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Abstract 
Sörenson, Eva (2020). Functional and structural characterizations of phytoplankton-
bacteria interactions in response to environmental challenges, Linnaeus University 
Dissertations No 390/2020, ISBN: 978-91-89081-83-3 (print), 978-91-89081-84-
0 (pdf). 

Microorganisms, such as phytoplankton and bacteria, make up ≈70% of aquatic 
biomass and contribute 50-85% of the oxygen in Earth’s atmosphere. The  
microbial loop concept and the discovery of the large diversity in microbial 
communities acknowledge that biotic interactions between microorganisms in 
addition to resource competition enable the recycling of energy and nutrients in 
aquatic food webs. In this thesis, I have studied interactions between phytoplankton 
and bacteria in three brackish systems of increasing complexity. Interactions were 
characterized in terms of structure and function, species-specificity aspects, 
influence on community resilience, and the link between interactions and cycling of 
energy and nutrients, using a combined approach of molecular techniques, 
morphology and biochemical analyses, and network analysis. 

Species-specific core microbiomes were identified in cultures of dinoflagellate 
isolates with varying genotypes or phenotypes, or from locations with varying levels 
of anthropogenic impact. We argue that the structure of phytoplankton-bacterial 
communities is influenced by predictable species-specific interactions, in addition 
to local abiotic conditions (such as salinity). When microalgal productivity exposed 
to seasonal variations in light and temperature was examined in photobioreactor 
polycultures, the stability of microalgal biomass linked to a high bacterial response 
diversity, primarily seen as shifts in taxonomy. When the structural and functional 
response of microalgae and bacteria to temperature shifts was coupled to resilience 
theories (adaptive cycles, panarchy and cross-scale resilience), results suggest that 
resilience was enabled through internal shifts in function and diversity within and 
across microalgal and bacterial levels, leading to maintenance of overall community 
function and diversity. Further, the results suggest that phytoplankton and bacteria 
in a coastal eutrophied location avoid competition for both energy and nutrients by 
resource partitioning, indicating that phytoplankton and bacteria might coexist 
more frequently in dynamic shallow coastal ecosystems than previously thought. 

The results from this thesis emphasize the importance of considering 
community interactions between phytoplankton and bacteria when studying aquatic 
microbial communities, both in cultures and in complex field environments.  
 
Keywords: Interactions, phytoplankton, microalgae, bacteria, communities, aquatic, 
diversity, function, structure, species-specific, microbiome, core microbiome, 
response diversity, resilience, resource partitioning, competition, coexistence, 
amplicon sequencing, metatranscriptome.





Svensk sammanfattning 
Mikroorganismer, såsom alger och bakterier, utgör ≈70% av biomassan i den 
akvatiska miljön, och bidrar med ≈50% av O2 i atmosfären. Sedan introduktionen 
av begreppet den mikrobiella loopen, som synliggör att det är interaktioner mellan 
mikroorganismer som möjliggör den återvinning av energi och näring som sker i 
den akvatiska näringsväven, har intresset väckts för hur dessa interaktioner 
organiseras och vilka mekanismer det är som styr dem. I den här avhandlingen har 
jag genom studier av struktur och funktion i tre alg-bakteriesystem med olika 
komplexitet, undersökt hur artspecifika dessa interaktioner är, hur interaktioner 
påverkar resiliensen på samhällsnivå samt undersökt kopplingen mellan 
interaktioner och akvatiska energi- och näringscykler.  

Resultaten visat att i kulturer med dinoflagellat-isolat, antingen med olika geno- 
eller fenotyper, eller med ursprung från platser med varierande grad av antropogen 
inverkan, kunde artspecifika mikrobiom (bakteriepopulationer), samt kärn-
mikrobiom, identifieras. Förekomsten av dessa mikrobiom indikerar att strukturen 
hos alg-bakterie samhällen påverkas dels av artspecifika interaktioner, dels av lokala 
abiotiska förhållanden (exempelvis salinitet). Resultaten visar även att en algkultur 
som odlas utomhus i en fotobioreaktor och utsätts för säsongsvariationer i ljus och 
temperatur kan fortsätta producera alger genom att den, tillsammans med de 
bakterier som finns i systemet, har en hög kapacitet för artvariation. Med 
artvariation menas att mikroorganismerna i alg-bakteriesamhället kan anpassa 
antalet arter samt vilka arter som återfinns efter de rådande förhållandena i 
framförallt temperatur. Resultaten visar att dessa moduleringar kan ses både inom 
algpopulationen och bakteriepopulationen. Detta kopplar samman det strukturella 
och funktionella gensvaret hos algerna med det hos bakterierna. Genom att 
kombinera dessa resultat med teorier för resiliens (adaptiva cykler, panarki och tvär-
skale resiliens) så indikerar dessa studier att resiliens möjliggjordes genom att den 
observerade variationen inom algpopulationen vägdes upp av motsatt variation inom 
bakteriepopulationen. Detta ledde då till att den totala funktionen och diversiteten 
i hela samhället kunde bibehållas, vilket bidrog till att produktionen av biomassa, 
vilket här användes som mått för resiliens, kunde fortgå. Vidare visar resultaten att 
alger och bakterier i en övergödd kustmiljö kunde undvika konkurrens, som annars 
vore förväntad i en miljö med hög tillgång på kväve och fosfor, om både energi och 
näring genom att fördela de tillgängliga resurserna mellan sig. Detta indikerar att 
samexistens av alger och bakterier kan vara vanligare i denna typ av miljöer än 
tidigare ansetts. Därmed verkar det finnas en länk mellan hur alger och bakterier 
interagerar med den tillgång de har på näring och energi. 

Resultaten från den här avhandlingen påvisar hur välreglerade interaktionen 
mellan alger och bakterier på samhällsnivå är, samt understryker vikten av att beakta 
dessa interaktioner vid studier av akvatiska mikrobiella samhällen, både i kultur samt 
i mer komplexa fältmiljöer. 
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“From that time forth he believed that the wise man is one who 
never sets himself apart from other living things, whether they 
have speech or not, and in later years he strove long to learn what 
can be learned, in silence, from the eyes of animals, the flight of 
birds, the great slow gestures of trees.” 

Ursula K. LeGuin – A wizard of Earthsea 
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Introduction 
 
Aquatic microorganisms such as phytoplankton and bacteria are among the 
most abundant organisms on the planet, affecting energy and nutrient cycles on 
both a global and local scale. In times of climate change and eutrophication of 
primarily coastal areas, a deeper understanding of how aquatic microbial 
communities handle perturbations and how they are affected when challenged 
or disturbed will give insight into how these changes affect elemental cycling. 
By studying phytoplankton-bacterial communities of different complexities, the 
aim of this thesis has been to explore microbial interactions and suggest 
mechanisms that govern them under stable and disturbed conditions.   
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Energy and nutrient interactions between phototrophic, mixotrophic and hetero-
trophic plankton and heterotrophic bacteria within the microbial loop, impacted by seas-
onal changes in light and temperature. DOM – dissolved organic matter, POM – partic-
ulate organic matter, DOC – dissolved organic carbon, N – nitrogen, P – phosphorus.   
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1. Importance of microbes for large scale biogeochemical cycles 
The world’s oceans dominate the surface of the globe and aquatic 
environments such as marine, brackish and freshwater systems are affected by 
winds and currents at a global scale (Schmittner et al., 2007). These 
ecosystems are extremely heterogenic and complex, in scales of size (pico- to 
kilometers) and volume (micro- to megaliters), and with processes occurring 
over different time scales (nanoseconds to millennia). The variation between 
types of systems is vast (copitrophic to oligotrophic, tropic to temperate, fresh 
to marine, coastal to open ocean, shallow to deep) and encompass a huge 
variety of functions (for example aerobe to anaerobe, phototrophs to 
chemotrophs) and phenotypes (small to large, unicellular to multicellular, 
pigmented to nonpigmented). Despite these variations, the aquatic ecosystems 
are all dominated by organisms ranging from pico (0.2–2µm) to meso (0.2–
2mm) scale in size (Sieburth et al., 1978), together making up ≈70% of the 
total marine biomass (Bar-On et al., 2018). These organisms, commonly 
referred to as microorganisms, are to a large part invisible to the naked eye but 
their sheer mass means that their influence on the elemental cycling is visible 
in the form of macroscopic flora and fauna, both in water and on land. Their 
actions contribute ≈50% of the O2 produced in the world today (Field et al. 
1998), with the secondary effect of enabling the aerobic life style. The 
influence of microorganisms on the biogeochemical cycles that drive the 
transfer of energy and nutrients of both aquatic and terrestrial food webs had 
been more or less overlooked until the late 1970´s (Hagström et al. 1979) 
early 1980´s (Fuhrman and Azam 1980) and the introduction of the microbial 
loop concept (Azam et al. 1983). The microbial loop recognizes that 
microorganisms take up and assimilate dissolved forms of vital elements such 
as carbon, nitrogen and phosphorus, that would otherwise have been 
unavailable to larger organisms, and reintroduce them into the aquatic food 
web (Figure 1). As microbes are biological entities they are affected both by 
the physicochemical properties of their surroundings (abiotic factors) that set 
the limits for their presence or absence, and by the occurrence and behavior of 
other organisms (biotic factors). In a microbial community, co-occurring 
microorganisms in general share an ability to persist under  similar conditions, 
for example salinity, light, temperature and nutrient levels. In addition, they 
likely have additional traits or preferences that only partly overlap, giving the 
microbial community a range of possible functions that make it both 
functionally redundant and functionally diverse. This provides a response 
diversity and an ability for a microbial community to maintain certain 



 

9 

functions should individual species perish in response to disturbances 
(Elmqvist et al. 2003; Carpenter et al., 2006). An inherent property of a high 
functional redundancy is the element of competition, which is especially 
apparent at limiting conditions, that could be of either abiotic or biotic 
character. Instead, a high functional diversity would be more common for 
organisms that are able to coexist (MacArthur and Levins 1967; Tilman 1982; 
Mouillot et al. 2013) (see further section 4). Thus, whether a microbial 
community is driven towards competition or coexistence depends on how 
varied the properties of the habitat are, in terms of both abiotic and biotic 
conditions, and on the capability of the community to respond in a diverse 
manner (Tilman 1982). Although the concept of community resilience and 
seasonality is emergent (Fuhrman et al., 2015), the mechanisms by which 
complex aquatic microbial communities respond to environmental challenges 
are not straightforward. Less focus has been placed on whether microbial 
communities can (or not) maintain functional processes to act in a resilient 
way (sensu Holling 1973), and when they do, which impact these responses 
may have on nutrient cycles and on the ecosystem services that are provided 
by aquatic ecosystems. 
 
