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ABSTRACT 

Muthusamy, Saraladevi (2016). Functional Profiling of Metabolic Regulation in Marine 
Bacteria, Linnaeus University Dissertation No 245/2016, ISBN: 978-91-88357-07-6. 
Written in English. 

Oceans are powered by active, metabolically diverse microorganisms, which are 
important in regulating biogeochemical cycles on Earth. Most of the ocean surface is 
often limited by nutrients, influencing bacterial growth and activities. Bacterial 
adaptation to fluctuating environmental conditions involves extensive reprogramming, 
and redirection of bacterial metabolism and physiology. In this thesis, I investigated the 
molecular mechanisms of bacterial adaptation strategies to sustain their growth and 
survival, focusing on the regulation of gene and protein expression in heterotrophic 
marine bacteria. 

Comparative proteomics analyses growth and non-growth conditions, uncovered 
central adaptations that marine bacteria employ to allow them to change their 
metabolism to support exponential growth in response to nutrients and to readjust to 
stationary phase under nutrient limitation. Our results highlight that during nutrient 
rich conditions three distinct bacteria lineages have great similarities in their proteome. 
On the other hand, we observed pronounced differences in behavior between taxa 
during stationary phase. 

Analyses of the proteorhodopsin containing bacterium Vibrio sp. AND4 during 
starvation showed that significantly improved survival in the light compared to darkness. 
Notably, proteins involved in promoting cell vitality and survival had higher relative 
abundance under light. In contrast, cells in the dark need to degrade their endogenous 
resources to support their basic cellular demands under starvation. Thus, light strongly 
influences how PR-containing bacteria organize their molecular composition in response 
to starvation. 

Study of alternative energy generation metabolisms in the Alphaproteobacteria 
Phaeobacter sp. MED193 showed that the addition of thiosulfate enhanced the bacterial 
growth yields. Concomitantly, inorganic sulfur oxidation gene expression increased with 
thiosulfate compared to controls. Moreover, thiosulfate stimulated protein synthesis and 
anaplerotic CO2 fixation. These findings imply that this bacterium could use their 
lithotrophic potential to gain additional energy from sulfur oxidation for both improving 
their growth and survival.  

This thesis concludes that analyses in model organisms under defined growth 
conditions gives invaluable knowledge about the regulatory networks and physiological 
strategies that ensure the growth and survival of heterotrophic bacteria. This is critically 
important for interpreting bacterial responses to dynamic environmental changes. 
Moreover, these analyses are crucial for understanding genetic and proteomic responses 
in microbial communities or uncultivated organisms in terms of defining ecological 
niches of planktonic bacteria. 
 
Key words: marine microbiology, physiology, heterotrophic bacteria, adaptive strategies, 
survival, proteomics, growth phase, proteorhodopsin, inorganic sulphur oxidation, 
anaplerotic CO2 fixation. 
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SAMMANFATTNING
I världshaven finns aktiva och metaboliskt olika mikroorganismer, som
reglerar centrala biogeokemiska kretslopp på jorden. För att säkerställa
överlevnaden under varierande näringstillgång krävs cellulära 
anpassningsstrategier, vilka inkluderar omdirigering av bakteriernas
metabolism och fysiologi. I denna avhandling undersöktes de molekylära
mekanismerna bakom heterotrofa bakteriers anpassningsförmåga, med fokus
på regleringen av gen- och proteinuttryck.

Vid analys av tre representativa modellorganismer av marina bakterier
detekterades betydande delar av deras proteiner, och 16-23% av proteomen 
var differentiellt uttryckta vid olika tillväxtfaser. Under näringsrika
förhållanden hade bakterierna stora likheter i sitt proteinuttryck, med fokus på
uttryck av proteiner involverade i cellmaskineri för snabb celldelning och
tillväxt. När näringen tog slut noterades däremot stora skillnader mellan
arterna med avseende på transportörer, fosformetabolismen och delar av
kolmetabolismen.

Experiment med den proteorodopsin-innehållande modellbakterien Vibrio
sp. AND4 visade på högre överlevnad under svält i ljus än i mörker. Proteiner
som bidrog till förbättrad överlevnad i ljus inkluderade transportproteiner för
upptag av specifika aminosyror och peptider, proteiner involverade i
uppbyggnaden av flageller för att simma bättre, samt
vitaminmetabolismrelaterade proteiner (B-vitaminer). Celler som svälte i 
mörker ökade däremot mängden proteiner för nedbrytning av exempelvis
proteiner och DNA, samt och oxidativ fosforylering. Dessa observationer
visar att cellerna i mörker tvingas utnyttja sina endogena resurser för klara
grundläggande cellulära aktiviteter. 

Studier av bakterien Phaeobacter sp. MED193 (Alphaproteobacteria)
visade att tillsats av tiosulfat förbättrade tillväxten upp till 40%. Samtidigt 
ökade uttrycket av gener för proteiner involverade i oorganisk svaveloxidation 
(sox). Dessutom stimulerade tiosulfat proteinsyntes och anaplerotisk CO2-
fixering. Flera gener för anaplerotisk CO2 fixering var högt uttryckta under
aktiv tillväxt, vilket sammanföll med en hög CO2-fixering. Dessa fynd tyder
på att bakterier som bär sox gener kan utnyttja sin litotrofiska potential för att
få extra energi från svaveloxidation för att öka sin tillväxtförmåga och
förbättra långsiktig överlevnad.

Avhandlingsarbetet visar att molekylära analyser av modellorganismer
under definierade miljöförhållanden ger värdefull information om bakteriers 
fysiologi och ekologi. Kunskap om regulatoriska nätverk och fysiologiska
strategier som garanterar överlevnaden av heterotrofa bakterier i föränderliga
miljöer är avgörande för att förstå mikrobiella samhällen samt för att definiera
ekologiska nischer för olika bakteriearter. 

To All My Family  
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INTRODUCTION 

The ocean occupies more than 71% of the earth’s surface and harbours an 
immense biodiversity of macro and microorganisms. Microorganisms 
comprise organisms that are smaller than 100 μm, including bacteria, archaea 
and phytoplankton, which can be seen only with a microscope. Although 
invisible to the naked eye, microbes are ubiquitous in the ocean and thrive by 
using nutrients and energy from diverse sources. Microbes can inhabit a wide 
range of marine environments, from pelagic surface waters to extreme 
environments such as sediments and hydrothermal vents (Pomeroy and 
Darwin 2007). The bacterial abundances in seawater were estimated by plate 
counts for several decades (Zobell 1946), followed by epifluorescence 
microscope. The developments in microscopy techniques improved the 
quantification of marine bacteria abundances (Hobbie et al 1972). The 
microscopic counts of bacterial cells were two orders of magnitude higher 
than counts estimated by plate counts (Hobbie et al 1977, Palumbo et al 1984). 
Now, the estimated average abundance of bacteria in the marine water is 106 

per millilitre of seawater (Hobbie et al 1977), adding up to total number of 
1029 bacteria and truly they are the “unseen majority” in the ocean (Pomeroy 
and Darwin 2007). Due to their great numerical abundance, the total biomass 
of bacteria in the ocean is larger than the combined biomass of zooplankton 
and fishes (Pomeroy and Darwin 2007). 

Active bacteria have higher metabolic activities than non-active organisms 
- the bacterial metabolic activity in marine environments has been traditionally
estimated by [14C]- or [3H]- radiolabelled substrate uptake (Fletcher 1986) and
labelled components are often assimilated into biomass (Hesselsoe et al 2005,
Roslev et al 2004). The most common method to measure the bacterial activity
in the aquatic environment is [3H] thymidine or [3H] leucine uptake into
nucleic acids and proteins, respectively (Fuhrman and Azam 1980, Kirchman
et al 1985). Collectively, decades of research in bacterioplankton
abundance and activity has shown that marine microbes populate all
parts of the ocean, continued to dominate our biosphere - especially in the
ocean, and account for 90% of total marine biomass.
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The Microbial Loop 
Microbes are essential organisms of the Earth’s biosphere and play a vital role 
in organic matter decomposition and utilization (Arrigo 2004). Also, these 
microorganisms control biogeochemical cycles of nutrients and trace elements 
in the biosphere (Azam et al 1983, Pomeroy 1974). In the early 1980s, 
bacteria were recognized for their role in decomposition of organic matter and 
remineralisation of inorganic nutrients. The assimilation of organic and 
inorganic nutrients into bacterial biomass was only later recognized as a 
trophic link connecting dissolved organic matter (DOM) with higher trophic 
levels in the marine food web (Figure 1). The transfer of dissolved organic 
carbon (DOC) to higher trophic level via bacteria, protozoa and zooplankton 
in the microbial loop is an essential mechanism for nutrients recycling (Figure 
1) (Azam et al 1983, Azam and Malfatti 2007). Phytoplankton are the primary
producers in the ocean and around half of the primary production is
transferred to higher trophic levels whereas the other half is processed via
bacteria (Azam et al 1983). Bacterial production accounts for approximately
20-30% of primary production (Cole et al 1988). A large fraction of the
primary production is released as DOM by consequent processes of various
organisms in the food web, and a major portion of this DOM is accessible to
prokaryotes (Azam et al 1983, Ducklow and Carlson 1992). This microbial
food chain is an important link for nutrient transfer in the ocean and there is a
net balance of biological production and consumption (Williams 1998).
Marine heterotrophic bacterioplankton plays a central role in controlling
biogeochemical cycles of essential elements as well as energy fluxes in the
marine environment.
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Figure 1. Schematic illustration of microbial food web adapted from (Azam and Malfatti 
2007). The large fraction of DOM produced from phytoplankton is transferred to higher 
trophic level by various mechanisms in the food web. The arrow marks indicate the flow of 
energy. 

