed that both groups overall 
displayed very similar functional profiles of glycoside hydrolases (GH) and 
peptidases (PEPs) but their transcriptional investment in these gene systems 
differed substantially over time. However, under mesotrophic conditions 
(Paper IV), Alteromonadales were less active than Flavobacteriales and 
showed an interesting shift towards PEPs and transporters (TPs) with depth. 
Curiously, both orders contributed only marginally to the transcription of 
carbohydrate-active enzymes (CAZymes) in the Gullmar Fjord (Paper IV) 
compared to in an upwelling system (Paper III). Judging by the genomic 
predisposition of both groups (Fernandez-Gomez et al., 2013; Koch et al., 
2019a; Koch et al., 2019b; Koch et al., 2020) and our transcriptional responses 
(Paper III) they should occupy similar realized glycan and peptide niches, 
although with differentiation in temporal adjustments. 
 

Other genomic features and complementary processes which 
drive resource partitioning 
As previously mentioned, Alteromonadales and Flavobacteriales seem capable 
of thriving on similar suites of organic compounds when in isolation. However, 
under direct competition, the two groups targeted different compounds (Bryson 
et al., 2017) and Paper I. We noticed a strong functional partitioning between 
Alteromonadales and Flavobacteriales to organic matter enrichments. Thus, 
other genomic features that determine for instance growth rates (Campbell et 
al., 2011; Kirchman, 2016; Sanchez et al., 2020) and enzyme kinetics may be 
important in determining successional patterns in the environment. 

Reintjes and colleagues (2019) proposed different foraging strategies for 
these two crucial polymer degraders (Reintjes et al., 2019a). Members of the 
Alteromonadales are considered external polymer degraders capable of utilizing 
most of their hydrolysis products due to exceptionally rapid growth (Pedler et 
al., 2014; Kirchman, 2016). Flavobacteriales, in turn, are likely ‘selfish’ by 
minimizing the loss of hydrolysis products to the environment through 
sophisticated genomic adaptations (Reintjes et al., 2019a). These include 
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surface-associated enzymes that partially degrade and bind polysaccharides. 
TonB-dependent outer membrane transporters enable the transport of 
oligosaccharides (> 600 Da) into the periplasm, where further enzymatic 
degradation occurs. Finally, membrane transporters convey monomers through 
the inner membrane into the cytosol (Reintjes et al., 2017). However, 
Flavobacteriales are typically slower growing than Alteromonadales; thus, these 
two differences can likely explain the patterns that we observed in our studies 
(Paper I and III). 

Moreover, we established a strong correlation between chlorophyll a, DOC, 
and inorganic nutrients and bacterioplankton community transcription as 
potential drivers of degradation cascades (Paper III - Figure 2B and IV - 
Figure 2B). This relationship was observed for temporal as well as vertical 
gradients and matched findings by Teeling and colleagues (2012) during North 
Sea phytoplankton blooms (2012) and by DeLong and colleagues (2006) in the 
North Pacific Subtropical Gyre (NPSG), respectively. Chemical composition 
and condensation state of DOM released by phytoplankton vary with species 
and over time (Becker et al., 2014; Thornton, 2014). Consequently, the 
phytoplankton bloom development phase is likely dominated by the release of 
low molecular weight DOM such as monomers, organic acids, and 
polysaccharides, whereas during the early bloom decay phase the massive 
release of phytoplankton cell material results in a shift toward high molecular 
weight DOM (HMW-DOM) (Buchan et al., 2014; Mühlenbruch et al., 2018). 
Thus, parts of the dynamics in functional gene expression observed in Paper 
II, III and IV may indeed reflect temporal variation in the structure of organic 
matter components. 

However, in Paper III and IV, the included environmental variables did not 
explain all of the variation we observed in transcription over depth and sampling 
date. Thus, other environmental variables that we did not measure and 
complementary processes - that transform the DOM pool and shape microbial 
interactions over time and depth - are likely equally if not more important as 
DOM characteristics in shaping transcription responses in prokaryotes. 
Interestingly, these processes are rarely explicitly discussed in relation to 
bacterioplankton succession over time and space (including vertical gradients). 

Bacteria and archaea release substantial amounts (1-9% of total produced 
DOC) of organic carbon compounds (Carlson, 2002; Bayer et al., 2019), that in 
turn act as drivers of microbial community assembly (Gralka et al., 2020). For 
example, extracellular polymeric substances (EPS) released by Alteromonas 
spp. can be an attractive organic matter source for Flavobacteria that are capable 
of utilizing EPS such as galacturonic acids (Zhang et al., 2015). Interestingly, 
flavobacterial transcription of GHs peaked following the Alteromonadales in 
our study (Paper III), which is in line with the general notion that Alteromonas 
affiliated populations often precede Flavobacteria in bacterial succession 
studies. 
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Antagonistic interactions between phytoplankton and bacteria or between 
different bacteria, mediated by algicidal compounds and diverse virulence 
factors, can either directly or indirectly influence bacterial utilization of the 
DOM pool (Mayali and Azam, 2004; Amin et al., 2012; Cirri and Pohnert, 
2019). For example, among the taxa observed in this thesis, Alteromonadales 
and Rhodobacterales are known to produce inhibitory substances that 
effectively suppress susceptible bacteria such as Bacteroidetes (Long and 
Azam, 2001; Czaran et al., 2002; Pernthaler, 2005). Thus, the delay in 
flavobacterial response compared to Alteromonadales (Paper III) could be 
partly inflicted by inhibitory substances secreted by the latter. 