 

2. Anthropogenic influence on ecosystems and their resilience 
The environmental challenges projected for the year 2100 that especially 
affect the coastal regions in Scandinavia include increases in mean sea surface 
temperatures, annual mean precipitation, annual run-off from land, and ocean 
acidification, which are all influenced by a gradual accumulation of CO2 in the 
atmosphere (Collins and Knutti 2013). The impact from these challenges on 
the microbial aquatic ecosystems of the region, dominated by the large semi-
enclosed  brackish Baltic Sea, with a volume of 21 000 km3 that connects nine 
countries and ~85 million people in the coastal areas (Snoeijs-Leijonmalm and 
Andrén, 2017), are not yet clear (Lindh and Pinhassi, 2018). The Baltic Sea is 
a vulnerable ecosystem due to long-term eutrophication (Gustafsson et al. 
2012) that has led to low oxygen levels and frequent blooms of both toxic and 
non-toxic algal species, and to the naturally lower macrofaunal and floral 
diversity of brackish environments compared to fresh- or marine systems 
(Dudgeon et al. 2006; Fautin et al. 2010; Fujikura et al. 2010; Ojaveer et al. 
2010, Strayer, 2013). Countermeasures have been made to reduce the levels of 
the nutrients nitrogen and phosphorus from being introduced into the Baltic 
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Sea (Heiskanen et al., 2019), while the contribution to eutrophication by 
terrestrial carbon has been more neglected (Andersson et al., 2015). Terrestrial 
carbon reaching the coastal Baltic Sea through freshwater sources, such as 
rivers and streams, make up a substantial part of the aquatic carbon budget 
(Kuliński and Pempkowiak 2011), with estimated mineralization levels in the 
range 56–100% among the sub-basins (Sandberg et al. 2004; Gustafsson et al. 
2014; Fransner et al. 2016). Forestry and agriculture have been identified as 
the largest contributors of this carbon, and both have expanded and intensified 
since the 1950´s (Stanley et al. 2012; Svedäng et al., 2018). The large human-
induced shifts in land usage, often involving re-routing of water such as in the 
drainage of peatlands, have large consequences for the quality and quantity of 
organic carbon being transported from land to the aquatic environment 
(Stanley et al. 2012). Thus, the projected changes in precipitation and 
increased land run-off will likely continue to affect the amounts of organic 
carbon being discharged and incorporated into the aquatic microbial food-
web, unless practices and management of these terrestrial ecosystems change 
(Kritzberg et al. 2020).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Impact from allochthonous riverine DOC and limiting nutrient (phosphorus) on 
bacterial and primary (phytoplankton) production (prod) leading to an altered pelagic food 
web and changed overall production, in the Öre estuary in the northern Baltic Sea. Font 
size indicates strength of effect on production. Adapted from Andersson et al (2018). 
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The influence of the allochthonous organic carbon, coming from land, have a 
large impact on the aquatic microbial communities. To a large extent it 
supports the decomposers (heterotrophs) of these communities, shifting the 
balance between producers (phototrophs) and decomposers (Figure 2) (Wikner 
and Andersson 2012; Andersson et al. 2018). A shift in this balance has been 
suggested to lead to microbial communities that are dominated by mixotrophic 
producers, that are able to acquire both organic and inorganic carbon, and 
decomposers. Both functional groups are able to satiate their carbon demand 
with organic sources (Paczkowska et al. 2017; Svedäng et al., 2018) (see 
further section 3). A result of this would be a less efficient transfer of nutrients 
and energy to higher trophic levels (Sandberg et al., 2004; Dahlgren et al., 
2011; Wikner and Andersson, 2012; Andersson et al., 2015). The bacterial 
decomposers are favored and consumed by other types of plankton grazers 
than those that prefer the often larger producers (Kim et al., 2000; Agasild and 
Nõges 2005). Apart from the differences in size, this is likely due to that 
bacteria often are composed of, and produce, other molecules and compounds 
than do phytoplankton (Nevejan et al. 2018) (see further section 4). The 
impact of this type of shift on the composition and function of the microbial 
food-web needs to be more thoroughly investigated. This is of particular 
importance from a resilience perspective, as the balance between producers 
and decomposers, and their use of resources, shapes the contemporary aquatic 
ecosystem. By characterizing the behavior of microbial systems in response to 
challenges and changes —functionally, taxonomically and by connecting them 
with ecological theories — we are able to  increase the accuracy of models 
and projections, and thereby we are able to improve our predictions of 
possible future scenarios. 
 
 

3. Phototrophs, heterotrophs, mixotrophs and the microbial loop 
The microbial loop interconnects three types of microorganisms: phototrophs 
(producers), heterotrophs (decomposers), and mixotrophs. Phototrophs 
(eukaryotic phytoplankton and cyanobacteria), sustain themselves through 
photosynthesis, through which they capture energy from sunlight to enable 
them to fix inorganic carbon (CO2 or HCO3

-(aq)). Heterotrophic bacteria rely 
on the direct uptake of organic carbon from the environment, that can have 
either an allochthonous source, derived from land, or an autochthonous source, 
derived from phytoplankton or other organisms in the aquatic habitat. Living, 
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metabolically active, phytoplankton release organic matter as extracellular 
compounds, of which a large proportion are made up of low molecular weight 
(LMW, < 1kDa) compounds such as proteins, amino acids and mono- and 
oligosaccharides, that heterotrophic bacteria readily take up through diffusion 
(reviewed by Mühlenbruch, et al. (2018)). Phytoplankton also release high 
molecular weight (HMW, >1kDa) compounds such as carbohydrates in the 
form of polysaccharides (Myklestad 2000; Mühlenbruch et al. 2018). In order 
to access HMW compounds, heterotrophic bacteria excrete hydrolyzing 
enzymes that cleave the polymers into smaller units (monomers) that may be 
absorbed either through diffusion or by membrane-bound transporters (Fath 
and Kolter 1993; Hoppe et al., 1993). The organic carbon assimilated by 
heterotrophic bacteria is used either for energy (respiration) or to build 
biomass. Heterotrophic bacteria may also utilize organic matter derived from 
phytoplankton that is released when the algae are lysed by virus or are grazed 
upon by zooplankton (Suttle 1994; Nagata 2000).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Carbon acquisition by phototrophic and mixotrophic algae. Uptake of inorganic 
carbon (CO2) may be performed through carbon-fixation and photosynthesis by both types 
of algae. In addition, mixotrophic algae may acquire organic carbon by a) phagotrophy, or 
by b) osmotrophy. Phagotrophy involves direct uptake by engulfing smaller particles. 
Osmotrophy involves either extracellular oxidation or hydrolysis of larger molecules before 
smaller fragments can be taken up through membrane-bound transporters. The organic 
carbon may come from an autochthonous source (dashed line), i.e. have a biotic origin 
from within the community, or from an allochthonous source, i.e. have a terrestrial or 
abiotic origin.  
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Organisms that are strictly heterotrophic or phototropic can be regarded as two 
extremes when considering the nutrient strategies that exist among aquatic 
microorganisms. There are many mixotrophic organisms that combine these 
two methods (Figure 3) (Stoecker 1998; Cotti-Rausch 2008). While 
autotrophic phytoplankton rely on their ability to photosynthesize in order to 
acquire carbon, mixotrophic phytoplankton are able to acquire carbon both 
through photosynthesis and via uptake. Mixotrophs are able to assimilate 
organic matter from their surroundings, either through phagotrophy, where 
they ingest bacteria, other protists, particles or larger molecules, or through 
osmotrophy, where they after enzymatic processes such as oxidation or 
hydrolysis can take up organic compounds through transporters (Stoecker 
1998; Glibert and Legrand 2006). The organic compounds may be derived 
from other phytoplankton or from their own production and exudation 
(autochthonous origin) and thus re-uptaken (Kamjunke and Tittel 2009), or 
come from other natural or anthropogenic sources (allochthonous) (Lewitus 
and Kana 1994; Glibert and Legrand 2006) and thus have a terrestrial or 
abiotic origin (Figure 3).    
     The composition, content and amount of organic matter released by 
phytoplankton depend on which taxonomic species they belong to, and on the 
growth and nutrient conditions the phytoplankton are exposed to (Myklestad 
2000). For example, the shift from exponential to stationary growth within a 
population, and different stressors, such as nutrient limitation, excessive light 
or temperature conditions have been suggested to lead to an increased rate of 
exudation (Mühlenbruch et al. 2018). The composition and availability of 
organic matter affect the structure of heterotrophic bacterial communities 
(Kujawinski 2011; Mühlenbruch et al. 2018). The effects can be seen both 
spatially, depending on the concentration of the compound, and temporally, 
with variations over time. This has been observed in natural phytoplankton 
blooms. For example, bacteria from different classes, expressing different 
carbohydrate transporters, were seen to succeed each other during the 
progression and demise of a phytoplankton bloom in the North Sea (Teeling et 
al. 2012), and  several spatially distinct phytoplankton blooms, dominated by 
different species, were seen to each harbor distinct bacterial communities in 
the southern Indian Ocean (Landa et al. 2016). Further, it has been seen that a 
certain type of exudate (transparent extracellular particles, TEP) was only 
present when phytoplankton was co-cultured with bacteria (Grossart and 
Simon 2007), indicating an impact from the bacterial community on the 
composition of the released organic matter. 
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Thus, it is reasonable to assume that under certain abiotic conditions, with 
regards to temperature, salinity, light and nutrients, and at a given growth phase, 
a specific phytoplankton species would release a certain range of compounds 
and thus would be associated with a bacterial community of a certain 
composition. This has been suggested from a study of the harmful algal bloom 
causing dinoflagellate Alexandrium, which has been found to be associated with 
a distinct bacterial community (microbiome) when compared with another 
dinoflagellate species (Dinophysis) in cultures (Hattenrath-Lehmann and 
Gobler 2017). Such results suggest that interactions between phytoplankton and 
bacteria are as important as other biotic and abiotic conditions, and are strong 
determining factors, not only of community composition but also of community 
function. 
 