Bacterial growth 
Bacterial growth is the increase in cell numbers in a population through 
bacterial cell division. The bacterial growth rate is the number of cells formed 
per time, and it varies depending on the environmental conditions. For 
example, the bacterial growth rate is generally low in nutrient depleted 
environments and high in nutrient rich environments (Navarro Llorens et al 
2010). During bacterial growth, various substrates, elements, and minerals are 
converted into bacterial biomass at the expense of energy (Del Giorgio and 
Cole 1998). Bacteria obtain their nutritional requirement through mostly 
active transport of diverse organic and inorganic substrates into the cells. Part 
of the organic carbon consumed by bacteria is converted via anabolic reactions 
into biomass, and the remaining part is used to generate energy (ATP) via 
catabolic reactions (Roszak and Colwell 1987).
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Growth phases 
Bacterial growth is typically characterised by a sequence of several growth 
phases such as lag phase, exponential phase, stationary phase, and decline or 
death phase (Figure 2) (Monod 1949). In the lag phase, when cells enter into a 
new nutritional environment, cells undergo metabolic reprogramming to take 
full advantage of the new environment. The length of the lag phase depends 
on various factors such as bacterial species, the degree of changes in 
environmental factors, nutrient concentrations and the length of time that the 
cells spent in starved conditions (Kjelleberg et al 1982, Pin and Baranyi 2008). 
Once the cells are adapted to the new environment, they start to grow and 
divide constantly - this rapid growth phase is known as exponential phase 
(Navarro Llorens et al 2010). In addition to the rapid multiplication, the early 
stage of growth is also characterized by high metabolic activity, larger cells 
and sensitivity to environmental fluctuations (Winslow and Walker 1939). 
Subsequently, all the available nutrients are exhausted by the cells in their 
environment, when the medium does not support active growth and forces the 
cells to enter into a non-dividing state, the so called stationary phase and 
during this prolonged period of nutrient limitation cells experience starvation 
(Navarro Llorens et al 2010). 

During the transition from exponential to stationary phase when the rate of 
increase in the number of cells and protein biosynthesis slows down, bacterial 
growth becomes unbalanced (Nyström 2004, Reeve et al 1984). As a 
consequence of stationary phase and starvation, cells enter into a final death 
phase, where waste products are gradually accumulated due to nutrient 
exhaustion. These waste products can create stress for the cells, which 
eventually leads to the death phase (Shimizu 2013). The cell numbers decline 
drastically and the majority of the population dies under this condition 
(Navarro Llorens et al 2010, Shimizu 2013). Therefore, nutrients that are 
released from dying cells into the environment could support the survival of 
the remaining population for months or years in long term stationary phase 
(Desnues et al 2003, Nagamitsu et al 2013). It is important to mention that the 
different phases of bacterial growth were characterised by using model 
organisms, such as Escherichia coli. The time bacteria spend on any of these 
phases in the marine environment depends on the bacterial species and 
characteristics of the existing environment (Navarro Llorens et al 2010). Still, 
well-defined characteristics of these four growth phases using model organism 
have improved our knowledge about bacterial physiology. 
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Figure 2. Bacterial growth curve represents the four phase of bacterial growth in typical 
growth medium. The length of time bacteria spend in each phase is depends on bacterial 
species and composition of growth medium. 

 Anabolism (In Greek ana, "upward" and ballo, "to thrown") – cells
use free energy to construct more complex molecules and structures
from smaller, simpler precursors. Anabolic reactions produce
carbohydrates, proteins and nucleic acids.

 Catabolism (In Greek kato, "downward" and ballo, "to thrown") – is
set of chemical reactions that break down large molecules into simple
molecules. These processes usually release energy to drive chemical
reactions in the cell. For example, complex molecules such as starch
and glycogen are broken down into glucose and fructose.

Lifestyle strategies of bacteria 
Microbes are constantly exposed to changes in environmental conditions such 
as light, temperature, and nutrients. The availability of nutrients is a core 
factor determining microbial metabolic activities. Bacterial growth can be 
limited by a wide range of nutrients in natural marine environments, typically 
organic and inorganic nutrients such as carbon, phosphorus, and iron (Cotner 
et al 2000, Sala et al 2002). In nature, the majority of the ocean surface water 
is low in nutrients (oligotrophic e.g., open ocean) and relatively few water 
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masses are enriched with nutrients (copiotrophic e.g., coastal areas), resulting 
from upwelling of nutrient rich deep-water and ocean circulations - this in turn 
can sustain major phytoplankton blooms (Lauro et al 2009). 

The nutrient depleted environment selects for bacteria with life style 
strategies as oligotrophs (mostly free living prokaryotes adapted to low 
nutrient levels) or copiotrophs (mostly particle attached prokaryotes adapted to 
high nutrient levels). In oligotrophs, a small cell size (ultramicro size) 
provides an additional advantage to overcome predation. Even though 
copiotrophs are associated with nutrient rich habitats, they can survive in 
nutrient depleted environments for extended time. Nevertheless, they cannot 
persist in extremely low nutrient concentration as well as oligotrophs (Koch 
2001). Streamlined genomes of oligotrophic bacteria have a lower number of 
energy dependent multifunctional transporters; and a typical absence of many 
functional genes could imply a poor metabolic flexibility and inability to 
exploit nutrient rich resource conditions (Giovannoni et al 2005b, Lauro et al 
2009). In contrast, copiotrophs have a wide range of specific transporters for 
nutrient uptake and are well adapted to nutrient fluctuations by quickly 
responding to nutrient addition/depletion by their metabolic plasticity in the 
marine environment. Copiotrophs also have alternative catabolic pathways to 
support their growth and survival under nutrient limited environments (Lauro 
et al 2009). Bacteria have evolved wide ranges of metabolic strategies to cope 
with different environments. 

Adaptive strategies to stationary phase 
Exponentially growing bacteria are predominant in nutrient rich (copiotrophic) 
environments. As nutrient rich environments with unlimited resources are 
rarely found in nature, most cells are likely to prevail in some intermediate 
state between growth and non-growth in the marine environment. It has been 
estimated that 60% of the earth’s biomes are composed of non-active 
microorganisms (Gray et al 2004). Many bacteria spend short time periods 
during active growth and prolonged times under non-growth/dormancy, which 
has been commonly referred to as the “feast or famine” strategy. The 
concentration of nutrients in surface and deep marine water is several orders 
of magnitude lower than in nutrient rich media in the laboratory (Kurath and 
Morita 1983, Martin and MacLeod 1984). Thus, bacteria are in general forced 
to adapt various metabolic (adaptive) strategies (e.g., stationary phase) for 
growth and survival due to the heterogeneous nature of environment (Kolter et 
al 1993). During shift from exponential phase to stationary phase bacteria 
have evolved a wide range of physiological and morphological adaptation 
strategies to endure in nutrient limited environments (Kolter et al 1993, 
Siegele and Kolter 1992). 
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Morphological and physiological changes 
The adaption to stationary phase is a well-known phenomenon in model 
organisms; bacterial cell sizes become smaller due to reductive cell division 
and dwarfing. Cells increase the surface to volume ratio that leads to a 
spherical shape (Lange and Hengge‐Aronis 1991, Nyström 2004). Bacillus 
subtilis can develop specialized cell types called spores (Errington 2003). E. 
coli cells can develop aggregates (Lange and Hengge‐Aronis 1991) and Vibrio 
cholerae cells can enter into a viable but non-culturable state (Chaiyanan et al 
2006). Transitions into stationary phase change the structure and composition 
of the cell envelope and cytoplasm. Moreover, bacterial cells become more 
resistant and some species develop rigid envelopes for cell protection in 
stationary phase (Navarro Llorens et al 2010). In addition, periplasm volume 
increases while the cytoplasm is condensed (Reeve et al 1984). Stationary 
phase is associated with high cell density and the production of a wide range 
of molecules related to biofilm formation, virulence, secondary metabolites, 
toxins, and antibiotics (Duquesne et al 2007). Overall, starved cells reduce 
their metabolic activity and maintain minimum level of endogenous 
metabolism to support vital activities at stationary phase (Roszak and Colwell 
1987, Siegele and Kolter 1992). 

