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Abstract
Ricão Canelhas, M. 2016. Life strategies for substrate assimilation by freshwater
bacterioplankton. Digital Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 1342. 39 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-554-9470-4.

The availability of substrates is one of the most important environmental constraints on the
diversity and functioning of microorganisms. Substrate quantity and quality as well as the
metabolic features of heterotrophic microorganisms determine the efficiency, speed and type of
transformation that can occur in nature. As such their interplay with the environment regulates
how much carbon and energy is incorporated by bacteria and subsequently reaches higher
trophic levels. In lakes the bulk substrate that is available for bacteria is composed of a complex
mixture of compounds, varying in lability and distribution in the environment. This thesis
addresses the coupling of organic substrates, their metabolic use and the composition and
ecology of the microbial community. Controlled laboratory experiments with mixed bacterial
communities in either batch cultures or chemostats were designed to shed further light on
bacterial use of labile and quantitatively significant carbon compounds.

I show that different amino acid substrates only exert a minor influence on bacterioplankton
community composition and growth. Hence the ability to use a wide range of such abundantly
produced protein monomers seems to be widespread among freshwater bacteria. In contrast,
when acetate was provided as the only carbon substrate, in either pulsed or continuous
amendments, this very different substrate input mode had a strong effect on bacterial community
composition. Biomass yield, for example, was twice as high when acetate was given in the form
of pulses rather than provided continuously.

In another set of experiments, I show that the oxidation of the globally significant greenhouse
gas methane is a process that can potentially take place at the water-ice interface of seasonally
ice-covered lakes and was not constrained by temperature as suggested in previous studies.
This work also suggests that methane oxidation in ice-covered lakes can be constrained by
competition for nutrients between specialized methanotrophs and heterotrophic bacteria.

Combined these studies suggest that some labile substrates cause minor selection on bacterial
community structure and functioning. This probably reflects the competitive advantage of using
a broad range of low molecular weight substrates. However, as in the case of methanotrophs
there is specialization for a specific low molecular weight substrate such as methane. In which
case, competition with other community members i.e. for nutrients can constrain methane
oxidation. In both cases it might however not depend just on the availability of substrate, but
also on how substrates are distributed in time and space.
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Introduction 

Heterotrophic bacteria 
Heterotrophic bacteria are the greatest contributors to remineralization of 
organic matter (Jonsson et al. 2001; Kritzberg et al. 2004). They oxidize 
organic matter to gain energy which is then used for cell maintenance and 
growth, while at the same time transforming the organic carbon into more 
oxidized forms and eventually to carbon dioxide (CO2) (del Giorgio and 
Cole 1998). Their central role in marine and freshwater food webs has been 
coined “the microbial loop” as carbon incorporated by bacteria is transferred 
into the food chain when bacteria are consumed by higher trophic levels 
(Azam et al. 1983; Pomeroy & Wiebe 1988). Bacteria also remineralize 
phosphorus, nitrogen and other elements bound to organic matter. Thus, 
bacteria can be important sources of such nutrients to heterotrophic protists 
as well as mixotrophic phytoplankton that feed on bacteria; a process de-
scribed as the “reverse microbial loop” as the energy would first pass 
through autotrophs before reaching higher trophic levels (Jansson et al. 
1996). 
 
Heterotrophic bacteria as a group are phylogenetically diverse and metaboli-
cally versatile in their ability to use a wide range of organic compounds as 
electron donors (Nealson 1997). This metabolic diversity is not very surpris-
ing when considering the diversity of substrates in the environment and that 
it is hypothesized that the metabolic pathway developed accordingly 
(Lazcano & Miller 1999).  