 

4. Microbial interactions – competition, coexistence and 
importance 
Microbial interactions are to a large extent dependent on the elemental 
composition of the involved organisms and their resources, i.e. the 
stoichiometry of elements such as carbon, nitrogen and phosphorus (Sterner 
and Elser 2002), which often induce or limit growth. The Redfield ratio, states 
a distribution of C:N:P at 106:16:1, which was established as a proxy for the 
elemental composition of planktonic aquatic organisms, found to be similar to 
that of their nutrient resources. This distribution has been challenged both in 
lab studies and in inventories of the elemental composition of plankton on a 
global scale (Martiny et al. 2013). It has been found that phototrophic 
microorganisms can have large variations in their C:P ratios, in the range 28–
290:1 mol:mol while the C:N ratios seem to be more stable at around 5–13:1 
mol:mol (Finkel et al. 2010). Thus, deviations from the Redfield ratio, which 
are attributed to the elemental composition of the available nutrient resources, 
seem to be common among phototrophs (Geider and La Roche 2002). These 
variations can also be affected by location, with observed differences in the  
C:N:P ratios of phototrophs between regions of high and low latitude (Martiny 
et al. 2013). Heterotrophic zooplankton, which primarily depend on organic 
carbon uptake by predation, are able to maintain a higher level of elemental 
homeostasis in relation to the elemental composition of their diet (Persson et 
al. 2010), while heterotrophic bacteria, have been found to have the capacity 
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for elemental homoeostasis at levels between that of zooplankton and 
phototrophs (Persson et al. 2010). This means that the elemental supply and 
demand differ among and between trophic levels, impacting microbial 
interactions, such as coexistence or competition (Moe et al. 2005), which 
might lead to stoichiometric imbalances in C:N:P ratios at an individual, 
community or ecosystem level (Sterner and Elser 2002).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Competition occurs when two organisms require a common resource (Rx), and 
that resource is limited (lim). Competition benefits the organism with the lowest demand for 
that resource. Two organisms that require or are able to utilize different types of the same 
elemental resource (Ry or Rz) can partition the available limiting resources, which leads to 
coexistence of both organisms.  

 
One of the most studied types of trophic interaction is the competition for 
resources, which occurs if two organisms require a common resource, that is 
limited in supply, for their survival (Figure 4). The organism with the lowest 
demand for the limiting resource will outcompete the other (Tilman 1982). 
Co-occurring organisms may thus avoid competition, i.e. coexist, if they are 
not dependent on the same limiting resource. The stoichiometric differences 
between phytoplankton and bacteria, in both molecular structure and nutrient 
demand, suggest that they may coexist, by partitioning the available resources, 
rather than compete for the same limiting nutrients. Phytoplankton and 
bacteria are indeed often found to coexist, and several studies of 
phytoplankton-bacteria interactions either focus on specific compounds being 
exchanged between phytoplankton and bacteria or on the successions of 
bacteria found in association with phytoplankton blooms. Laboratory 
experiments have, for example, suggested that specific compounds such as 
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bacterially produced vitamin B12 (Durham et al. 2015), or hormones, that 
stimulate phytoplankton growth may be exchanged for, for example, amino 
acids (Amin et al. 2015), or that bacterial compounds that initially promote 
phytoplankton growth may turn algicidal upon a given signal 
(Seyedsayamdost et al. 2014). Bacterial community composition in 
association with phytoplankton blooms in natural environments have been 
characterized by shifts in the associations between the bacterial community 
and the phytoplankton during different stages of developing phytoplankton 
blooms (Teeling et al. 2012; Landa et al. 2016; Sison-Mangus et al. 2016; 
Camarena-Gómez et al. 2018). Studies such as these indicate that interactions 
may be very specific at the species level and that different bacteria at a 
community level represent distinct functional micro-niches, with preferences 
for certain resources, with smaller or larger overlaps. Suggesting that bacteria 
partition resources over time and that a large diversity among microorganisms 
is important for the efficient use of resources (Cardinale et al. 2006; Ptacnik et 
al. 2008). However, it has not been investigated to what extent and how 
functional micro-niches are arranged and distributed between coexisting 
phytoplankton and bacteria nor how these interactions are modulated in 
response to environmental perturbations. Thus, to characterize the 
mechanisms by which phytoplankton and bacteria interact is of particular 
importance for a better understanding of how microbial ecosystems may cope 
with changed environmental conditions in relation to elemental nutrient and 
energy cycles.  
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Objectives of the thesis 
Microbial interactions in aquatic ecosystems have become recognized as being 
important for biogeochemical cycles of energy and nutrients and as driving the 
diversity seen within plankton systems. In times of climate change and 
eutrophication of coastal regions it is of great value to increase our 
understanding of the mechanisms by which the interactions between 
phytoplankton and heterotrophic bacteria are modulated. Interactions between 
phytoplankton and bacteria at a community level, in terms of function and 
structure, have therefore been characterized over a gradient of conditions, in 
terms of nutrients, temperature and light, using molecular techniques, 
morphology and biochemical analyses in three systems of increasing 
complexity: 
 
• In a laboratory study, we aimed to investigate the importance of 

phytoplankton-bacteria interactions on microbial diversity and the 
predictability of bacterial community composition, through the molecular 
identification of a phytoplankton species-specific microbiome (Study I).  

 
• In a photobioreactor, exposed to seasonal variations in light and 

temperature, hosting a naturally assembled polyculture of green 
microalgae and heterotrophic bacteria we explored the mechanisms that 
enable sustained biomass production (resilience). This was done by 
studying the structural diversity (Study II and III) and function (Study 
III) of the microbial community. 

 
• The link between phytoplankton-bacteria interactions with 

biogeochemical cycling of energy and nutrients was explored in a field 
study of a phytoplankton bloom in a coastal, eutrophied, environment 
(Study IV). This was done by characterizing how resources (carbon, 
nitrogen and phosphorus) were partitioned between phytoplankton and 
bacteria and what impact this had on the community structure. 
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Brief overview of methods used 

Figure 5. Methods used (ITS-sequencing, amplicon sequencing, metatranscriptomics), and 
types of samples taken (phytoplankton/microalgae, attached and/or freeliving bacteria) for 
each study (Study I-IV). 
 

Procedure Study I 
Isolates of the dinoflagellate Alexandrium ostenfeldii, retrieved from 
geographically distant locations in the brackish Baltic Sea, and of the 
dinoflagellate Alexandrium minutum, from locations with varying levels of 
anthropogenic impact in the marine Mediterranean Sea, were kept in culture, at 
non-axenic conditions, for 2–11 years under stable lab conditions. DNA 
samples were taken, both of the dinoflagellates and of their associated bacterial 
communities. The taxonomic identities of the dinoflagellates were established 
by Sanger sequencing of their internal transcribed spacer (ITS) regions (Figure 
5). The bacterial communities were sequenced using 16S amplicon sequencing 
and the bacterial community structures were analyzed with statistical methods 
(permAnova, Bray-Curtis dissimilarity) and by comparisons to previously 
performed field studies. Species specific core microbiomes of OTUs or 
taxonomic groups present in all samples of a species were established. 
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Procedure Study II 
A naturally assembled polyculture, retrieved from the Baltic Sea, consisting of 
a mix of primarily green microalgae and heterotrophic bacteria was maintained 
for three years, at spring, summer and fall conditions, in a large-scale (1600 to 
3200 L) outdoor flat-panel photobioreactor (PBR). The reactor was located on 
southern Öland, Sweden, with the main objective to  remediate cement factory 
flue-gas. In addition to CO2 from the flue-gas, the reactor was supplied with 
nitrogen, phosphorus and trace vitamins. pH and oxygen levels were monitored 
and adjusted as required and temperature both in the reactor and in the air was 
measured. The quantity and quality of the algal biomass produced were 
monitored, DNA sampling was performed in order to characterize the 
community structure. Amplicon sequencing was performed to describe the 
community structure, in terms of composition and diversity, of both the 
phytoplankton (18S rDNA) and bacteria (16S rDNA) (Figure 5). Network 
analysis and diversity metrics were used to connect environmental parameters 
(light, temperature and diurnal shifts in temperature) and biomass (dry weight 
and production) with community structure.  
 

Procedure Study III 
The same system as in Study II was closely monitored and sampled biweekly 
during six weeks, at late summer to fall conditions. The study captured an initial 
warm period (~21°C mean temperature in reactor) of two weeks, which after a 
two-week intercept was followed by a colder (~11°C) two-week period. During 
the study, the PBR panels were shaded with light-reducing nets (40-60% 
reduction) for two days prior to the second weekly sampling. Production of algal 
biomass was monitored, and samples were taken for characterization of 
community structure (DNA, 18S and 16S rDNA analysis, as in Study II). 
Samples were also taken for community function using metatranscriptomics 
(RNA, polyA selected for eukaryotes and after an rRNA removal step the 
remaining material was considered to be of prokaryotic origin) (Figure 5). 
Community structure was analyzed by applying network analysis and metrics 
for diversity. Analyses of community function, where transcripts, normalized 
by contig length, were contrasted for either temperature (warmer vs colder) or 
light (shade vs no shade) using differential expression methods, focused on 
processes associated with the acquisition and utilization of carbon.  
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Procedure Study IV 
A phytoplankton bloom, together with the co-occurring bacterial community, 
was sampled at one site in the Åland archipelago (Baltic Sea) at two time-points 
during summer. Environmental parameters at the location were monitored 
(temperature, salinity, pH, chlorophyll a) together with levels of inorganic 
nutrients (nitrate, nitrite, phosphate and silica). Community structure was 
characterized using both microscopy (phytoplankton) and amplicon sequencing 
(18S and 16S rDNA). Samples for 16S rDNA sequencing were filtered 
sequentially to distinguish the bacteria that were particle attached (3–90 µm) 
from those that were free-living (0.2–2µm) (Figure 5). The functional repertoire 
of the whole community was analyzed using metatranscriptomics (as described 
for Study III with the addition that internal standards were included prior to 
sequencing), focusing on transcripts associated with acquisition and utilization 
of carbon, nitrogen and phosphorus. Differential expression analysis, on counts 
that were normalized using internal standards, was used to establish which 
processes were significantly different between the two timepoints. 
 