Metabolic regulation 

In addition to morphological changes, bacteria experience a large shift in 
physiology; stationary phase is heterogeneous and highly depends on the 
conditions that resulted from the end of the initial growth phase (Neidhart 
1996). Cellular adaptation to fluctuating environments is associated with a 
highly sophisticated and very complex adaptive genetic and regulatory 
network that represents one of the most essential features of cell physiology 
ensuring bacterial survival (Cases et al 2003, Navarro Llorens et al 2010). 
Survival under low nutrient conditions involves altering the expression of 
genes and proteins. Transition to stationary phase induces a major shift in the 
protein synthesis pattern; in the model organisms B. subtilis and E. coli the 
response to a growth phase shift includes complex adaptation strategies 
governed by sigma factors (σ) and several other stress response regulators 
(Bernhardt et al 2003, Yoon et al 2003). Furthermore, the response to nutrient 
limitation is accompanied by metabolic reprogramming of cells; consequently 
several hundreds of proteins are induced and repressed under these conditions 
(Bernhardt et al 2003, Ishihama 1997). Synthesis of new proteins increases the 
cells ability to scavenge and utilize the trace amount of nutrients, and therefore 
enables the cells to escape from starvation. Also, it induces a core set of 
proteins that confers resistance to different stresses in an existing environment 
(Jenkins et al 1988, Matin 1991). Interaction with the external environment is 
mediated by central regulator σ factors (Hengge-Aronis 1999, Yoon et al 
2003). On the other hand, for organisms lacking global stationary phase 
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responses, σ factors are substituted with the induction of numerous stress-
related proteins, which could enable cells to enter into stationary phase (Cohen 
et al 2006, Folio et al 2004). It is noteworthy that the stationary phase adaptive 
strategies typical for marine bacteria might be different from adaptive 
strategies in model organisms like B. subtilis and E. coli (Christie-Oleza et al 
2012, Sowell et al 2008, Zech et al 2009). 

Despite the advances in knowledge of bacterial abundance, diversity, and 
metabolic activities, little is known about the stationary phase adaptation 
strategies among marine prokaryotic assemblages. Thus, it is relevant to 
examine protein expression profiles of marine bacteria in nutrient rich 
and limited environments. It is essential to understand the adaptative 
strategies of marine bacteria in order to predict the dynamics of bacterial 
growth that might provide more insights into survival strategies in the 
natural environment. 

As most of the marine prokaryotes depend on the diluted nutrients in the 
oligotrophic environment, many bacteria employ a wide range of alternative 
pathways for carbon and energy acquisition. Hence, bacterioplankton 
communities in marine environments encode and acquire a significant number 
of genes for additional processes that could potentially support their energy 
demand for metabolism via alternative strategies. Energy can be derived from 
light (photoheterotrophy), oxidation of inorganic compounds 
(chemolithotrophy) and oxidation of organic compounds 
(chemoorganotrophy) in the form of ATP via substrate level phosphorylation, 
photophosphorylation and oxidative phosphorylation (Carlson et al 2007, 
Kolber 2007). The energy from these processes can be used to drive the 
various metabolic processes of the cells (Jones 1982). Although several 
alternative mechanisms of energy conservation have been identified, it is 
still unclear how different strategies contribute to the overall metabolic 
processes of bacteria in their natural environment. 

Phototrophy 
Solar energy is the most reliable primary energy source in the marine 
ecosystem. Photosynthesis can be simply defined as biological conversion of 
solar energy into chemical energy in the form of reduced carbon compounds. 
In addition to eukaryotic phytoplankton, several unicellular planktonic 
prokaryotes, e.g cyanobacteria like Prochlorococcus (Bibby et al 2003) and 
Synechococcus (Havaux et al 2005), grow autotrophically using light as a 
primary energy source. Nevertheless, there are two other types of light energy 
harvesting mechanisms that are of importance in the sea: i.e., 
bacteriochlorophyll (BChl) based photosynthesis (aerobic anoxygenic 
photosynthesis) and proteorhodopsin (PR) based phototrophy. In the ocean, 
approximately 18% of bacterioplankton communities in the surface waters 
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carry the genomic potential to perform BChl based photosynthesis (Finkel et 
al 2013). The BChl based photosynthetic system consists of a light harvesting 
complex (LH) and a reaction center (RC). LH complexes absorb light energy 
via carotenoids and BChl as photoreceptors and transfer the energy to RC 
(Tang et al 2010). It has been estimated that 5 to 50% of energy generation in 
upper ocean could be mediated by aerobic anoxygenic photosynthesis (Kolber 
et al 2000), although subsequent estimates rather points to values in the lower 
range of these percentages (Tomasch et al 2011, Lami et al 2007). The energy 
generated through photophosphorylation could be used for transport and 
uptake of nutrients, cell motility, and to protect cells from oxidative stress 
(Wagner-Dobler and Biebl 2006). Also, aerobic anoxygenic photosynthesis 
(AAP) could complement the total cellular energy requirement of AAP 
containing bacteria (AAnP) and could improve anaplerotic CO2 fixation 
(Kolber et al 2000). 

 Phototrophy – the process by which organisms convert light energy
into chemical energy.

 Photophosphorylation – the process of transferring a phosphate group
to ADP to produce ATP by using light energy.

Proteorhodopsin phototrophy 

Abundance and diversity 

Proteorhodopsin (PR) is a seven transmembrane alpha helix protein that uses a 
retinal (vitamin A aldehyde) chromophore for light absorption. This retinal 
binding membrane protein was first discovered in genome fragment of 
uncultured, cosmopolitan Gammaproteobacteria in the SAR86 clade thorough 
metagenomic analysis (Beja et al 2000, Rusch et al 2007). Based on a 
metagenomic survey, approximately 50% of bacterioplankton populations in 
the marine environment encode PR (Finkel et al 2013). Furthermore, the light 
harvesting PR gene is widely distributed in different marine bacterial taxa, 
including three major classes of bacteria: Alphaproteobacteria (Giovannoni et 
al 2005a, Sabehi et al 2005), Gammaproteobacteria (Béja et al 2000, Sabehi et 
al 2004) and Bacteroidetes (Flavobacteria) (Gómez-Consarnau et al 2007, 
Gonzalez et al 2008). Proteorhodopsin exhibits spectral tuning to the light 
availability in seawater, i.e. adaptation to different light qualities; green light 
(absorption maximum of 520 to 540 nm) and blue light (absorption maximum 
around 490 nm) (Sabehi et al 2007). The substitution of a single amino acid 
residue at position 105 (leucine for green and glutamine for blue) can act as a 
spectral tuning switch that changes the light absorption spectra of PR from 
blue to green or vice versa (Man et al 2003). Green light absorbing 
proteorhodopsin carries hydrophobic amino acids like valine, alanine, leucine, 
and methionine at position 105 and can be dominant in coastal and surface 
waters while blue light absorbing PR has glutamine and has been detected in 



the open ocean and deep waters consistent with the ambient light 
availability (Man et al 2003, Sabehi et al 2005). Photoheterotrophic 
microbes including proteorhodopsin based phototrophic bacteria and 
aerobic anoxygenic phototrophic bacteria are numerically abundant and 
play an important role in ocean carbon cycle. 