The diversity of the DOM pool in lakes 
Lakes are of pivotal importance for cycling of nutrients and organic matter 
and act as a filter in the transfer of elements from land to sea (Cole et al 
2007). The organic matter in lakes is chemically diverse (Kellerman et al. 
2014) and the susceptibility of this organic matter to biological degradation 
varies. This implies that although bacterial communities are able to grow 
with such a complex DOM pool as substrate, they will likely not be able to 
use all portions of the DOM equally well (Guillemette et al. 2013). In broad 
terms, DOM can be divided into high-molecular-weight (HMW) and low-

 9 



molecular-weight (LMW) size classes (Benner et al. 1992). Only LMW sub-
strates can pass through the cell membrane, so if the compounds are larger 
they have to first be fragmented (hydrolyzed) into smaller molecules by 
means of e.g. extracellular enzymes, that are produced by the bacteria, be-
fore the smaller degradation products are taken up by the cell (Fenchel et al. 
2012).  
 
Some studies suggest that the HMW organic pool is overall more susceptible 
to microbial degradation than the bulk of the LMW compounds accumulat-
ing in aquatic ecosystems (Amon and Benner 1996; Benner and Amon 
2015). However the size class is not the only aspect determining bioavaila-
bility since different LMW compounds have different chemical characteris-
tics. There are LMW compounds such as amino acids (AA), sugars and li-
pids that are readily available for uptake and metabolic use and are preferen-
tially used by bacteria, with the more recalcitrant LMW compounds remain-
ing to accumulate in the aquatic environment (Benner and Amon 2015). 
These less labile LMW compounds can also be by-products of bacterial de-
composition of organic matter (Fenchel et al. 2012). Hence it is quite likely 
that there is a major discrepancy between the observed LMW substrate pool 
left in lakes and oceans and the LMW compounds that actually serve as sub-
strates for the heterotrophs in the system (Bertilsson and Jones 2003). HMW 
biopolymers, such as cellulose and hemicellulose, are often abundant in 
freshwater ecosystems due to direct terrestrial inputs of plant materials. Such 
biopolymers would normally be considered biologically labile, but due to 
extensive crosslinking with lignin into structures that protect the polymer 
from enzyme-driven hydrolysis, such organic matter often tend to get buried 
in the sediment (Fenchel et al. 2012). A great portion of HMW compounds 
are composed of humic material, which is a complex mixture of different 
organic matter residues. Humic substances (humin, humic and fulvic acids) 
can be produced biogenically from secondary by-products of bacterial de-
composition of organic matter or by chemical complexation over time 
(Fenchel et al. 2012). These humic substances are less reactive than for ex-
ample AAs or carbohydrates and gets buried over time and can in some cas-
es make up as much as 70 % of the total organic matter in lake sediments 
(Meyers and Ishiwatari 1993). Hence the major part of the ambient DOM 
pool appears to consist of recalcitrant compounds and it is not unusual for 
such compounds to exceed 70-90% of the total organic carbon pool.  
 
Some of the more labile compounds have been characterized as important 
drivers of heterotrophic bacterial production. AAs for example, represent an 
important energy source for bacteria, supplying carbon, nitrogen and sulfur 
for anabolic purposes (Wright and Hobbie 1966; del Giorgio and Cole 
1998). AAs and many other small organic molecules such as the key me-
tabolite acetate, are readily and efficiently taken up by heterotrophic bacteria 
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and because of this, concentrations are often very low in lakes, oceans and 
other aquatic systems (Bertilsson and Jones 2003) with temporary increases 
in concentration with the occurrence of phytoplankton blooms (Kaplan and 
Bott 1989; Grossart and Simon 2007). With regards to acetate, this com-
pound can also be produced in high amounts from photochemical degrada-
tion of high molecular weight organic matter (Bertilsson and Tranvik 1998). 
This would mean that most of the time, aquatic organisms face a situation 
where they can exploit either labile compounds at low concentrations, or 
recalcitrant HMW compounds at high concentration (Munster 1993; 
Bertilsson and Jones 2003). 
 
When organic matter is degraded by heterotrophic bacteria, this can result in 
the release of environmentally relevant gases to the atmosphere. Trace gases 
such as methane (CH4) produced by anaerobic degradation can be used as an 
energy source when oxidized by methanotrophic bacteria (Conrad 1996). 
These methanotrophs are capable of oxidizing CH4 aerobically using an en-
zyme called methane monooxygenase (MMO), or anaerobically coupled to 
the reduction of alternative electron acceptors such as sulfate (SO4

2-) or , 
ferric iron, Mn(IV) , nitrate (NO3

−) or nitrite (NO2
-) (Boetius et al. 2000; 

Raghoebarsing et al. 2006; Beal et al. 2009). 