 

Amplicon sequencing 
In studies of microbial communities, it has become very common to extract and 
sequence the regions of the DNA that code for the small subunit (SSU) of 
ribosomes, either 18S (for eukaryotes) or 16S (for prokaryotes). Ribosomes are 
structural organelles vital for the translation of mRNA to peptides or proteins 
and are thus common to all organisms with a ribosomal machinery of their own. 
Within the SSU, with a total length of ~1500–1800 base pairs, there are nine 
shorter regions of high variability (V1–V9) that are relevant for the secondary 
structure of the SSU (Noller and Woese 1981; Gray, Sankoff and Cedergren 
1984), that have a high inter-species but low intra-species variability (Ki 2012). 
Therefore, sequences of these variable regions may be used to differentiate 
organisms. Three of these variable regions, V4–V6, have been suggested to give 
the highest molecular resolution, which enable the separation of even closely 
related eukaryotic and prokaryotic microbial phyla (Hugerth et al. 2014; Yang, 
Wang and Qian 2016). The SSU region encompassing parts of the V4–V6 
regions have thus been used for numerous studies of aquatic microbial 
communities (e.g. Herlemann et al. 2011; Logares et al. 2013; Marquardt et al. 
2016). Degenerated primers, specifically designed to capture the V4-V6 region 
of the ribosomal gene, are publicly available for a wide variety of eukaryotes 
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and prokaryotes (Herlemann et al. 2011; Hugerth et al. 2014) and support 
studies encompassing not only closely but also distantly related phyla (Petrov 
et al. 2014; Hu et al. 2016; Hug et al. 2016). Before sequencing, these primers 
are used to copy (amplify) each extracted piece of available DNA coding for 
the chosen variable region of the SSU gene, in order to increase the molecular 
signal. The amplified copies (amplicons) can then be sequenced using high 
throughput methods, such as via the platform developed by Illumina, Inc. USA 
(Goodwin, McPherson and McCombie 2016). The resulting short sequence read 
libraries represent the microbial community found in the sample from which the 
DNA was extracted. Bioinformatic methods are then applied for downstream 
filtering and trimming of low-quality nucleotides/sequences and to process the 
remaining high-quality reads. This can be done by grouping reads into 
operational taxonomic units (OTUs) according to a similarity cut-off set at for 
example 97–99% (Du et al. 2013; Edgar 2013; Lindh et al. 2015). It can also be 
done by performing an initial error modelling and filtration step, where a 
program is trained to distinguish nucleotide variations resulting from 
sequencing error from those resulting from actual biological differences. After 
sorting out reads with errors the remaining ones may be separated by a single 
nucleotide variation (<99.3% similarity) into amplicon sequence variants 
(ASVs) (Callahan et al. 2016; García-García et al. 2019; Bhatnagar et al. 2020). 
The practice of clustering reads into OTUs is gradually being replaced for the 
use of ASVs, which in part is due to the finer resolution provided by ASVs 
(García-García et al. 2019). The clustering of OTUs is data-dependent, i.e. the 
resulting information provided by reads grouped according to a given cut-off is 
inherently restricted by the data included in the sample (Callahan, McMurdie 
and Holmes 2017). ASVs on the other hand are independent from each other, 
enabling them to be compared between studies, provided the same primers have 
been used (Callahan, McMurdie and Holmes 2017). To assign biologically 
relevant identities to the resulting units, OTUs or ASVs are blasted against 
designated 16S/18S SSU reference databases, such as SILVA (Quast et al. 
2012) or GreenGenes (McDonald et al. 2012). 16S or 18S amplicon sequencing 
provides data through which the composition, in terms of taxonomy, and 
structure, in terms of diversity, of microbial communities may be established. 
The studied microbial communities can come from samples taken either from 
small- or large-scale cultures, or directly from the environment. Amplicon 
sequencing has, in addition to microscopic observations, been instrumental in 
this thesis for the characterization of both the phytoplankton (18S) and the 
bacterial (16S) communities in the studied systems. 
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Figure 6. Software and versions used for metatranscriptomic pipeline for Study III.   

 

Metatranscriptomics  
The functional repertoire of a microbial community may be characterized using 
metatranscriptomics. This method utilizes the mRNA content of a community, 
being an informative intermediate molecule in the process of translating a gene 
into a peptide, protein or enzyme. In eukaryotes, the messenger RNA (mRNA), 
used as a transient copy of a gene, has a trailing poly-A tail, while prokaryotic 
mRNA does not. This enables the separation of eukaryotic and prokaryotic 
RNA within a sample, but it also makes it more difficult to distinguish 
prokaryotic mRNA from other types of RNA (Hampton-Marcell et al. 2013). In 
general, an rRNA depletion step is included before sequencing to concentrate 
the proportion of mRNA of a sample (Hampton-Marcell et al. 2013; Westreich 
et al. 2016). The mRNA is then synthesized into cDNA and amplified using 
PCR before sequencing. Metatranscriptomics thus captures the transient mRNA 
pool, with a half-life of 1.5 min, present in a community at the time of sampling 
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(Moran et al., 2013). The resulting sequence library transcripts, after substantial 
bioinformatic processing (Figure 6), represent the functional repertoire of a 
microbial community and therefore enable interpretations of which processes 
were active within the community at the time it was sampled. The method relies 
heavily on the accuracy of the databases that are used as references for the 
functional annotation of the transcripts. Large databases such as RefSeq 
provided by NCBI offer abundant data. However, often only a smaller part of a 
metatranscriptomic library is annotated, both functionally and taxonomically, 
due to gaps in these databases. The inclusion of internal standards with the 
samples prior to sequencing enables a subsequent normalization step of 
transcript counts after sequencing, making it possible to estimate the number of 
transcripts per volume of water that was originally sampled (Gifford et al. 2011; 
Satinsky et al. 2013; Beier et al. 2018). A normalization step is especially useful 
for differential expression analyses that involve contrasting samples taken from 
different treatments or under different conditions. Normalization methods, such 
as the transformation of raw transcript counts into transcripts per kilobase 
million, TPM, can be used in the absence of internal standards, to enable 
comparisons between samples. TPMs account for differences in sequencing 
depth and in gene length, and have become a common normalization method 
(Wagner, Kin and Lynch 2012; Alexander et al. 2015; Conesa et al. 2016). In 
this thesis, metatranscriptomic methods have been applied in two of the studies, 
one with (study IV) and one without (Study III) the inclusion of internal 
standards, to support community wide inferences of phytoplankton-bacterial 
functional interactions.  
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Results & Discussion 
 

“On every act the balance of the whole depends.” 
  Ursula K LeGuin – The farthest shore 
 
 
Phytoplankton-bacteria interactions have been characterized in three systems of 
increasing complexity by mainly focusing on community structure and 
function.  
 

Diversity and predictability of phytoplankton-associated 
microbiomes 
In Study I, the microbiomes from a set of dinoflagellate strains, isolated from 
cysts at geographically distinct locations in the brackish Baltic Sea and from 
blooms along the west coast of the marine Mediterranean Sea, were 
characterized in terms of community structure and diversity (Sörenson et al. 
2019). Baltic Alexandrium ostenfeldii isolates in previous studies had been 
found to have intra-specific variations in both genotype (Tahvanainen et al. 
2012) and phenotype (Suikkanen et al. 2013; Hakanen, Suikkanen and Kremp 
2014). The anthropogenic impact on the locations from where the 
Mediterranean Alexandrium minutum and A. tamarense had been isolated was 
assessed using the Land Uses Simplified index, LUSI (Flo, Garcés and Camp 
2019). The levels of anthropogenic impact on these locations were found to 
range between LUSI 3 and 5, on a scale from 1 to 6, indicating a medium to 
high level of impact. Despite these differences between the strains, in both geno- 
and phenotype (A. ostenfeldii) and the anthropogenic impact at the location of 
isolation (A. minutum and tamarense), the characterized microbiomes were 
found to be consistent and predictable both in terms of composition and 
diversity, in a species-specific manner reflecting the abiotic conditions of their 
location of origin (Figure 7). Microbiomes of A. ostenfeldii were, for example, 
found to be dominated by Betaproteobacteria, which is a commonly found 
bacterial class in the Baltic Sea (Herlemann et al. 2011). Core sets of OTUs 
were identified among the respective Alexandrium-associated microbiomes, 
forming species-specific core microbiomes. Matches to OTUs representing 
members of the A. ostenfeldii core microbiome were further identified in field 
data from dinoflagellate blooms in the Baltic Sea, suggesting that the results 
from cultured isolates are also valid in the environment and might be general to 
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Baltic dinoflagellates, regardless of species. The results indicate that the 
structure of aquatic microbial communities is not random, but rather is the result 
of several interacting factors, including the dominating phytoplankton species 
in combination with local abiotic conditions. The results from Study I enable 
more in-depth studies of specific interactions occurring between these 
Alexandrium species and key bacterial taxa in their microbiomes, which is key 
to understanding the impact of interactions on the ecosystem.  
 