Physiological function of PR 

PR exports protons across the cytoplasmic membrane to the extracellular side 
(periplasmic space) using light energy. The resulting proton gradient or proton 
motive force (PMF) can be used to produce biologically available energy in 
the form of ATP (Figure 3) (Gómez-Consarnau et al 2007, Martinez et al 
2007). This energy could be used to drive microbial metabolic processes in the 
cell (Béja et al 2000). Heterologous expression of the PR gene in E. coli has 
provided insights into the function of PR as a light activated proton pump 
(Walter et al 2007) and that proton translocation could activate 
photophosphorylation (Martinez et al 2007). In addition, the PMF can be 
directly used to transport solutes in and out of the cell and also to power 
flagellar motility (Martinez et al 2007). Apart from studies in model organism, 
several analyses have investigated the function of proteorhodopsin during 
growth and survival of marine bacteria. For example, light can enhance 
bacterial growth rates and yields in the Flavobacteria Dokdonia sp. MED134 
(Gómez-Consarnau et al 2007, Kimura et al 2011). However, light did not 
increase the growth yield of several other marine bacteria such as 
Alphaproteobacteria (Giovannoni et al 2005a), Gammaproteobacteria 
(Gómez-Consarnau et al 2010, Stingl et al 2007) and Bacteroidetes (Gonzalez 
et al 2008, Riedel et al 2010). Proteorhodopsin promotes bicarbonate uptake 
rates via anaplerotic CO2 fixation enzymes in two genera of Flavobacteria, 
Polaribacter sp. MED152 and Dokdonia sp. MED134 (Gonzalez et al 2008, 
Palovaara et al 2014). Some microbes mainly use proteorhodopsin 
phototrophy as a mechanism for survival, as demonstrated in nutrient-limited 
starvation experiments (Gómez-Consarnau et al 2010), and under high salinity 
stress conditions (Feng et al 2013). Furthermore, PR drastically contributed to 
total cellular energy budgets for energy starved stationary phase SAR11 cells, 
indicating that PR phototrophy could lead to long-term survival of bacteria 
under nutrient limited conditions (Johnson et al 2010, Steindler et al 2011). 
Recently, Courties et al (2015) revealed that response to light in PR containing 
Photobacterium angustum directly correlated to the energy status of the cell 
rather than low substrate level or limitation (Courties et al 2015). 

Collectively, these results imply that proteorhodopsin provides additional 
adaptive strategies for bacterioplankton in the marine environment. 
Transcriptomic and proteomic analyses have revealed that proteorhodopsin is 
one of the highly expressed genes among a wide taxonomic spectrum of 
microbial communities in diverse marine environments (Morris et al 2010, 
Poretsky et al 2009, Satinsky et al 2014). Moreover, proteorhodopsin 
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transcripts were ubiquitous and frequently detected under day light conditions 
compared to night in coastal waters (Lami et al 2009, Ottesen et al 2014). 
However, how the PR affects the cellular metabolism, and the exact 
physiological role, adaptive strategy and the ecological aspects of 
proteorhodopsin containing marine bacteria need further attention. 
Understanding the ecological role of proteorhodopsin would help us to 
predict the impact of global changes on marine microbial communities. 

Figure 3. Overview of proteorhodopsin phototrophy adapted and modified from 
http://2015.igem.org/Team:UNITN-Trento/Results/Proteorhodopsin. Light activate proton 
pumping as a source of proton motive force that power the ATP synthesis. 
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Chemolithoheterotrophy 
Ecologically and taxonomically diverse microorganisms have the potential to 
oxidize various organic and inorganic sulfur compounds in soil, freshwater, 
marine, as well as in extreme environments (Friedrich et al 2005). Sulfur 
oxidation occurs through various biochemical reactions, and these pathways 
facilitate sulfur oxidation based lithoheterotrophy, which produces reductant 
NADPH and ATP (Ghosh and Dam 2009). Thiosulfate is one of the most 
abundant reduced inorganic sulfur compounds, and thiosulfate oxidation is 
potentially an important energy yielding mechanism for heterotrophic bacteria 
in a variety of environments (Friedrich et al 2001, Kelly et al 1997). 

Thiosulfate oxidation 

The complete thiosulfate oxidation occurs through three major pathways 
among prokaryotes (Friedrich et al 2001, Friedrich et al 2005, Kelly et al 
1997). First, the S4 intermediate pathway, whereby thiosulfate degradation 
occurs via polythionates and produces tetrathionate as a final product; this 
pathway yields less energy than the sox enzyme system (Kelly et al 1997, 
Sorokin et al 1999). Second, the sulfur oxidizing (sox) enzyme system, that 
was first reported in the alphaproteobacterium Paracoccus pantotrophus and 
that is also present in several chemotrophic and phototrophic bacteria 
(Friedrich et al 2001, Friedrich et al 2005). The full sox gene cluster contains 
15 genes, including seven genes encoding the four core proteins of thiosulfate 
oxidation SoxXA, SoxYZ, SoxCD and SoxB, which are located in the 
periplasm (Figure 4). The molecular and biochemical characterization of the 
sox enzyme system was elucidated in several members of Alphaproteobacteria 
(Friedrich et al 2005). Mutational analysis showed the importance of the sox 
enzyme system for thiosulfate oxidation (Hensen et al 2006, Masuda et al 
2010). Thirdly, the branched thiosulfate oxidation pathway used by a number 
of bacteria produces elemental sulfur as an intermediate product during 
thiosulfate oxidation due to a lack of SoxCD (Pronk et al 1990, Beard et al 
2011). Then, the resulting elemental sulfur is stored as sulfur globules and 
further oxidized to sulfite through dissimilatory sulfite reductase (dsr) 
(Frigaard and Dahl 2008). 
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Figure 4. Map of sox gene cluster and overview of the thiosulfate oxidation reaction via 
sox enzymes in Phaeobacter sp. MED193. 

The recent discovery of sulfur oxidation (sox) genes among up to 10% of 
microbes in the open ocean emphasizes the potential importance of sulfur 
oxidation in marine environments (Moran et al 2004, Venter et al 2004). 
Thiosulfate oxidation can improve the organic carbon assimilation; growth 
rate and growth yield of various groups of bacteria under different growth 
conditions (Lenk et al 2012, Moran et al 2004). Moreover, a few studies have 
demonstrated the potential of thiosulfate oxidation in the abundant, highly 
versatile Roseobacter clade members under oxic and anoxic conditions 
(Moran et al 2004, Swingley et al 2007). Consequently, the energy derived 
from oxidation of reduced inorganic compounds could influence the metabolic 
pathways and efficiencies of carbon flow through the marine microbial loop 
(Moran et al 2004). This additional energy could be used for efficient 
utilization of available organic carbon for cell growth (Moran et al 2004). It 
could also potentially enhance anaplerotic CO2 fixation (Sorokin et al 1999). 
Still, it is not very clear how inorganic sulfur oxidation interacts or 
regulates other cellular metabolisms in marine bacteria. 

Anaplerotic CO2 fixation 
Microbes obtain the carbon required for cellular processes via autotrophy 
and/or heterotrophy. In chlorophyll a containing autotrophs (i.e. 
phytoplankton and plants), the conversion of inorganic carbon (CO2) into 
organic carbon constituting organism biomass is typically catalyzed via 
ribulose-1, 5 bisphosphate carboxylase (RuBisCO) enzymes in the Calvin 
cycle. Conversely, heterotrophic bacteria obtain their biomass from organic 



14 

substrates. Although this reaction does not immediately require CO2 fixation, 
some substrates can be degraded and assimilated only through carboxylase 
enzymes; for example the so-called assimilatory carboxylases, which are 
required for transformation of organic compounds into central precursor 
molecules (i.e., TCA cycle intermediates)(Erb 2011, Hesselsoe et al 2005). 
During growth, TCA cycle intermediates are constantly drained for 
biosynthesis of amino acids and other cell constituents. In order to refill such 
intermediates of the TCA cycle, several heterotrophic bacteria use anaplerotic 
reactions, mostly by various carboxylase reactions (Kornberg 1965). The most 
prevalent enzymes, pyruvate carboxylase, phosphoenolpyruvate carboxylase, 
phosphoenolpyruvate carboxykinase and malate dehydrogenase (Figure 5) are 
collectively known as anaplerotic CO2 fixation enzymes (Hesselsoe et al 
2005). Moreover, anaplerotic reactions indicate the presence of cyclic 
mechanisms that replenish the carbon molecules of the TCA cycle whereas 
intermediates serve as biosynthetic precursors for a wide range of products. 
The glyoxylate shunt is a deviation of the TCA cycle, where it bypasses the 
release of two carbon molecules as CO2, coupled with reducing equivalents 
(NADH and FAD) from the TCA cycle (Figure 5). The glyoxylate cycle is 
usually described for organism growing on two carbon compounds (i.e. 
acetate) and it is catalyzed by isocitrate lyase and malate synthase. 

 Anaplerotic [Greek ana (up) plerotic (to fill)] reactions – Reactions
that replace citric acid cycle intermediates via anaplerotic CO2 fixation
and the glyoxylate shunt.

 Anaplerotic CO2 fixation – In the TCA cycle, many intermediates are
drained to be used as precursors for biosynthesis. In order to maintain
TCA cycle functioning, these metabolites are replenished via
anaplerotic reactions. This involves multiple essential carboxylation
reactions that can be catalyzed by different enzymes.