Resource-driven community shifts  
Bacterial communities are diverse and feature populations with variable 
abilities to use different organic compounds as substrates. Thus it can be 
expected that differences in organic substrates between different aquatic 
ecosystems or over time, would select for certain populations thereby exert-
ing a degree of control on bacterial community composition. The preferred 
substrates can also vary with season in response to changes in available re-
sources. Buck and collaborators (2009), studying a humic lake, observed co-
occurrence of specialists (a bacterial group able to take up specific substrate) 
and generalists (able to take up a variety of substrates during different sea-
sons) during warmer months when substrates like glucose were preferred as 
opposed to during winter months when an increased consumption of the less 
labile substrate 4-hydroxybenzoic acid was enhanced. Grover and 
Chrzanowski (2000) describe a similar switch in substrate preference be-
tween spring (carboxylic acids), and summer seasons (carbohydrates) and 
could link the resource preference of carbohydrates in warmer months to 
high algal growth, which releases exudates through lysis or grazing. Espe-
cially in productive lakes, a substantial part of the organic substrates that are 
potentially available for metabolic use, come from internal production (au-
tochthonous) whereas organic matter from the surrounding environment 
(allochthonous) will have a dominant influence on the substrate pool and 
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thus the bacterial communities in less productive systems (del Giorgio et al. 
1999). 
 
Shifts in some bacterial taxa due to preference for particular substrates have 
also been suggested based on temporal studies of community composition 
(Bertilsson et al. 2007; Buck et al. 2009). Additional support for resource-
driven community shifts include microbial community changes in response 
to temporal chlorophyll-a peaks in the Arctic ocean, causing a change in 
microbial community composition from archaea to predominantly bacteria 
(Alonso-Sáez et al. 2008). 
 
Also the concentration of organic substrates seems to influence bacterial 
community composition. An experiment where a lake microbial community 
was incubated with varying substrate concentration of the same type of natu-
ral organic matter revealed significant changes in bacterial community com-
position (Eiler et al. 2003). Other experiments based on single cell substrate 
tracking provide some support to this substrate concentration induced com-
munity change, as population-level partitioning of substrate use at low and 
high substrate concentrations were observed for some of the more common 
freshwater bacterial groups (Salcher et al. 2011; Salcher et al. 2013). The 
ability to take up the more bioavailable DOM fraction seems to be broadly 
distributed between a wider range of phylogenetic groups (Landa et al. 
2014), while more complex terrestrially derived substrates seem to be selec-
tively used by specific lineages and are thus more likely to cause structural 
changes in the community (Logue et al. 2015).  

Growth strategies along substrate gradients 
Aquatic environments are not homogenous, but rather composed of patches 
and gradients of substrates (McCarthy and Goldman 1979; Kilham and 
Hecky 1988; Azam et al. 1993; Seymour and Stocker 2009). This also 
means that some local populations are likely to be limited by a shortage of 
resources at certain locations in the system and/or at certain points in time. 
Bacteria have several strategies to cope with resource limitation, one being 
to reduce their metabolic rates or even go into dormancy or resting stages 
until conditions become favorable (Jones and Lennon 2010). Alternatively, 
bacteria can actively move towards substrates present in higher concentra-
tion by e.g. chemotaxis (Stocker 2012). Bacteria experiencing low substrate 
availability have furthermore been shown to store nutrients and energy when 
resources are available in abundance to then consume these for metabolic 
needs when resources are scarce (Bengtsson 1989). Besides forcing bacteria 
to adapt to the varying substrate availability, a heterogeneous microenvi-

 12 



ronment creates niches which allow functionally similar bacteria to co-occur 
in apparently homogenous macroenvironments (Green and Bohannan 2006). 
 