Figure 7. Composition of microbiomes of Alexandrium isolates at (A) Class and (B) Family 
levels. Samples have been grouped by similarity into groups AOA-D: A. ostenfeldii group 
A–D and AMA-B: A. minutum/tamarense group A-B. Groups do not reflect location of 
origin in the Baltic Sea of A. ostenfeldii, nor the level of anthropogenic impact (LUSI) at 
sampling location in the Mediterranean Sea of A. minutum/tamarense. 

 

Microbial interactions and resilience  
In ecology, resilience is the capacity of a community to harbor and adapt to 
smaller or larger environmental changes (Holling 1973), through functional and 
structural internal reorganization while maintaining over-all community 
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function, structure and identity (Walker et al. 2004). How phytoplankton-
bacteria interactions relate to the mechanisms that enable the elasticity seen in 
aquatic microbial communities in response to environmental perturbation 
(Shade et al. 2012; Chen et al. 2016) has not been clearly investigated 
previously. Resilience in a context of large-scale algal production in bio-based 
systems producing either biomass or clean water while capturing CO2, refers to 
stability in productivity and function and is paramount for a sustainable 
outcome. Results from the three-year time-series in Study II suggest that the 
microbial polyculture had a broad response diversity that enabled it to maintain 
biomass production above a minimum level, under more or less favorable 
conditions, while exposed to seasonal changes in both light and temperature. 
This was likely facilitated by having a microalgal community with a 
complementary functional range of temperature tolerances and a bacterial 
community with a capacity for large fluctuations at amplicon sequence variant 
(ASV) and at family level while being rather stable at class level. When 
zooming in on a shorter period of time, in Study III, during fall conditions that 
captured two periods with distinct temperature conditions (warm vs cold), there 
seemed to be a high level of response diversity among both the microalgae and 
the bacteria within the community with significantly different community 
compositions between the two periods. Results from the differential expression 
analyses of the metatranscriptome data in Study III suggest that the interactions 
between the microalgae and the bacteria, within the microbial polyculture, 
shifted from coexistence to competition for organic carbon after being relieved 
from temperature stress. Shifts associated with this stress were also seen in the 
network analysis made with the amplicon data in Study III, showing opposite 
patterns in reorganization of both structure (diversity) and function (photo-, 
hetero-, or mixotrophy) for microalgae and bacteria. Linking these results with 
ecological theories of resilience (i.e. adaptive cycles, panarchy and cross-scale 
resilience) could explain the mechanisms behind community resilience. These 
theories are based on the notion that ecosystems comprise many levels, each 
containing similarly sized organisms, in a hierarchical manner. Each level 
follows its specific adaptive cycles, passing through four phases: growth and 
accumulation of resources (r), conservation of established processes (K), the 
release upon changed conditions (Ω), and the creative phase of reorganization 
and adaptation to new conditions (α), leading back to r (Holling 1973). The 
levels may interact in order to accommodate and adapt to new conditions, 
affecting community resilience. This is described by the panarchy theory, 
stating that lower levels, primarily when entering the Ω-phase, influence the 
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level above (termed revolt) while the upper levels, primarily during the K-
phase, are able to buffer the impact (termed remember) (Figure 8) (Gunderson 
and Holling 2002). The manner in which the community may reorganize its 
structure and functions to accommodate resilience may be outlined by the cross-
scale resilience theory, that describe how ecosystems may be resilient by 
balancing overlapping functional diversity within levels and functional 
redundancy across levels (Peterson, Allen and Holling 1998). According to 
these theories, the community may be resilient to the temperature stress by a 
mechanism that balances total community diversity and function by 
reorganizations made at each level. For example, when one level has a low 
diversity, the other level has a higher diversity, and when one function (the 
acquisition of organic carbon) is downregulated at one level, the functional 
redundancy across levels ensures that that function is upregulated at the other 
level. This would link interactions between microalgae and bacteria with 
community structure and function in a manner that helps explain the 
mechanisms behind community resilience to temperature stress. In addition, the 
high response diversity of the polyculture seen in both Study II and III suggests 
that these mechanisms might be applied to the system during all seasons, not 
just during fall conditions as were shown in Study III.  
 

 

Figure 8. The application of the adaptive cycle and the concept of panarchy – the 
interactions between levels –  to describe the interactions between the phytoplankton 
(upper level) and bacteria (lower level), shifting from coexistence during the warmer 
temperature regime to competition during the colder temperature regime. r – growth phase, 
K – conservation phase, Ω – release phase and α – adaptation phase. Remember – impact 
on lower level by upper level, revolt – influence from lower level on upper level.  
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Microbial interactions and resource cycling 
Coastal areas are naturally affected by run-off from land and freshwater inflows 
and function as filters that during summer commonly harbor high levels of 
organic nutrients and low levels of inorganic nutrients. These nutrient 
conditions are generally thought to cause competition for inorganic nutrients 
between phytoplankton and bacteria (Currie and Kalff 1984; Grover 2000). 
Imbalances in the distribution of energy and nutrients between phytoplankton 
and bacteria may lead to higher phytoplankton growth, oxygen deficiency and 
a transition into a less productive ecosystem (Figure 9) (Rönnberg and 
Bonsdorff 2004; Rabalais et al. 2009). An understanding of how organic and 
inorganic nutrients are partitioned between phytoplankton and bacteria, and the 
dependence of phytoplankton on bacterial remineralization, is therefore 
important for predictions of status and knowledge on how to manage coastal 
ecosystems (Heiskanen et al., 2019). Results from Study IV suggest that 
phytoplankton and bacteria, during both the exponential and stationary phases 
of phytoplankton population growth, do not primarily compete for energy and 
nutrients, but rather partition the available nutrient species to avoid competition. 
Furthermore, the results indicate that there is a functional redundancy within 
and between the two levels, seen as the uptake of organic carbon by both 
phytoplankton and bacteria. When focusing on the bacterial community, results 
also indicate that few of the observed shifts in nutrient acquisition coincide with 
shifts in taxonomy. This suggests that a decoupling of function from taxonomy, 
previously suggested among bacteria by Louca et al. (2017, 2018), is observed, 
with the addition that phytoplankton-bacteria interactions influence which 
bacterial taxa are present. The results suggest that the partitioning of available 
resources and a functional flexibility are necessary in order to maintain these 
interactions.  The results from Study IV provide insight into the importance of 
phytoplankton-bacteria interactions when assessing and managing the status 
and future of coastal areas, especially when they are eutrophied and have 
unbalanced nutrient and energy conditions.  
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Figure 9. Schematic representation of large-scale consequences of long-term 
eutrophication and cascading effects of increasing nutrients in coastal ecosystems. Green 
rectangles indicate harmful effects from this cascade. Modified from Rönnberg & Bonsdorff 
(2004) and Rabalais (2009). 
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Conclusions  
By in depth characterizations of phytoplankton-bacteria interactions in three 
systems of increasing complexity the objectives of this thesis have been to 
deepen the understanding of the importance of microbial interactions, for: 
• the individual phytoplankton species (Study I), 
• the capacity of polyculture resilience to seasonal shifts in temperature, 

(Study II and III), and 
• the monitoring and management of coastal areas (Study IV). 
 

This has been done as follows: 
By revealing that for Alexandrium isolates, with either different geno- and 
phenotypes or from locations with varying levels of anthropogenic impact, 
species-specific microbiomes could be identified. And that among these, 
species-specific core microbiomes were established (Study I). This suggests 
that aquatic microbial communities are not formed at random, but are highly 
influenced by both the dominating phytoplankton species and by local abiotic 
conditions. And that the capacity of a microbial polyculture to produce biomass 
under varying seasonal conditions relies on an ability of the community, at the 
ASV-level, to have a high response diversity (Study II and III). This links the 
structural and functional response of microalgae with that of bacteria. 
     By exploring the mechanisms that enable community resilience, by coupling 
microalgae-bacteria interactions and structural and functional community shifts 
with resilience theories (adaptive cycles, panarchy and cross-scale resilience) 
(Study III). This suggests that resilience is made possible by maintaining over-
all community diversity and function through internal shifts within and across 
microalgal and bacterial levels. It also shows that resilience theories previously 
used for larger organisms and socio-ecological systems may be applied also to 
microbial ecosystems.  
     By performing an in-depth characterization of how phytoplankton and 
bacteria in a coastal eutrophied area avoid competition for both organic and 
inorganic nutrients and carbon by partitioning resources, in a manner that 
decouple taxonomy from function (Study IV). This indicates that coexistence 
of phytoplankton and bacteria might be more prevalent in eutrophied coastal 
areas than was previously thought and that interactions at a community level are 
maintained through resource partitioning and a by having a functional flexibility 
within the community.   
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Taken together, the results presented in this thesis suggest that microbial 
interactions at community level are highly adaptive and complex, with many 
possible effects on the energy and nutrient cycles of aquatic environments. 
Interactions between phytoplankton and bacteria are shown to be both species-
specific and condition dependent, i.e. affected by abiotic factors such as 
temperature and salinity. Interactions are also shown to be influenced by the 
over-all function, structure and identity of an ecosystem. Resilience, i.e., the 
ability to maintain system identity, structure and function, when faced with 
environmental challenge, is here shown to involve internal modulations in both 
community structure and function, that encompass both phytoplankton and 
bacterial levels. These results emphasize the importance of considering 
community interactions between  phytoplankton and bacteria when studying 
aquatic microbial communities, both in culture and in complex field 
environments. As climate change influence and change the conditions at which 
aquatic systems function today, and in the future, the results in this thesis may 
be used to enhance models and projections made of the impact from increasing 
temperatures, the predicted reductions in salinity, and the influence from 
terrestrial nutrient and energy inputs to coastal ecosystems.  
  



32 

Acknowledgements 
“Alter the speed, or the direction of change. Vary the scope of 
change. Recombine the seeds of change. Transmute the impact of 
change. Seize change. Use it. Adapt and grow.” 