Nevertheless, several heterotrophic bacteria are lacking the key enzyme 
isocitrate lyase, indicating the necessity of alternative pathway for C2 
compound assimilation. Ethylmalonyl CoA pathway has been proposed to 
mediate an alternative pathway for acetate assimilation (Alber et al 2006). 
This reaction involves various assimilatory carboxylase reactions, particularly 
those by crotonyl CoA carboxylase/reductase and propionyl CoA carboxylase, 
and it also contributes to anaplerotic CO2 fixation (Figure 4) (Erb et al 2007). 
Various taxa among microbial communities encode the metabolic potential to 
incorporate CO2 via anaplerotic CO2 fixation (DeLorenzo et al 2012, Gonzalez 
et al 2008, Moran et al 2004, Swingley et al 2007). Previous studies indicated 
that anaplerotic CO2 fixation varies depending on several factors; the 
accessibility of substrates used for growth (Dijkhuizen and Harder 1985, 
Hesselsoe et al 2005), bacterial species (DeLorenzo et al 2012, Hesselsoe et al 
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2005) and metabolic state of the organism (Alonso-Sáez et al 2010, Feisthauer 
et al 2008). Also, light-stimulating anaplerotic CO2 fixation was reported in 
laboratory grown rhodopsin-containing bacterial isolates (Gonzalez et al 2008, 
Palovaara et al 2014). Furthermore, a study of arctic seawater suggested that 
heterotrophic CO2 assimilation supports cell activities and survival under 
nutrient depleted conditions (Alonso-Sáez et al 2010). Although anaplerotic 
CO2 fixation was first reported in 1965 (Kornberg 1965), factors 
regulating the expression of enzymes mediating anaplerotic CO2 fixation 
in bacterioplankton assemblages with different life strategies are largely 
unknown. 

Figure 5. Diagram of central metabolic pathways, anaplerotic CO2 fixation, citric acid 
cycle, glyoxylate shunt and the ethylmalonyl CoA pathway. Metabolic pathways are 
adapted and modified from Erb 2007 and Palovaara et al 2014. Color code denotes the 
various metabolic reactions in central carbon metabolism. 
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Proteomics 
The word “proteomics” refers to the large-scale characterization of a complete 
set of proteins produced or expressed under different growth conditions in 
living cells, tissues or organisms (Wasinger et al 1995, Wilkins et al 1996). 
Proteomics is a fairly new, technology-driven approach that allows identifying 
proteins and their function, but also extends to the study of protein-protein 
interactions, protein localization, protein quantification, stability of proteins 
and post translational modifications (Keller and Hettich 2009). The 
development of genomics significantly contributes to the growth of the 
proteomics field, and the availability of genome sequences and progress in 
sequencing analysis have enhanced our knowledge to understand gene 
functions, biological pathways, regulatory networks and adaptation strategies 
(Cardenas and Tiedje 2008). Genomic analysis provides information about the 
metabolic potential of microbes that might be employed for life style 
strategies, but it cannot provide full functional information, since actual 
functionality relies on the relative expression of RNA and proteins. Gene 
expression measurements are often weakly correlated with actual proteomes 
due to posttranslational modifications. Posttranslational modifications such as 
transcript degradation, protein turnover time, riboswitch inactivation and 
translational regulations lead to differences between transcript abundances and 
metabolic activities (Picard et al 2009). Today, proteomics is a powerful tool 
to visualize potential physiological processes in large scales with high impact 
on understanding bacterial physiology in response to the environment. Since 
proteomic analysis provides information about the final product of all levels of 
gene regulation and it assures that proteomics is likely to come to play a 
central role in the development of concepts and understanding in microbial 
ecology. 

Developments in Proteomics 
The recent developments in the proteomics field have been made via 
emergence of advanced technologies in the field. Proteomic analysis has two 
major components; protein fractionation and identification. The earlier one is 
essential to reduce the complexity of the samples and is typically done by gel 
electrophoresis or column chromatography whereafter proteins are identified 
by mass spectrometry (Minden 2007). The initial implementation consisted of 
the combination of two-dimensional gel electrophoresis (2DE) with mass 
spectrometer (gel based approach). 2DE is considered a powerful method for 
protein separation and visualization and is most widely used for separation of 
complex mixtures based on two independent properties: the isoelectric point 
(pI) and molecular mass (Mr) (Görg et al 2004). However, 2DE still faces 
significant technical challenges, poor resolution, sensitivity and very low 
dynamic range. These limitations were partially resolved by the development 
of a fluorescence staining method (Steinberg et al 2000). Later, in 1997, Ünlu 
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et al. introduced protein labeling with fluorescent tags, which provides an 
excellent dynamic range, higher resolution and sensitivity as well as 
identification and quantification of differentially expressed protein - an 
approach called differential gel electrophoresis (DIGE) (Timms and Cramer 
2008, Ünlü et al 1997). Nevertheless, the application of DIGE is limited to 
soluble proteins and does not provide details about membrane proteins. 

Recently, the emergence of sophisticated and high throughput technologies 
in mass spectrometry, multidimensional liquid chromatography coupled with 
mass spectrometry (gel free approach) overcomes the obstacles associated 
with gel-based proteomics. The novel hybrid mass spectrometers improve the 
depth and coverage of proteomes for microbial species, and make it possible 
to identify up to 50 to 70% of the predicted proteome under single growth 
condition (Bantscheff et al 2007, Keller and Hettich 2009). Nevertheless, 
bacteria grown under single growth conditions might use only 50 to 80% of 
predicted proteome in their genome (Keller and Hettich 2009). Also, mass 
spectrometry based proteomic approaches allows quantifying differentially 
expressed proteins in response to different environmental conditions. Initially, 
quantitative proteomics was dominated by gel-based proteomics, which 
involves differential gel electrophoresis coupled with mass spectrometry 
(peptide mass fingerprinting) that increased the sensitivity, resolution and 
accuracy of the protein detection. However, this approach was inadequate for 
complex communities (Sá-Correia and Teixeira 2010). Thereafter, in gel-free 
proteomics, liquid chromatography combined with mass spectrometry (LC-
MS/MS) emerged as a powerful technique in quantitative proteomics (Figure 
6) and it improves protein detection several orders of magnitude higher than
gel based proteomics approaches (Schneider and Riedel 2010). In addition to
extreme precision of peptide identification, shotgun proteomics make it
possible to resolve membrane proteins (Gilmore and Washburn 2010).
Importantly, the proteome coverage and resolving power of data analysis
strongly depends on the quality and size of a reference database, which is used
to compare the mass spectrometer spectral data. The tremendous progress in
bioinformatics allows processing and evaluation of substantial data sets in
proteomics (Schneider and Riedel 2010).

Shotgun proteomics enables comparisons between multiple samples and 
provides accurate quantification based on ion intensities (Bantscheff et al 
2007, Schulze and Usadel 2010). These comparative proteomic analyses under 
different growth conditions are done via stable isotope labeling and label free 
approaches. The isotope labeling has been done via metabolic and chemical 
labeling and it has the highest accuracy and less variation between samples. 
The label free approach is suitable for comparison of large numbers of 
samples and/or diverse conditions (Schulze and Usadel 2010). The two-
dimensional nano liquid chromatography mass spectrometry (2D nano LC-
MS/MS) has been used to quantify the proteins of interest from pure cultures 
in complex environments (Sowell et al 2009, Wilmes et al 2008). High 



18 

throughput protein identification techniques have enhanced the quantification 
of differentially expressed proteins, which were associated with various 
metabolic pathways. Also, these proteomic analyses have proven to be an 
optimal tool for identification of bacterial adaptation strategies to changing 
environmental conditions (Christie-Oleza et al 2012, Cohen et al 2006, Folio 
et al 2004, Sowell et al 2008, Zech et al 2009). Therefore, further studies 
should be carried out using modern proteomic approaches in diverse 
marine environments, to provide more quantitative insights into the 
functional diversity of microbial processes in the Ocean. 

Figure 6. Simplified working model of gel free proteomics pipeline. Adapted and modified 
from Barillot (Barillot et al 2012). 

Bacteria in the natural environment are often influenced by a range of 
factors, such as nutrient limitation, salinity, pH, starvation and temperature. 
Thus, proteomic analysis of individual bacterial isolates under controlled 
conditions in the laboratory could potentially improve our knowledge about 
the physiology of these organisms. Furthermore, in vitro stimulation of stress, 
starvation and temperature adaptation of these organisms will enhance our 
understanding about regulatory networks, metabolic pathways and 
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physiological adaptations to survive under harsh environment. Still, very few 
studies have examined the proteomic responses of marine bacteria (Christie-
Oleza et al 2012, Sowell et al 2008, Zech et al 2009), yet, these studies pave 
the way to gain more insights into molecular mechanisms that determine the 
metabolic strategies of bacteria in close proximity to reality. Furthermore, 
proteomic analysis depicts the metabolic activities of cells and how these 
processes could lead to novel physiological adaptations in existing 
environments. Subsequently, the knowledge obtained from advanced 
proteomics approaches certainly will help us to better understanding of the 
biogeochemical processes in complex microbial communities by studying the 
role of individual microorganism and microbial communities. 
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AIMS of the THESIS 

• To determine proteome profiles for identifying the adaptative strategies of
relevant marine heterotrophic bacteria in response to different growth
conditions.