A special type of niche is created by anaerobic archaea that produce CH4 
from fermentation products. Strictly anoxic Archaea residing in environ-
ments such as sediments (Whiticar et al. 1986; Boone et al. 1993) will, in the 
absence of other alternative electron acceptors, use CO2 to produce methane 
from either hydrogen or acetate (Borrel et al. 2011). The CH4 produced does 
not diffuse into the water at the same rate as CO2, because it is less soluble 
(Casper et al. 2000) and thus creates niches for methanotrophic bacteria at 
the anoxic-oxic boundary layer. At this boundary, where CH4 availability is 
highest and where there is still oxygen (O2) present, methanotrophic activity 
is typically high (Bastviken et al. 2002; Carini et al. 2005). Although metha-
notrophs are not necessarily microaerophilic, an increase in methanotrophic 
biomass is often found where O2 is less concentrated, since at this transition 
zone of high CH4 and low O2, methanotrophs would have a competitive ad-
vantage over heterotrophic bacteria (van Bodegom et al. 2001). CH4 is main-
ly oxidized in the water column and as much as 80 % of the CH4 produced 
yearly in lakes can be oxidized in this way, mitigating the amount of CH4 
evaded to the atmosphere (Kankaala et al. 2006). However CH4 bubbles that 
rise rapidly through the lake water column may by-pass oxidation and evade 
directly into the atmosphere (Casper et al. 2000) except for in the case of 
lakes that become seasonally ice-covered when CH4 instead accumulates 
during winter and can be oxidized (Kankaala et al. 2006). Nevertheless, 
lakes still contribute up to 16 % of total global CH4 emissions, making them 
relevant for greenhouse gas estimate budgets (Bastviken et al. 2011). 
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Aims of the Thesis  

The broad objective of the thesis is to understand how aquatic microorgan-
isms are coupled to substrates used for heterotrophic growth, with special 
focus on competition and substrate specialization within complex freshwater 
communities. The four studies in the thesis shed light on different aspects of 
substrate acquisition strategies of bacteria. I investigated heterotrophic use of 
different labile monomeric carbon compounds; how bacteria cope with sub-
strate provided either in pulses or continuously and how some specialized 
bacterial groups exploit CH4 accumulating under ice in winter. Using fresh-
water bacterioplankton as experimental models, the following specific ques-
tions are addressed: 
 
(1) Are different subsets of the heterotrophic community promoted by specif-
ic labile organic compounds? (Study I)  
Amino acids are bioavailable compounds which are readily assimilated by 
bacteria and fuel bacterial production. Therefore I hypothesized that amend-
ing lake water with structurally different amino acids would not exert 
enough selective pressure to cause a shift in bacterial community composi-
tion.  
 
(2) Will different subsets of the community be selected by continuous vs. 
pulsed substrate delivery? (Study II)  
Since aquatic environments are characterized by nutrient gradients and sub-
strate patches, the effect of temporal substrate addition was investigated. It 
was hypothesized that a substrate added either continuously or in pulses to 
bioreactors with artificial lake water would have an influence on the bacteri-
al community structure and functioning. 
 
(3) Can specialized methanotrophic bacteria exploit methane that accumu-
lates under the ice in winter and thereby potentially reduce methane release 
into the atmosphere upon ice-off? (Study III and IV)  
CH4 produced in lakes during winter is trapped in the water when the lake is 
ice-covered. Hence we tested whether a CH4 gradient could be observed at 
the water-ice interface and if CH4 could be oxidized by methanotrophic bac-
teria at low temperatures. 
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(4) How important are chemical and biological constraints such as inorgan-
ic nutrient availability and bacterial community structure in controlling 
wintertime methane oxidation? (Study IV) 

CH4 oxidized in ice-covered lakes will mitigate atmospheric release upon 
ice-melt. Availability of CH4 and O2 has previously been correlated with CH4 
oxidation. In this study we hypothesized that besides CH4 concentrations 
other potential constraints can affect winter CH4 oxidation in lakes  
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Methods  

Experimental settings 
For the four separate studies different experimental setups were used (Figure 
1).  

 
Figure 1. Scheme of the different experimental setups used in each study. 