Octavia E. Butler – Parable of the talents 
 

Little did I know, when I as a teenager became fascinated by the simplicity and 
genius of the genetic code, that I some twenty-odd years later would end up 
writing a thesis about aquatic microbial interactions, based primarily on studies 
of this code. The road I have travelled from then until now has been long and 
winding. Many detours have been made along the way, both within and outside 
of academia, for which I am very grateful. I have learned from so many people, 
around the world, who have not only offered me their thoughts and wisdom, but 
also given me a glimpse of the diversity and richness of life that exists in the 
world. And that we are all equal to no one and to everyone. 
     Five years ago, the journey of my life led me on to a path to begin the work 
that would result in this thesis. Ecology was new to me and so was the town of 
Kalmar, Linnaeus university, and the people in them. Some of the most 
influential persons I met during these years have been my main supervisor 
Catherine and co-supervisor Elin, and unofficial co-supervisor Hanna. I admit 
to having spent the better part of these five years in a state of great confusion, 
but these ladies have never ceased to push, support or inspire me, in their own 
particular ways. For this I am very thankful. I am also thankful to my co-
supervisor Jarone, who in a ”guest appearance style” has provided much 
appreciated advice and support. Among my fellow students and colleagues there 
are many that have put a silver lining to the time I’ve spent at LNU, of which 
(due to lack of space) I will name only a few: Lina – thank you for the 
therapeutic talks and laughs when the pressure has been too heavy, and for 
always being great fun. Emma – even though you work in Lund, you are my 
best colleague/friend! Josanne – you are one of the most curious people I know, 
always wanting to learn more, thank you for the inspiration, for being a friend 
and for the long walks. Caroline – thank you for always being willing to help 
me with my language questions, and for just being awesome, smart and fun, and 
for having such adorable children. Emil – thank you for being such a rock, 
always calm in the midst of a storm, and with the best sense of dry dark humor 
that I know. Henrik – I’m glad your path finally led you back to Kalmar, so that 
we could have lunch together at odd hours, talking about politics and life. 
Emelie – you are such a warm and kind person, always willing to help, either 



 

33 

with scripts or a shoulder to lean on, I’m grateful for both. Mireia – thank you 
for introducing me to PhD-life and for having such a brilliant mind and loud 
energy, you are missed! Yeşerin – thank you for all the fun and beautiful walks, 
the trip to Gotland, and for introducing me to climbing. Fredrik – I really 
appreciate your friendly attitude and ”old man” ways, and for always having 
time to chat. Richard and Racheal – you have been such good friends throughout 
this journey, opening up both your hearts and house to me, thank you. In 
addition, I want to thank Börje Ekstam and Magnus Elfwing for letting me use 
their brand-new lab facilities upon the move to the new building, without which 
I would not have been able to finish my lab work on time. And finally, a great 
thank you to all past and present colleagues within and outside of LNU that I 
have met during these years, for making this an inspiring and fun time. 
     This PhD journey has also taken me on very much appreciated ventures 
outside of Kalmar. I have frequently traveled to Lund/Skåne, and even to Cesky 
Krumlov, to participate in courses and meetings through the research school 
Geneco, offered at Lund university. Through Geneco I have also participated in 
a very rewarding and highly appreciated mentor program, led by Johanna Steen 
and Johan Hollander, together with my fellow PhD students Anu, Ben, 
Christofer, Emelie, Gaofeng, Oscar, Shakil, Weerachon, Xiuqin and Yihan. 
Through this program I met my mentor Inger Edfors, with whom I have shared 
many interesting and spirited conversations through the years. Geneco also 
funded my adventure to the Germs lab at Ames, Iowa State University, in the 
US, where I was hosted by Adina Howe, and her generous co-workers Jin Choi, 
Jaejin Lee, Jared Flater and Schuyler Smith, who welcomed me and provided 
me with a bioinformatic friendly environment for six weeks in 2017. My 
enrollment in the Swedish Bioinformatics Advisory program offered by 
SciLifeLab, with Moritz Buck as my personal advisor, has brought me to 
Uppsala on several occasions. I’m very grateful for being part of the program 
as it provided me with both general support and hands-on advice in the jungle 
that is bioinformatics, without which I would have stumbled around with just 
the stars on a clear night to guide my way. Anke Kremp, Esther Garcés and Eric 
Capo are scientific collaborators dispersed around Europe that I have had the 
great pleasure of working with and that each has provided invaluable input to 
my work, thank you. And thank you to Nigel Took, for taking the time to polish 
the grammar of this thesis, any remaining mistakes are mine.  
     Alongside me on this journey I have had my friends and family, without 
whom I would have been miserable. Tack till mina älskade föräldrar, Barbro & 
Sten, för att ni alltid finns vid min sida oavsett mina nycker och vad jag än hittar 



34 

på här i livet. Tack till mina kära syskon Johan och Anna med familjer för att ni 
finns där i både med och motgång. Tack även till mina kära kära vänner utan 
vilka mitt liv vore väldigt tomt och fattigt. Ni har blivit fler under åren och några 
av er har varit extra betydelsefulla för att jag ska ha kunnat göra klart den här 
avhandlingen: Louise, Elsa, Carro, Liselott, Daphne S, Disa, Malin, Emma, 
Lisa, Daphne T, Bodil, Koko, Eddie, Mörkret, Jenny, Erika, Cleo, Clara, Elinor, 
Helena, Iffe och Linda. Tack för alla skratt, ändlösa samtal, delade måltider och 
högtider, boktips, bokprat, pepp och inspiration, resor, bastubad, havsbad, 
födelsedagsfirande, trädgårdsarbete, fröer, brev, lån av bil, promenader, 
ceremonier, festivalhäng, lekar, teaterbesök, dansföreställningar och vänskap. 
     Finally, I would like to thank the University Library, for always indulging 
my requests for rare or hard to get articles and books. Libraries, and nature, have 
truly been my two favorite places to go to during these past years. They are both 
invaluable commons, not to be taken for granted, and sources of such 
knowledge and pleasure, without which neither this thesis nor the world as we 
know it today would exist. 
 
  



 

35 

References 
 
Agasild H, Nõges T. Cladoceran and rotifer grazing on bacteria and 

phytoplankton in two shallow eutrophic lakes: in situ measurement with 
fluorescent microspheres. J Plankton Res 2005;27:1155–74. 

Alexander H, Jenkins BD, Rynearson TA et al. Metatranscriptome analyses 
indicate resource partitioning between diatoms in the field. Proc Natl Acad 
Sci 2015;112:E2182–90. 

Amin SA, Hmelo LR, van Tol HM et al. Interaction and signalling between a 
cosmopolitan phytoplankton and associated bacteria. Nature 2015;522:98–
101. 

Andersson A, Brugel S, Paczkowska J et al. Influence of allochthonous 
dissolved organic matter on pelagic basal production in a northerly estuary. 
Estuar Coast Shelf Sci 2018;204:225–35. 

Andersson, A, Meier, HEM, Ripszam, M, Rowe, O, Wikner, J, Haglund, P, et 
al. (2015). Projected future climate change and Baltic Sea ecosystem 
management. Ambio 44 Suppl 3, 345–56. doi:10.1007/s13280-015-0654-8. 

Azam F, Fenchel T, Field JG et al. The ecological role of water-column 
microbes in the sea. Mar Ecol Prog Ser 1983;10:257–64. 

Bar-On YM, Phillips R, Milo R. The biomass distribution on Earth. Proc Natl 
Acad Sci U S A 2018;115:6506–11. 

Beier S, Holtermann P, Numberger D et al. A metatranscriptomics-based 
assessment of small-scale mixing of sulfidic and oxic waters on redoxcline 
prokaryotic communities. Environ Microbiol 2018;21:1462–2920.14499. 

Bhatnagar S, Cowley ES, Kopf SH et al. Microbial community dynamics and 
coexistence in a sulfide-driven phototrophic bloom. Environ Microbiome 
2020;15:3. 

Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants should 
replace operational taxonomic units in marker-gene data analysis. ISME J 
2017;11:2639–43. 

Callahan BJ, McMurdie PJ, Rosen MJ et al. DADA2: High-resolution sample 
inference from Illumina amplicon data. Nat Methods 2016;13:581–3. 

Camarena-Gómez MT, Lipsewers T, Piiparinen J et al. Shifts in 
phytoplankton community structure modify bacterial production, 
abundance and community composition. Aquat Microb Ecol 2018;81:149–
70. 

Cardinale BJ, Srivastava DS, Emmett Duffy J et al. Effects of biodiversity on 
the functioning of trophic groups and ecosystems. Nature 2006;443:989–
92. 

Carpenter SR, Bennett EM, Peterson GD. Scenarios for Ecosystem Services: 
An Overview. Ecol Soc 2006;11:art29. 



36 

Chen H, Zhang H, Xiong J et al. Successional trajectories of bacterioplankton 
community over the complete cycle of a sudden phytoplankton bloom in 
the Xiangshan Bay, East China Sea. Environ Pollut 2016;219:750–9. 

Collins M, Knutti R. Long-term Climate Change: Projections, Commitments 
and Irreversibility Pages 1029 to 1136. In: Intergovernmental Panel on 
Climate Change (ed.). Climate Change 2013 - The Physical Science Basis. 
Vol 9781107057. Cambridge: Cambridge University Press, 2013, 1029–
136. 

Conesa A, Madrigal P, Tarazona S et al. A survey of best practices for RNA-
seq data analysis. Genome Biol 2016;17:13. 

Cotti-Rausch B. The assimilation of glucose by phytoplankton: a potentially 
common adaptation under multiple irradiance and field conditions. 2008. 

Currie DJ, Kalff J. Can bacteria outcompete phytoplankton for phosphorus? a 
chemostat test. Microb Ecol 1984;10:205–16. 

Dahlgren K, Eriksson Wiklund A-K, Andersson A. The influence of 
autotrophy, heterotrophy and temperature on pelagic food web efficiency in 
a brackish water system. Aquat Ecol 2011;45:307–23. 