• To investigate the functional adaptive mechanisms for growth and survival
of PR containing marine bacteria in response to light and darkness.

• To examine the impact of inorganic compound oxidation on bacterial
growth and metabolism of marine heterotrophic bacteria.
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RESULTS AND DISCUSSION 

Growth phase dependent protein expression 
profiles in marine bacteria 
The bacterial adaptation strategies for active growth phase and entry into 
stationary phase is a well known in model organisms like E. coli and B. 
subtilis and also somewhat studied in a few marine bacteria, like Candidatus 
Pelagibacter ubique, and Ruegeria pomeroyi (Yoon et al 2003, Bernhardt et al 
2003, Christie-Oleza et al 2012, Sowell et al 2008). These studies collectively 
showed that proteins involved in housekeeping functions were highly 
expressed during active growth of cells (exponential phase). Moreover, 
proteins related to nutrient uptake and transport metabolisms were the most 
abundant categories during stationary phase (Christie-Oleza et al 2012). Also, 
proteins related to protecting cells against various stress factors such as heat, 
osmotic stress and oxidants are highly expressed during stationary phase 
(Folio et al 2004, Zech et al 2009). In paper I, we explored the adaptive 
strategies of three ecologically relevant marine bacterial lineages [i.e., 
Alphaproteobacteria (Phaeobacter sp. MED193), Gammaproteobacteria 
(Neptuniibacter caesariensis MED92) and Flavobacteria, (Dokdonia sp. 
MED134)] under nutrient rich (exponential phase) and nutrient poor 
(stationary phase) conditions. We detected 67 to 87% of the proteins encoded 
in their genomes, representing the highest proteome coverage reported so far 
for bacteria. Probably the actual proteome coverage is even higher since only 
a part of the proteome is expressed under any given condition. Moreover, 16-
23% of the proteins were differentially expressed during the transition to 
stationary phase. The detected proteins were grouped into 28 top-level 
functional categories in SEED classification (Figure 6). All three isolates 
responded to growth phase transitions from exponential phase and stationary 
phase. MED92 (the fastest growing isolate) showed the most diverse 
expression pattern, followed by MED193 and the least diverse expression 
pattern was recorded for MED134.
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Protein metabolism was one of the most abundant SEED categories in all 
three marine bacteria, and it was highly abundant in exponential phase while 
the abundance decreased considerably in stationary phase. Besides, proteins 
involved in DNA and RNA metabolisms (Figure 7) were abundant in all three 
isolates and their abundance slightly declined during transition to stationary 
phase. Our findings showed that proteins involved in housekeeping functions, 
like transcription, translation and protein folding, had higher abundance in all 
three isolates during exponential phase. On the other hand, the most variable 
expression pattern was found in all three isolates during the transition to 
stationary phase. Proteins involved in the uptake and transport of nutrients 
were one of the most abundant categories in all three isolates at stationary 
phase (Figure 7). Also, we found a wide range of transporter 
families/subfamilies, which were involved in transport of various macro and 
micronutrients that increased in the stationary phase. Overall, MED193 and 
MED92 expressed a higher number of transporters than MED134. The 
primary transporters, secondary transporters and transmembrane electron 
carriers showed pronounced increases in abundance. The ATP binding ABC 
superfamily (for uptake of e.g. amino acids, carbohydrates, phosphate and 
vitamins) was more highly expressed during stationary phase. Also, Tripartite 
ATP-independent periplasmic transporter (TRAP-T) family for transport of 
dicarboxylate substrates increased in both MED193 and MED92. Ion channels 
were more predominantly detected in MED134 than in the other two isolates 
(Paper I). These highly expressed transporters in the stationary phase could 
enhance efficient uptake and utilization of nutrients that promote survival of 
bacteria in nutrient limited environments. Moreover, the expression patterns 
of a diverse range of transporter families/super families for various substrates 
contribute to explain the difference in nutritional strategies among different 
bacterial lineages. The variety of transporters among different taxa could be 
an essential factor that determines species succession in nutrient depleted, 
growth competitive environments. 

Furthermore, carbon metabolism was one of the most abundant categories 
in all three isolates (Figure 7), and the abundance of proteins involved in 
carbon metabolism was highly increased during the stationary phase. All three 
marine bacteria showed unique responses during the transition to stationary 
phase. MED92 showed a very strong response and the abundance of carbon 
metabolism was increased nearly threefold while only slight increases in 
relative abundance were noticed for MED193 and MED134. In glycolysis, 
MED193 increased proteins in the strain-specific Entner-Doudoroff (ED) 
pathway for breakdown of glucose into pyruvate, while MED92 used the 
Embden–Meyerhof–Parnas (EMP) pathway during stationary phase. In 
MED134, glycolysis enzymes remained unchanged and the relative 
abundance of proteins involved in the pentose phosphate pathway increased 
during stationary phase for production of reducing equivalents. Thus, all three 
isolates showed clear similarities for central carbon metabolic enzymes upon 
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entry into stationary phase, but they were using different pathways for 
utilization of glucose. Moreover, all three isolates showed diverse responses in 
the tricarboxylic acid (TCA) cycle (also termed citric acid or Krebs cycle). In 
MED92, the first half of the TCA cycle from citrate to 2-oxoglutarate was up 
regulated, and this partial up-regulation was complemented with increased 
abundance of enzymes in the glyoxylate shunt and enzymes for anaplerotic 
CO2 fixation (for biosynthetic purposes). Similar to MED92, the first part of 
TCA cycle was up regulated also in MED193, however in this strain no 
increased abundance of anaplerotic CO2 fixation proteins was observed. 
Instead, we observed an increase in several components of carbon monoxide 
dehydrogenase. In contrast, anaplerotic enzymes were similarly expressed in 
MED134 regardless of growth phase. 

Figure 7. Heat map showing the fold change value of SEED1 functional categories in all 
three isolates. Detected proteins are grouped into 28 top-level SEED categories, cells 
highlighted in green color denote the category up regulated in stationary phase and yellow 
color indicate the category down regulated in stationary phase. 

Besides, the increase of C2 metabolism in the two Proteobacteria, we found 
increased levels of proteins involved in synthesis of polymers, presumably for 
storage of carbon and energy. In the Proteobacteria MED92 and MED193 
there was an increase in enzymes involved in synthesis of the fatty acid 
polymer polyhydroxybutyrate (PHB) while in MED134 enzymes increased 
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that were involved in glycogen synthesis. The differences between the 
Proteobacteria and Flavobacteria in selection of storage compound likely 
reflect a general difference in carbon metabolism between the taxa. 

Moreover, phosphorus metabolism proteins was detected in all three 
isolates during both growth phases, but their abundance strongly increased in 
the stationary phase. The proteins involved in phosphate uptake, phosphate 
starvation, alkyl phosphonate utilization and high affinity phosphate 
transporters were highly abundant during stationary phase. MED193 and 
MED92 had a higher number of phosphorus related proteins compared to 
MED134. This strongly increased phosphorus metabolism in all three isolates 
indicates that the growth medium was underbalanced in phosphorus relative to 
nitrogen in comparison with the required stoichiometry of the isolates. The 
increased abundance of the phosphonate utilization pathway, especially in 
MED193, could be an alternative phosphorus resource in nutrient depleted 
environments. Our results emphasize that in nutrient replete environments 
(exponential phase), all three distinct classes of bacteria have great functional 
similarities, focusing on the cell machineries that allow rapid cell division and 
growth. On the other hand, we observed behavioral differences among species 
during nutrient limited environments (stationary phase). 

Proteorhodopsin promotes survival of bacteria 
Proteorhodopsin has a wide range of physiological functions; it can improve 
bacterial growth yields and it can promote survival under nutrient limited 
adverse conditions (Gómez-Consarnau et al 2010, Palovaara et al 2014). 
Previous studies has provided some insight into molecular mechanisms of PR 
induced growth benefits associated with changes in central metabolic 
pathways in the light compared to darkness (Kimura et al 2011, Palovaara et 
al 2014). In paper II, we investigated the light induced cellular metabolisms 
that promote the survival of bacteria during extended starvation in the light 
compared to darkness. Our experiment showed that light conditions did not 
influence the growth of Vibrio sp. AND4 in nutrient rich medium. 
Accordingly, proteome profiles of stationary phase cells revealed that only a 
very small fraction of the total proteome was differentially regulated in 
response to light and darkness. These findings suggest that protein expression 
patterns of stationary phase Vibrio cells in nutrient rich medium were largely 
unaffected by the presence or absence of light. 