Finally, selective top-down control by protist grazing (Hahn and Hofle, 1999; 
Simek et al., 2001; Jurgens and Matz, 2002; Rocke et al., 2015; Baltar et al., 
2016) and cell lysis by bacteriophages (Bouvier and del Giorgio, 2007; 
Holmfeldt et al., 2007; Winter et al., 2010) ultimately affect bacterial 
community structure and function. Thus, grazing may be a contributing factor 
resulting in temporal succession dynamics of bacterioplankton through 
selectively changing the abundance and composition of bacterial communities, 
and concomitantly by altering the DOM pool characteristics (Azam et al., 1983; 
Fuhrman, 1999; Sandaa et al., 2009; Chow et al., 2014; Rocke et al., 2015). 
Given that high grazing pressure can affect certain bacterial populations such as 
Alteromonas and Pseudoalteromonas more than others (Beardsley et al., 2003) 
it is likely that such grazing-induced mortality also shapes successional patterns 
that are often observed during phytoplankton blooms (Teeling et al., 2012) and 
Paper III. For example, protist grazing could be an additional factor for the 
reduced contribution of Alteromonadales in July compared to September in the 
Gullmar Fjord (Paper IV). However, the role of top-down control by 
bacteriophages/viruses and protist grazing in shaping both bacterioplankton 
community structure and phytoplankton dynamics is still far from understood, 
in part because of the inherent complexity of these processes. Hence, future 
research is required to disentangle these complex relationships and their role in 
biogeochemical element cycles in more detail. 
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Future perspectives 
With ongoing rapid developments of new instruments and techniques to 
quantitatively assess DOM composition, metabolites and microbial 
transcription (Kujawinski, 2011; Han, 2016; Moran et al., 2016; Merder et al., 
2020), I foresee a rise in priority for research into how sequential changes in the 
DOM pool shape the interdependency of DOM and bacteria in the sea. 
Importantly, in order to move beyond mostly hypothesis generating approaches, 
integrative research efforts are required to test hypotheses. The power of 
integrative science has been demonstrated in exciting contemporary research 
that implement metagenomics, metaproteomics, metabolomics, and lipidomics 
(Helbert et al., 2019; Becker et al., 2020a; Ferrer-Gonzalez et al., 2020; Herold 
et al., 2020; Patriarca et al., 2020; Nowinski and Moran, 2021; Vidal-Melgosa 
et al., 2021). Ecosystem relevant processes are expected to change in the future 
ocean (Andersson et al., 2015; Reusch et al., 2018; Cavicchioli et al., 2019; 
Franke et al., 2020; Pendleton et al., 2020). Thus, combined research efforts are 
vital to elucidate how climate change relevant variables such as increased 
temperature, ocean acidification, eutrophication, and increased input of 
terrestrial DOM may alter the composition of the marine DOM pool, microbial 
community composition and function, and ultimately fluxes in future planetary 
biogeochemical cycles. 
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Conclusions 

The research in Paper I, has shown that both compound class and condensation 
state of labile dissolved organic matter shape bacterioplankton community 
transcription. Our results suggest that a pronounced degree of resource 
partitioning and specialization of bacteria is involved in the turnover of these 
compounds in the Sea. In Paper II, we showed that both facets of DOM – 
allochthonous and autochthonous – determine phytoplankton bloom dynamics 
and bacterioplankton gene expression. These responses differed substantially in 
a catchment-area dependent manner, demonstrating that interaction effects 
between river- and phytoplankton-derived DOM are sensitive to alterations in 
the precipitation-induced riverine runoff. Paper III contributed important 
mechanistic understanding of the bacterial role in the degradation and 
processing of phytoplankton-derived organic matter in a coastal upwelling 
system by showing that enzymes (glycoside hydrolases and peptidases) and 
transporters are important genomic features that enable bacteria to fine-tune 
their realized niche space by avoiding direct competition. Also, these enzymes 
had a large potential to drive functional succession over very short time scales 
during a mixed phytoplankton bloom (diatoms/dinoflagellates) with important 
implications for the degradation of prototypical DOM compounds that play a 
key role in the “invisible” flux of organic matter. In Paper IV, we elucidated 
the vertical distribution and variability of carbohydrate active enzymes 
(CAZymes), peptidases, and transporters in a stratified water column, 
highlighting the important role of bacterial functional groups in a stratified 
ecosystem. In addition, we showed the importance of chemolithoautotrophic 
Thaumarchaeota (Archaea) in nutrient cycling, in particular their role in 
ammonia oxidation and exceptionally high transcriptional activity in 
ammonium transport, ultimately linking C- and N-cycles in oxygen minimum 
zones. 

Taken together, this thesis identified important bacterial and archaeal taxa 
that are actively involved in the cycling of DOM in aquatic ecosystems. Several 
studies in this thesis pointed toward a considerable degree of functional resource 
partitioning of labile DOM compounds between, and importantly also within, 
different bacterial groups. Moreover, we demonstrated that carbohydrate-active 
enzyme, peptidases and transporters are important gene systems that drive 
functional cascades over short spatiotemporal scales, and thereby we add novel 
mechanistic understanding of ecologically relevant genes that ultimately shape 
the interdependency between DOM and prokaryotes in the contemporary ocean. 
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