Du J, Xiao K, Li L et al. Temporal and Spatial Diversity of Bacterial 
Communities in Coastal Waters of the South China Sea. Gilbert JA (ed.). 
PLoS One 2013;8:e66968. 

Dudgeon D, Arthington AH, Gessner MO et al. Freshwater biodiversity: 
importance, threats, status and conservation challenges. Biol Rev 
2006;81:163. 

Durham BP, Sharma S, Luo H et al. Cryptic carbon and sulfur cycling 
between surface ocean plankton. Proc Natl Acad Sci 2015;112:453–7. 

Edgar RC. UPARSE: highly accurate OTU sequences from microbial 
amplicon reads. Nat Meth 2013;10:996–8. 

Elmqvist T, Folke C, Nyström M et al. Response diversity, ecosystem change, 
and resilience. Front Ecol Environ 2003;1:488–94. 

Fath MJ, Kolter R. ABC transporters: bacterial exporters. Microbiol Rev 
1993;57:995–1017. 

Fautin D, Dalton P, Incze LS et al. An Overview of Marine Biodiversity in 
United States Waters. Ropert-Coudert Y (ed.). PLoS One 2010;5:e11914. 

Field CB, Behrenfeld MJ, Randerson JT et al. Primary Production of the 
Biosphere: Integrating Terrestrial and Oceanic Components. Science (80- ) 
1998;281:237–41. 

Finkel ZV, Beardall J, Flynn KJ et al. Phytoplankton in a changing world: cell 
size and elemental stoichiometry. J Plankton Res 2010;32:119–37. 

Flo E, Garcés E, Camp J. Land Uses Simplified Index (LUSI): Determining 
land pressures and their link with coastal eutrophication. Front Mar Sci 
2019;6:1–18. 



 

37 

Fransner F, Nycander J, Mörth C-M et al. Tracing terrestrial DOC in the 
Baltic Sea-A 3-D model study. Global Biogeochem Cycles 2016;30:134–
48. 

Fuhrman JA, Azam F. Bacterioplankton secondary production estimates for 
coastal waters of British Columbi, Antarctica, and California. Appl Environ 
Microbiol 1980;39:1085–95. 

Fuhrman, JA, Cram, JA, and Needham, DM. (2015). Marine microbial 
community dynamics and their ecological interpretation. Nat. Rev. 
Microbiol. 13, 133–146. doi:10.1038/nrmicro3417. 

Fujikura K, Lindsay D, Kitazato H et al. Marine Biodiversity in Japanese 
Waters. Schnur JM (ed.). PLoS One 2010;5:e11836. 

García-García N, Tamames J, Linz AM et al. Microdiversity ensures the 
maintenance of functional microbial communities under changing 
environmental conditions. ISME J 2019;13:2969–83. 

Geider R, La Roche J. Redfield revisited: variability of C:N:P in marine 
microalgae and its biochemical basis. Eur J Phycol 2002;37:1–17. 

Gifford SM, Sharma S, Rinta-Kanto JM et al. Quantitative analysis of a 
deeply sequenced marine microbial metatranscriptome. ISME J 
2011;5:461–72. 

Glibert P, Legrand C. The diverse nutrient strategies of harmful algae: focus 
on osmotrophy. In: Granéli E, Turner JT (eds.). Ecology of Harmful Algae. 
Springer, 2006, 163–71. 

Goodwin S, McPherson JD, McCombie WR. Coming of age: Ten years of 
next-generation sequencing technologies. Nat Rev Genet 2016;17:333–51. 

Gray MW, Sankoff D, Cedergren RJ. On the evolutionary descent of 
organisms and organelles: a global phylogeny based on a highly conserved 
structural core in small subunit ribosomal RNA. Nucleic Acids Res 
1984;12:5837–52. 

Grossart HP, Simon M. Interactions of planktonic algae and bacteria: Effects 
on algal growth and organic matter dynamics. Aquat Microb Ecol 
2007;47:163–76. 

Grover JP. Resource competition and community structure in aquatic micro-
organisms: experimental studies of algae and bacteria along a gradient of 
organic carbon to inorganic phosphorus supply. J Plankton Res 
2000;22:1591–610. 

Gunderson LH, Holling CS. Panarchy: Understanding Transformations in 
Human Ans Natural Systems. Island Press, 2002. 

Gustafsson BG, Schenk F, Blenckner T et al. Reconstructing the Development 
of Baltic Sea Eutrophication 1850–2006. Ambio 2012;41:534–48. 

Gustafsson E, Deutsch B, Gustafsson BG et al. Carbon cycling in the Baltic 
Sea — The fate of allochthonous organic carbon and its impact on air–sea 
CO2 exchange. J Mar Syst 2014;129:289–302. 



38 

Hagström, Larsson U, Hörstedt P et al. Frequency of Dividing Cells, a New 
Approach to the Determination of Bacterial Growth Rates in Aquatic 
Environments. Appl Environ Microbiol 1979;37:805–12. 

Hakanen P, Suikkanen S, Kremp A. Allelopathic activity of the toxic 
dinoflagellate Alexandrium ostenfeldii: Intra-population variability and 
response of co-occurring dinoflagellates. Harmful Algae 2014;39:287–94. 

Hampton-Marcell JT, Moormann SM, Owens SM et al. Preparation and 
Metatranscriptomic Analyses of Host–Microbe Systems. Microbial 
Metagenomics, Metatranscriptomics, and Metaproteomics. Vol 531. 2013, 
169–85. 

Hattenrath-Lehmann TK, Gobler CJ. Identification of unique microbiomes 
associated with harmful algal blooms caused by Alexandrium fundyense 
and Dinophysis acuminata. Harmful Algae 2017;68:17–30. 

Heiskanen A-S, Bonsdorff E, Joas M. Baltic Sea: A Recovering Future From 
Decades of Eutrophication. Coasts and Estuaries. Elsevier, 2019, 343–62. 

Herlemann DP, Labrenz M, Jürgens K et al. Transitions in bacterial 
communities along the 2000 km salinity gradient of the Baltic Sea. ISME J 
2011;5:1571–9. 

Holling CS. Resilience and stability of ecological systems. Annu Rev Ecol Syst 
1973;4:1–23. 

Hoppe HG, Ducklow H, Karrasch B. Evidence for dependency of bacterial-
growth on enzymatic-hydrolysis of particulate organic-matter in the 
mesopelagic ocean. Mar Ecol Prog Ser 1993;93:277–83. 

Hu YOO, Karlson B, Charvet S et al. Diversity of Pico- to Mesoplankton 
along the 2000 km Salinity Gradient of the Baltic Sea. Front Microbiol 
2016;7:1–17. 

Hug LA, Baker BJ, Anantharaman K et al. A new view of the tree of life. Nat 
Microbiol 2016;1:16048. 

Hugerth LW, Muller EEL, Hu YOO et al. Systematic Design of 18S rRNA 
Gene Primers for Determining Eukaryotic Diversity in Microbial Consortia. 
Voolstra CR (ed.). PLoS One 2014;9:e95567. 

Kamjunke N, Tittel J. Mixotrophic algae constrain the loss of organic carbon 
by exudation. J Phycol 2009;45:807–11. 

Ki J-S. Hypervariable regions (V1–V9) of the dinoflagellate 18S rRNA using 
a large dataset for marker considerations. J Appl Phycol 2012;24:1035–43. 

Kim H-W, Hwang S-J, Joo G-J. Zooplankton grazing on bacteria and 
phytoplankton in a regulated large river (Nakdong River, Korea). J 
Plankton Res 2000;22:1559–77. 

Kritzberg ES, Hasselquist EM, Škerlep M et al. Browning of freshwaters: 
Consequences to ecosystem services, underlying drivers, and potential 
mitigation measures. Ambio 2020;49:375–90. 

Kujawinski EB. The Impact of Microbial Metabolism on Marine Dissolved 
Organic Matter. Ann Rev Mar Sci 2011;3:567–99. 



 

39 

Kuliński K, Pempkowiak J. The carbon budget of the Baltic Sea. 
Biogeosciences 2011;8:3219–30. 

Landa M, Blain S, Christaki U et al. Shifts in bacterial community 
composition associated with increased carbon cycling in a mosaic of 
phytoplankton blooms. ISME J 2016;10:39–50. 

Lewitus AJ, Kana TM. Responses of estuarine phytoplankton to exogenous 
glucose: Stimulation versus inhibition of photosynthesis and respiration. 
Limnol Oceanogr 1994;39:182–9. 

Lindh, MV, and Pinhassi, J. (2018). Sensitivity of Bacterioplankton to 
Environmental Disturbance: A Review of Baltic Sea Field Studies and 
Experiments. Front. Mar. Sci. 5, 1–17. doi:10.3389/fmars.2018.00361. 

Lindh MV, Sjöstedt J, Andersson AF et al. Disentangling seasonal 
bacterioplankton population dynamics by high-frequency sampling. 
Environ Microbiol 2015;17:2459–76. 

Logares R, Lindström ES, Langenheder S et al. Biogeography of bacterial 
communities exposed to progressive long-term environmental change. 
ISME J 2013;7:937–48. 

Louca, S, Jacques, SMS, Pires, APF, Leal, JS, Srivastava, DS, Parfrey, LW, et 
al. (2017). High taxonomic variability despite stable functional structure 
across microbial communities. Nat. Ecol. Evol. 1, 15. doi:10.1038/s41559-
016-0015. 

Louca, S, Polz, MF, Mazel, F, Albright, MBN, Huber, JA, O’Connor, MI, et 
al. (2018). Function and functional redundancy in microbial systems. Nat. 
Ecol. Evol. 2, 936–943. doi:10.1038/s41559-018-0519-1. 

MacArthur R, Levins R. The limiting similarity, convergence, and divergence 
of coexisting species. Am Nat 1967;101:377–85. 

Marquardt M, Vader A, Stübner EI et al. Strong Seasonality of Marine 
Microbial Eukaryotes in a High-Arctic Fjord (Isfjorden, in West 
Spitsbergen, Norway). Stams AJM (ed.). Appl Environ Microbiol 
2016;82:1868–80. 