Further experiments were directed towards determination of the role of 
proteorhodopsin photoheterotrophy during extended starvation of Vibrio 
under light. The continuous exposure of starved Vibrio cells to light 
conditions showed that cells exposed to light survived better compared to 
darkness. Interestingly, proteome profiling showed that 20% of the total 
proteome was differentially regulated in cells under extended starvation in 
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light compared to dark. Proteins involved in membrane transport, particularly 
for uptake of iron, peptides, spermidine and putrescine were highly detected in 
light. Also recorded were primary active transporters, secondary transporters 
and ion channels for a wide range of substrates. These results suggest that 
light improved the scavenging of trace amount of nutrients under extended 
starvation in Vibrio sp. AND4 to support their survival. Previous studies on 
carbon starved PR containing Candidatus Pelagibacter ubique showed that 
light improved the uptake and transport of amino acids to promote survival 
(Steindler et al 2011). Also, light enriched ABC transporter transcripts were 
highly detected among different taxa in diverse oligotrophic marine 
environments (Ottesen et al 2014). In AND4 also proteins involved in 
flagellar assembly and rotation and chemotaxis were highly expressed under 
light compared to darkness (Table 1).  

Table 1. Number of proteins significantly changed in abundance in top-
level KEGG categories during stationary phase and starvation under 
light conditions. 

Functional categories Stal Stad Stvl Stvd 
Carbon metabolism 0 2 8 21 
Carbohydrate metabolism 0 2 4 34 
Amino acid metabolism 3 1 5 46 
Nucleotide metabolism 0 2 0 22 
Energy metabolism 1 0 5 7 
Membrane transport 0 0 76 19 
Cell motility 0 0 20 2 
Met. of cofactors and vitamins 5 0 24 9 
Signal transduction 0 0 12 12 
Lipid metabolism 3 0 6 2 
Glycan biosyn. and metabolism 0 0 4 2 
Infectious diseases 0 0 3 1 
Fatty acid metabolism 0 0 1 1 
Met. of terpenoids & 
polyketides 

0 0 6 3 

Genetic information processing 1 0 7 11 
Cellular processes 0 0 1 2 
Hypothetical protein 8 3 81 64 
Biosynthesis of secondary 
metabolites 

0 0 0 0 

Stal-stationary phase light, Stad-stationary phase dark, Stvl- extended starvation light, 
Stvd-extended starvation dark. Color code indicates the categories that increased 
abundance during light conditions (light; yellow and dark; black). 
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These results imply that the requirement of sensing and signaling the 
accessibility of nutrients in nutrient depleted environment is essential for 
survival. The overrepresentation of cell motility related proteins under light 
could be beneficial for this bacterium to access nutrient enriched particles or 
aggregates in seawater. Metabolism of cofactors and vitamins became more 
abundant during light in extend starvation (Table 1); especially B-vitamin 
related proteins were highly detected under this condition. These findings 
imply that vitamins play a major role in extended survival of starved cells 
under light. Therefore, starved cells grown under light devote a large fraction 
of their proteome to sustain their survival via nutrient uptake and cell motility 
to locate, sense and efficient utilization of micro scale transitory nutrients in 
the environment. 

During extended starvation in darkness, several functional categories 
involved in amino acid metabolism, carbon metabolism, oxidative 
phosphorylation and nucleotide metabolism were highly increased in 
abundance (Table 1). Starved Vibrio cells allocated a large part of their 
proteome to amino acid metabolism to support their carbon and nitrogen 
demand. Most of the amino acids can serve as a sole carbon and energy 
resources. Also, degradation of amino acids provides intermediate molecules 
for carbon metabolism. This is consistent with increased abundance of the 
pentose phosphate pathway and TCA cycle enzymes. In darkness, central 
carbon metabolism is the only energy-generating pathway and absolutely 
essential for survival of Vibrio cells in the dark. Consistent with the increase 
in central metabolism proteins we observed an increase in the abundance of 
oxidative phosphorylation enzymes. Additionally, proteins related to 
nucleotide metabolisms, especially DNA repair became more abundant under 
darkness. These findings imply that Vibrio cells start to utilize their 
endogenous resource materials in order to fulfill their energetic and nutritional 
demands under nutrient limited starvation. A previous study in energy starved 
stationary phase PR containing Cand. P. ubique showed that cells maintain 
their size by replacing the endogenous respiration with PR mediated energy 
production. Furthermore, starved cells in darkness respired the endogenous 
reserve material to produce ATP for survival and also reduce cell sizes 
(Steindler et al 2011). Our findings suggest that PR containing bacteria have a 
wide metabolic repertoire to fulfill their nutrient requirements and support 
their survival in nutrient depleted environments. 

Impact of inorganic sulfur oxidation in bacterial 
growth 
Recent metagenomic inventories of the surface oceans reveal a substantial 
diversity and abundance of genes using alternative energy resources, such as 
hydrogen, carbon monoxide, and sulfur oxidation genes (Moran et al 2004). 
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The Roseobacter clade members can be major constituents of surface ocean 
bacterioplankton, associated both with nutrient rich and nutrient poor 
environments and encoding a high metabolic flexibility to oxidize various 
inorganic compounds to obtain energy and carbon (Lenk et al 2012, Swingley 
et al 2007). The energy generated from oxidation of inorganic sulfur 
compounds has been shown to increase the growth yield of Roseobacter clade 
members in both oxic and anoxic environments (Lenk et al 2012, Moran et al 
2004). 

Our study (Paper III) revealed the presence of the sox gene cluster in our 
genome analysis of Roseobacter clade isolate Phaeobacter sp. MED193. The 
sox cluster in this isolate contains 11 genes, including the four core proteins 
SoxXA, SoxYZ, and SoxCD and SoxB, which are highly conserved among 
roseobacters that potentially carry out thiosulfate oxidation. The isolate 
MED193 was grown in minimal medium with acetate as a sole carbon source 
and we studied the impact of thiosulfate oxidation on growth and metabolic 
activities. The addition of thiosulfate to minimal medium with acetate 
significantly increased the bacterial growth rate and also the growth yields up 
to 40%. Furthermore, the highest concentration of thiosulfate prolonged the 
survival of bacteria in stationary phase compared to control conditions 
(cultures without thiosulfate). Moreover, the consumption of thiosulfate in 
minimal medium started during mid exponential phase and the thiosulfate 
concentration in the medium declined towards the end of the growth. Hence, 
thiosulfate consumption in the medium was initiated when approximately half 
of the acetate concentration of the medium was consumed. These findings 
were complemented by gene expression analyses of the sulfur oxidation genes 
soxB and soxY, which were highly expressed from mid exponential phase 
compared to controls (Figure 8). The gene expression of sox genes increased 
during the late stage of growth, indicating that expression of thiosulfate 
oxidation genes was stimulated when acetate concentrations declined. 
Moreover, minimum levels of sox genes expression were detected during 
early exponential phase, probably due to sensing of energy-replete conditions 
at this stage. Consequently, once cells sense the availability of nutrients while 
at the same time sensing a demand for energy, it stimulates the up regulation 
of sox gene transcripts to improve growth yield and prolong the survival of the 
bacteria. Although overall expression patterns of soxB and soxY genes were 
similar, soxY reached higher relative levels of expression than soxB. These 
increased abundances of sox genes in response to thiosulfate suggest that 
efficient utilization of thiosulfate acts as an additional energy source in 
minimal medium. 
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Figure 8. Gene expression patterns of sox genes (soxB, circles and SoxY, squares) in 
Phaeobacter sp. MED193 during growth in minimal medium with thiosulfate (red) and 
without thiosulfate (blue) at different time points of growth. Error bar denote the standard 
deviation of triplicates. 