For study I, lake water sterilized by tangential flow filtration was used in 
long term batch incubations with different AA amendments added to indi-
vidual experimental bottles (four replicates). A known number of bacterial 
cells were added from a lake water sample that had been pre-filtered, to re-
move potential predators. Five serial transfers to fresh media amended with 
the same AA were performed to select for competitive populations within 
the community. During the course of the experiment, the performance of the 
communities was followed by measuring bacterial abundance, cell activity 
and AA depletion in the vessels. At the end of the experiment the evolved 
bacterial communities in the different AA treatments were compared. 
 
For study II, we used continuous cultivation reactors (chemostats) with arti-
ficial lake water media inoculated with bacteria from lake water that had 
been pre-filtered to remove potential predators. Half of the vessels received 
acetate continuously (n=6) while the other half received the same amount of 
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substrate all at once every other day (n=6) in the form of pulses. We tracked 
cell growth with bacterial abundance during the course of the experiment 
and at the end of the experiment we measured if the two treatments had dif-
ferent acetate uptake capacity and whether the community composition dif-
fered. 
 
For study III, analyses of highly resolved CH4 concentration gradients under 
ice were tracked in an ice-covered lake. To measure the amount of dissolved 
gas close to CH4 bubbles captured under the ice, we extracted water by using 
the manufactured Below LAke ice MONitoring (BLAMON; Figure 2) sam-
pler which allowed sampling away from the drilling hole and avoided eva-
sion of the gas into the atmosphere. Batch incubations in vitro were also 
performed with lake water that had been pre-filtered to remove grazers. Bot-
tles were amended with CH4 and incubated under near in situ temperature 
(~2  ̊C). To investigate whether CH4 oxidation had occurred CH4 concentra-
tions were measured on six separate occasions, stable isotope signature and 
the relative abundance of methanotrophs were also determined.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Conceptual drawing of the Below LAke ice MONitoring (BLAMON) 
sampler used to retrieve spatially resolved water samples from below the ice to 
measure CH4 concentration gradients at the water-ice interface and a picture of the 
sampler used in the field. Picture by: Blaize A. Denfeld.  
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Substrate use 
In study I and II, the concentration of individual AAs and acetate were 
measured with high performance liquid chromatography (HPLC). In study I, 
AAs were measured after reacting with o-phthaldialdehyde (OPA) which 
produces fluorescent derivatives which were measured with HPLC accord-
ing to Agilent application note 5990-4547EN. The method was used to 
measure how much of the added AA was left by the end of the incubation 
period. In study II, direct separation by ion exchange with background sup-
pression was combined with conductivity detection in an ion chromatog-
raphy system and the method was used to follow the decrease of acetate over 
time and to assess acetate uptake capacity. 
 
For study III and IV, CH4 concentrations from the field and in vitro incuba-
tions were measured using a gas chromatograph (GC). In order to confirm 
that the CH4 concentration decrease was due to methanotrophs, we also ana-
lyzed the isotope fractionation (12C/13C) by assessing the δ 13C-CH4 isotope 
signature. Since methanotrophs preferentially use 12C, an increase in 13C of 
the CH4 indicates biological removal (Coleman et al. 1981). Nutrients that 
were available to the bacterial communities described in studies III and IV 
were measured with ion chromatography (Metrohm IC system, 883 Basic IC 
plus and 919 Autosampler Plus), including NO3-, SO4 

2- and PO4
3-.  

Bacterial activity and growth 
In all four studies, bacterial cell abundance was assessed using Flowcytome-
try (FC) after staining cells with the nucleic acid dye Syto13 (del Giorgio et 
al. 1996). The cell yield in incubations is used as a measure of the perfor-
mance of the bacterial community in the incubation such as whether differ-
ent treatments affect bacterial cell concentration.  
 
In study I, where the effect of different AAs in selecting for specialized pop-
ulations was investigated, a redox sensor (RedoxSensor™ Green) was used 
to detect single cell activity, measured by reductase reactions producing a 
fluorescent signal (Kalyuzhnaya et al. 2008). The reductase positive cells 
could thus be counted with the FC allowing me to determine the proportion 
of active cells in a community.  
 