Martiny AC, Pham CTA, Primeau FW et al. Strong latitudinal patterns in the 
elemental ratios of marine plankton and organic matter. Nat Geosci 
2013;6:279–83. 

McDonald D, Price MN, Goodrich J et al. An improved Greengenes 
taxonomy with explicit ranks for ecological and evolutionary analyses of 
bacteria and archaea. ISME J 2012;6:610–8. 

Moe SJ, Stelzer RS, Forman MR et al. Recent advances in ecological 
stoichiometry: insights for population and community ecology. Oikos 
2005;109:29–39. 

Moran, MA, Satinsky, B, Gifford, SM, Luo, H, Rivers, A, Chan, L, et al. 
(2013). Sizing up metatranscriptomics. ISME J. 7, 237–43. 
doi:10.1038/ismej.2012.94. 



40 

Mouillot D, Graham NAJ, Villéger S et al. A functional approach reveals 
community responses to disturbances. Trends Ecol Evol 2013;28:167–77. 

Mühlenbruch M, Grossart H-P, Eigemann F et al. Mini-review: 
Phytoplankton-derived polysaccharides in the marine environment and their 
interactions with heterotrophic bacteria. Environ Microbiol 2018;20:2671–
85. 

Myklestad SM. Dissolved Organic Carbon from Phytoplankton. In: 
Wangersky PJ (ed.). Marine Chemistry. Berlin, Heidelberg: Springer Berlin 
Heidelberg, 2000, 111–48. 

Nagata T. Production mechanisms of dissolved organic carbon. In: Kirchman 
D (ed.). Microbial Ecology of the Oceans. New York: Wiley-Liss, 2000, 
121–53. 

Nevejan N, De Schryver P, Wille M et al. Bacteria as food in aquaculture: do 
they make a difference? Rev Aquac 2018;10:180–212. 

Noller HF, Woese CR. Secondary Structure of 16S Ribosomal RNA. Science 
(80- ) 1981;212:403–11. 

Ojaveer H, Jaanus A, MacKenzie BR et al. Status of Biodiversity in the Baltic 
Sea. Ropert-Coudert Y (ed.). PLoS One 2010;5:e12467. 

Paczkowska J, Rowe O, Schlüter L et al. Allochthonous matter: an important 
factor shaping the phytoplankton community in the Baltic Sea. J Plankton 
Res 2017;39:23–34. 

Persson J, Fink P, Goto A et al. To be or not to be what you eat: regulation of 
stoichiometric homeostasis among autotrophs and heterotrophs. Oikos 
2010;119:741–51. 

Peterson G, Allen CR, Holling CS. Ecological Resilience, Biodiversity, and 
Scale. Ecosystems 1998;1:6–18. 

Petrov AS, Bernier CR, Gulen B et al. Secondary Structures of rRNAs from 
All Three Domains of Life. Barash D (ed.). PLoS One 2014;9:e88222. 

Ptacnik R, Solimini AG, Andersen T et al. Diversity predicts stability and 
resource use efficiency in natural phytoplankton communities. Proc Natl 
Acad Sci 2008;105:5134–8. 

Quast C, Pruesse E, Yilmaz P et al. The SILVA ribosomal RNA gene 
database project: improved data processing and web-based tools. Nucleic 
Acids Res 2012;41:D590–6. 

Rabalais NN, Turner RE, Díaz RJ et al. Global change and eutrophication of 
coastal waters. ICES J Mar Sci 2009;66:1528–37. 

Rönnberg C, Bonsdorff E. Baltic Sea eutrophication: area-specific ecological 
consequences. In: Kautsky H, Snoeijs P (eds.). Biology of the Baltic Sea. 
Dordrecht: Springer Netherlands, 2004, 227–41. 

Sandberg J, Andersson A, Johansson S et al. Pelagic food web structure and 
carbon budget in the northern Baltic Sea: potential importance of 
terrigenous carbon. Mar Ecol Prog Ser 2004;268:13–29. 



 

41 

Satinsky BM, Gifford SM, Crump BC et al. Use of Internal Standards for 
Quantitative Metatranscriptome and Metagenome Analysis. Methods in 
Enzymology Volume 531. 2013, 237–50. 

Schmittner A, Chiang JCH, Hemming SR. Introduction: The Ocean’s 
Meridional Overturning Circulation. Ocean Circulation : Mechanisms and 
Impacts - Past and Future Changes of Meridional Overturning. American 
Geophysical Union, 2007, 1–18. 

Seyedsayamdost MR, Wang R, Kolter R et al. Hybrid Biosynthesis of 
Roseobacticides from Algal and Bacterial Precursor Molecules. J Am Chem 
Soc 2014;136:15150–3. 

Shade A, Peter H, Allison SD et al. Fundamentals of Microbial Community 
Resistance and Resilience. Front Microbiol 2012;3:1–19. 

Sieburth JM, Smetacek V, Lenz J. Pelagic ecosystem structure: Heterotrophic 
compartments of the plankton and their relationship to plankton size 
fractions 1. Limnol Oceanogr 1978;23:1256–63. 

Sison-Mangus MP, Jiang S, Kudela RM et al. Phytoplankton-associated 
bacterial community composition and succession during toxic diatom 
bloom and non-bloom events. Front Microbiol 2016;7:1–12. 

Snoeijs-Leijonmalm, P., and Andrén, E. (2017). “Why is the Baltic Sea so 
special to live in?,” in Biological Oceanography of the Baltic Sea 
(Dordrecht: Springer Netherlands), 23–84. doi:10.1007/978-94-007-0668-
2_2. 

Stanley EH, Powers SM, Lottig NR et al. Contemporary changes in dissolved 
organic carbon (DOC) in human-dominated rivers: is there a role for DOC 
management? Freshw Biol 2012;57:26–42. 

Sterner RW, Elser JJ. Stoichiometry in Communities: Dynamics and 
Interactions. Ecological Stoichiometry : The Biology of Elements from 
Molecules to the Biosphere. Princeton University Press, 2002, 262–312. 

Stoecker DK. Conceptual models of mixotrophy in planktonic protists and 
some ecological and evolutionary implications. Eur J Protistol 
1998;34:281–90. 

Strayer, DL. (2013). Endangered Freshwater Invertebrates. Encycl. Biodivers. 
Second Ed. 3, 176–187. doi:10.1016/B978-0-12-384719-5.00270-7. 

Suikkanen S, Kremp A, Hautala H et al. Paralytic shellfish toxins or 
spirolides? The role of environmental and genetic factors in toxin 
production of the Alexandrium ostenfeldii complex. Harmful Algae 
2013;26:52–9. 

Suttle CA. The significance of viruses to mortality in aquatic microbial 
communities. Microb Ecol 1994;28:237–43. 

Svedäng H, Sundblad E-L, Grimvall A. The Hanö Bay - a Warning Bell. 
Gothenburg, Sweden, 2018. 



42 

Sörenson E, Bertos-Fortis M, Farnelid H et al. Consistency in microbiomes in 
cultures of Alexandrium species isolated from brackish and marine waters. 
Environ Microbiol Rep 2019;11:425–33. 

Tahvanainen P, Alpermann TJ, Figueroa RI et al. Patterns of post-glacial 
genetic differentiation in marginal populations of a marine microalga. 
Bertilsson S (ed.). PLoS One 2012;7:e53602. 

Teeling H, Fuchs BM, Becher D et al. Substrate-controlled succession of 
marine bacterioplankton populations induced by a phytoplankton bloom. 
Science (80- ) 2012;336:608–11. 

Tilman D. Resource Competition and Community Structure. Princeton, N.J: 
Princeton University Press, 1982. 

Wagner GP, Kin K, Lynch VJ. Measurement of mRNA abundance using 
RNA-seq data: RPKM measure is inconsistent among samples. Theory 
Biosci 2012;131:281–5. 

Walker B, Holling CS, Carpenter, Stephen R et al. Resilience, Adaptability 
and Transformability in Social-ecological Systems. Ecol Soc 2004;9. 

Westreich ST, Korf I, Mills DA et al. SAMSA: a comprehensive 
metatranscriptome analysis pipeline. BMC Bioinformatics 2016;17:399. 

Wikner J, Andersson A. Increased freshwater discharge shifts the trophic 
balance in the coastal zone of the northern Baltic Sea. Glob Chang Biol 
2012;18:2509–19. 

Yang B, Wang Y, Qian P-Y. Sensitivity and correlation of hypervariable 
regions in 16S rRNA genes in phylogenetic analysis. BMC Bioinformatics 
2016;17:135. 

 
 
 
 
 
 

 
 
 


	Papers klart.pdf
	1.pdf
	 Consistency in microbiomes in cultures of Alexandrium species isolated from brackish and marine waters
	Introduction
	Results and discussion
	Identification of dinoflagellates and diversity of microbiomes
	Similarity of microbiome composition
	Microbiome of A. ostenfeldii isolates
	Microbiome of A. minutum and A. tamarense isolates
	Alexandrium core microbiome
	Culture conditions
	Connections with in situ dinoflagellate populations in the Baltic Sea

	Conclusions
	Acknowledgements
	Conflict of interest
	References

	Supplementary material Sörenson et al. 2019
	Figure S2
	Table S1 – Conditions under which the strains of Alexandrium were isolated, maintained in and harvested at. Sample identifiers specify each strain of Alexandrium. The growth phase was established by monitoring the cell density over time. The A. ostenfeldii were isolated in 2009 (Tahvanainen et al., 2012) and the A. minutum/tamarense between 1995 and 2003 during blooms along the NW Mediterranean coast.
	Supplementary material Sörenson et al. 2019

	2.pdf
	Supplementary Table 4

	3.pdf
	Fax: +46(0)480-44 73 05

	4.pdf
	Fax: +46(0)480-44 73 05




 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after last page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     Always
     1
     1
     2
     757
     262
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AtEnd
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0f
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base