Overall, bacterial production and bicarbonate uptake rates (indicative of 
anaplerotic CO2 fixation) were higher in the exponential (active) compared to 
the stationary growth phase (Figure 9). Thiosulfate oxidation stimulated 
bacterial production during the exponential phase, whereas no difference was 
observed for anaplerotic CO2 fixation at this phase (Paper III). Consistent 
with the higher bicarbonate uptake during active growth, the expression 
patterns of two major anaplerotic CO2 fixation enzymes, pyruvate carboxylase 
and phosphoenolpyruvate carboxylase, were slightly higher in the exponential 
phase compared to the stationary phase. The highly expressed anaplerotic CO2 

fixation during exponential phase suggested the importance of anaplerotic 
reactions during active growth of heterotrophic bacteria. In general, the 
organisms growing on two carbon (C2) compounds use the glyoxylate shunt 
via isocitrate lyase and malate synthase. The key enzyme isocitrate lyase is 
lacking in Phaeobacter sp. MED193, and the bacterium showed a requirement 
of an alternative pathway for C2 compound assimilation. The fairly novel 
ethylmalonyl CoA pathway has been proposed as an alternative pathway for 
acetyl CoA assimilation via crotonyl CoA carboxylase/reductase and 
propionyl CoA carboxylase. Nonetheless, the ethylmalonyl CoA pathway is 
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different from the glyoxylate cycle, where it converts three molecules of 
acetyl CoA into one molecule of CO2 and one molecule of HCO3. These 
carboxylase reactions also fulfill anaplerotic CO2 fixation. The genes for 
anaplerotic CO2 fixation, propionyl CoA carboxylase and crotonyl CoA 
carboxylase/reductase were highly expressed during the exponential phase 
compared to the stationary phase, in agreement with higher anaplerotic CO2 
fixation during active growth. Collectively, these results suggest that 
Phaeobacter sp. MED193 utilize ethylmalonyl CoA pathways for acetate 
assimilation and that the activity of these enzymes could contribute to the 
maximum level of anaplerotic CO2 fixation at exponential phase. 

Figure 9. Ratio of bacterial production and DIC fixation rates of Phaeobacter sp. MED193 
grown on minimal medium with and without thiosulfate measured at different time points of 
growth. 

During stationary phase, overall metabolic activities strongly decreased, 
but the presence of thiosulfate significantly improved both bacterial 
production and bicarbonate uptake rates (Figure 9). Thiosulfate oxidation 
stimulated bicarbonate uptake more than bacterial production. These 
metabolic activities play an important role to sustain the cell survival in 
stationary phase, and our findings indicate that improved survival of 
Phaeobacter sp. MED 193 during stationary phase could be achieved through 
the additional energy from inorganic sulfur oxidation. Hence, it seems 
reasonable that during active growth, cell metabolism was directed towards 
organoheterotrophy; and once nutrients were depleted, cells were up 
regulating lithohetrotrophy. Consistent with this, sox genes were highly 
expressed from mid exponential phase to late stationary phase. Apparently, 
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thiosulfate oxidation could provide energy to sustain elevated metabolic 
activities that could lead to improved survival of bacteria in stationary phase. 
These findings strongly suggest that thiosulfate oxidation was not only 
restricted to improve the bacterial growth yield, but that it also plays a 
major role for upholding the bacterial metabolic activities, and thereby 
survival, under prolonged nutrient depleted conditions. This implies that 
inorganic sulfur oxidation positively influences both key components of 
fitness: reproduction and survival. 

Bacterial adaptive strategies to growth and survival 
Our collective findings show that the availability of nutrients plays a critical 
role in the metabolic regulation of gene and protein expression in marine 
bacteria. During active growth of bacteria in nutrient rich medium, cells are 
constantly focusing on basic cellular metabolisms, which are mostly directed 
towards bacterial growth and cell division regardless of differences in taxa 
and variations in the nutrient availability through additional energy sources. 
Thus, as shown in Paper I, during exponential phase, as long as nutrients are 
available to support the active growth, proteins involved in protein 
biosynthesis, and DNA and RNA metabolisms were highly abundant in three 
different bacterial lineages. Moreover, cellular metabolic activities, bacterial 
production and anaplerotic CO2 fixation, were several times higher in 
exponential phase compared to stationary phase (Paper III). 
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Figure 10. Schematic illustration of content of papers in this thesis. Paper I revealed 
adaptive strategies to growth and transition to non-growth conditions in three bacterial 
lineages. Paper II analyzed the survival strategy of PR containing bacteria under extended 
starvation. Paper III investigated the utilization of alternative energy resources in nutrient 
limited medium. 

On the other hand, adaptive responses to stationary phase and starvation 
are more dynamic, and involve distinct functional profiles in different taxa. 
Bacterial cells prioritized diverse metabolic functions when cells were 
approaching stationary phase and into late exponential phase. The observed 
differences in metabolic regulation (when cells sense the availability of 
nutrients in the medium) suggest that when nutrient concentrations are at the 
lowest, cells enhance nutrient scavenging capabilities in order to mobilize and 
efficiently utilize trace amount of nutrients (Paper I and Paper II). Further, 
under starvation conditions, proteins involved in energy production through 
catabolic reactions sustaining survival of cells by uptake and transport of 
nutrients were increasingly detected in high abundances helping sustain cell 
survival (Paper I and Paper II). Starved cells can quickly respond to the 
accessibility or patchiness of nutrients, therefore they might possess exclusive 
nutrient uptake systems to promote cell viability. The efficient scavenging 
mechanisms of scarce nutrients are important as an escape from starvation, 
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which determines the survival of bacteria in nutrient depleted or competitive 
growth environments (Paper II). Similarly, cells were prepared to consume 
internal resources (Paper II) or use alternative energy resources to fulfill their 
energy demand required for survival under starvation (Paper III). During 
growth in minimal medium, Phaeobacter sp. MED 193 utilizes additional 
energy, which was produced from thiosulfate oxidation to promote survival 
(Paper III). Similarly, Vibrio sp. AND4 could use the ATP produced via 
proteorhodopsin phototrophy to enhance synthesis of transporters and cell 
motility proteins that eventually assist survival of bacteria (Paper II). We 
speculate that the ability to produce ATP via inorganic sulfur oxidation could 
power the uptake of nutrients and allow the cells to mobilize nutrients. Thus, 
it has important consequences for survival (Paper III). The carbon 
metabolism is fundamental for energy generation and production of precursor 
molecules in bacterial heterotrophic metabolism. The increased abundance of 
catabolic enzymes in response to nutrient limitation suggests that the ability to 
produce ATP via alternative catabolic pathways is important for the survival 
of bacteria (Paper I and Paper II). In the absence of light, PR containing 
Vibrio sp. AND4 employs alternative metabolic pathways and consumes 
endogenous resource materials to support their energy demand (Paper II). 
The pronounced differences in the functional profiles of different taxa suggest 
that microbes have evolved diverse subsistence strategies (metabolic 
processes) in order to support their growth and survival under nutrient limited 
environments. This thesis provides evidence for highly variable adaptive 
metabolic strategies among marine bacteria in response to changes in the 
copiotrophic and oligotrophic nature of marine environments. 
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CONCLUSIONS 

In this thesis, I have analyzed different genomes, transcriptomes, and 
proteomes to obtained detailed knowledge about bacterial adaptation 
strategies employed in response to different growth phases and distinct 
conditions to sustain the growth and survival in nutrient enriched and depleted 
environments. These results not only provide more insights into bacterial 
physiology but also improve our understanding about the molecular 
mechanisms that determine the functional fine-tuning of metabolic regulation 
in the environment. 

The general conclusions of this thesis are 
 During exponential growth, bacteria in three distinct lineages

similarly express high amounts of proteins for biosynthesis and cell
division, whereas pronounced differences in priorities of functional
categories expressed are characterizes stationary phase.

 Transition to starvation induces major remodeling of bacterial
proteomes in order to sustain the survival of bacteria under nutrient
limited conditions.

 The adaptation to stationary phase involves enhanced expression of
proteins involved in uptake and transport of nutrients that were
promoting microbial competitive ability under nutrient and energy
limited conditions.

 In a copiotrophic Vibrio species containing proteorhodopsin, growth
responses to light and darkness were indistinct during growth and
entry into in nutrient rich medium. Accordingly, the majority of the
detected proteome remained fairly stable during stationary phase,
regardless of light and dark exposure.

 The ability to produce energy via proteorhodopsin powers functional
categories such as vitamin and cofactor metabolism, cell motility, and
transport and uptake of nutrients. This way proteorhodopsin
phototrophy can significantly influence the survival of heterotrophic
bacteria in nutrient limited environments.
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 Survival of photoheterotrophic bacteria in the dark requires more
adaptations of the proteome compared to when cells under starvation
are exposed to light. In darkness, there is a large requirement for
energy production via carbon metabolism and degradation of
endogenous resource material.

 Thiosulfate oxidation allows efficient utilization of organic carbon
compounds to improve bacterial growth and prolongs the bacterial
survival during starvation.

 The adaptive advantage of using the sulfur oxidation (sox) enzyme
system depends on the availability of organic substrates, and the sox
system allows heterotrophic bacteria to improve their metabolic
plasticity to tackle harsh environments.
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