For study II, two substrate delivery modes were compared, receiving the 
substrate acetate either continuously or as pulses. In order to measure if ei-
ther treatment selected for populations that were more efficient in acetate 
uptake, the specific uptake of acetate was measured using radiolabeled sodi-

 18 



um acetate (14C). The uptake rate was used to estimate the turnover time of 
the substrate in the incubation. 

Microbial community analyses 
Bacterial communities from all four studies were collected by vacuum filtra-
tion onto a membrane and the DNA from the cells was extracted (Power Soil 
DNA isolation kit; MoBio Laboratories). A variable region of the 16S rRNA 
gene was amplified using polymerase chain reactions (PCR) and the ampli-
cons obtained were sequenced by next generation sequencing (NGS) using 
Illumina MiSeq technology (Illumina Inc.). The raw data obtained from the 
sequencing facility was quality filtered using a bioinformatics pipeline as 
described in Sinclair et al. (2015) and bacterial community analysis was 
performed using the software R (R Core Team 2014). Community composi-
tion was visualized using Bray-Curtis dissimilarity index and non-metric 
multidimensional scaling (NMDS; in papers II and IV). Permutational mul-
tivariate analysis of variance (PERMANOVA) was used to test for signifi-
cant differences in community composition between treatments. The sub-
strate niche breadth was estimated for the operational taxonomical units 
(OTUs; in study I) with Levins niche breadth estimate (Levins 1968). We 
also estimated how many of the OTUs that were significantly related to a 
specific substrate using the indicator species test (Indval; study I) or if there 
were representative OTUs for the different treatments (edgeR; studies I and 
II). 
 
For the more specialized methanotrophs we estimated the relative abundance 
of well described methanotrophic groups and compared their occurrence to 
the total bacterial community over time and in different lakes in studies III 
and IV. 
 
  

 19 



Results and Discussion  

Labile substrates that can vary in availability (Studies I 
& II) 
When providing a substrate to a complex bacterial community, individual 
bacterial groups are likely to be more or less efficient or competitive in as-
similating the substrate. This allows the more successful bacteria to grow to 
higher abundances at the expense of others, and this can be described as 
direct resource competition. At the community level, this will be reflected by 
shifts in the community composition where the more competitive popula-
tions increase in relative abundance over time. Such dynamic shifts in bacte-
rial community composition occur in the environment all the time, but are 
not exclusively due to control by substrates. Also many other factors, top 
down as well as bottom up, shape these dynamic changes. To learn more 
about the significance of these specific environmental drivers, laboratory 
experiments can be used to study individual processes in isolation, i.e. by 
controlling the parameter of interest while keeping others constant.  
 
In study I, I investigated whether a bacterial community amended with dif-
ferent AAs would select for populations with higher affinity for that specific 
substrate and whether this ability would be seen as a shift in the bacterial 
community. We used serial transfers to select for the most competitive sub-
set of the community. However, neither Bray-Curtis dissimilarity index, nor 
niche breadth analysis, indicated that there were any significant differences 
in bacterial communities between the different AA treatments. A few specif-
ic taxa were significantly overrepresented in individual AA treatments, as 
shown by the species indicator test, but the effect on the community as a 
whole was minimal.  
 
It has previously been shown that some bacterial populations have higher 
affinity for certain AAs (Salcher et al. 2013) and other labile substrates 
(Buck et al. 2009) while other studies show that recalcitrant substrates are 
more likely to cause a change in the community composition (Goldfarb et al. 
2011; Landa et al. 2014). Based on our results we suggest that although there 
are populations with higher affinity for labile substrates, uptake mechanism 
for different AAs seems to be too broadly distributed among bacteria for 
selection to be reflected at the whole community level. Since dissolved AAs 
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in aquatic ecosystems largely originate from hydrolyzed proteins originating 
for example from senescing phytoplankton and other dying organisms, the 
full range of amino acids will be provided intermittently (Hollibaugh and 
Azam 1983; Keil and Kirchman 1993). Hence the use of a multitude of such 
labile compounds would be an advantageous substrate acquisition strategy. 
 
In study II, we addressed how substrate concentration in the form of pulses 
vs continuous inputs of acetate influenced microbial community composition 
and substrate uptake capacities. The clearest treatment effect was a signifi-
cant increase in bacterial abundance in the treatment receiving substrate in-
puts in pulses, being more than twice as high compared to the continuously 
acetate-fed treatment. This was despite the fact that the total amount of sub-
strate added to both treatments was the same (Figure 3). The bacterial com-
munity composition was also significantly different in the two treatments at 
the end of the one-month long experiment. In contrast, the richness was re-
duced in both treatments without any significant difference and with mem-
bers of the phylum Proteobacteria being dominant from start to end of the 
experiment. 
 

 
Figure 3. Bacterial abundance was consistently higher in the treatment receiving 
acetate in pulses every other day compared to the treatment receiving acetate contin-
uously in chemostat incubations with artificial lake water (study II). 

As there was no significant difference in richness between the treatments, we 
rejected our initial hypothesis of emergence of communities with a higher 
diversity in the reactors receiving pulsed substrate inputs. This hypothesis 
was based on the assumption that the variable substrate levels would create a 
larger number of niches and hence foster higher diversity. The reasons for 
lack of effect on richness could be widespread functional redundancy in the 
ability to use acetate across both treatments (Martiny et al. 2013). 
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In continuous cultivations (e.g. chemostats) operating at steady state, bio-
mass is directly proportional to the growth yield or bacterial growth efficien-
cy (Billen et al. 1990). Therefore, based on the difference in cell abundance 
between the two treatments, it could be concluded that the substrate was 
used more efficiently in the pulsed treatment. The significant difference in 
bacterial community composition may indicate a selection of competitive 
populations, based on substrate acquisition strategies, to either grow under 
constantly low or occasionally elevated substrate concentrations. Adapta-
tions to continuously low substrate levels may include transport systems to 
take up substrates at very low concentration (Konopka 2000) which would 
come at increased energetic costs along with relatively larger energetic 
maintenance costs (del Giorgio and Cole 1998). Other bacterial populations 
may adopt a more opportunistic life strategy by increasing their abundance 
when substrates become available (Egli 2010; Salcher et al. 2013).  
 
At the cellular level, the necessary partitioning of organic carbon substrates 
into anabolic (biomass production) and catabolic (energy acquisition) pro-
cesses will determine bacterial growth efficiency (Figure 4). Hence the high-
er growth yield can also be a strictly physiological effect that does not de-
pend on populations or changes in community composition. The pulsed de-
livery of the substrate will lead to temporarily enhanced substrate concentra-
tions that may enable bacteria to invest a larger proportion of the gained 
energy in biomass production compared to organisms experiencing constant-
ly low substrate concentrations. Such a physiological effect is not in any 
conflict with observed changes in community composition and population 
effects. Most likely both effects contribute to the observed differences in 
growth efficiency, but without further work we cannot separate the two or 
determine their respective significance. 
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Figure 4. A conceptual model of energy pathways controlling bacterial growth effi-
ciency (BGE). Substrate taken up by bacteria will be oxidized and generate energy 
(at a rate of a), however, to produce efficient transporters for acquisition of sub-
strates in low concentrations, there will be an energy expenditure of b; the energy is 
then used at a rate of c for growth rate (µ). The cellular maintenance energy (d) will 
determine whether the substrate will be used for biomass production, storage or if it 
will be degraded through endogenous metabolism (µe), which will generate energy 
at the rate of e. Figure adapted from del Giorgio & Cole, 1998. 

In summary this study suggests that different substrate delivery modes can 
exert a strong selective pressure on the bacterial community which has been 
indicated in earlier studies (López-Maury et al. 2008). It also shows that 
resources provided either homogenously or in patches and pulses, may influ-
ence the fate of labile organic matter in aquatic ecosystems. In fact, labile 
substrates are rarely homogenously distributed in lakes or seawater. For ace-
tate, increase can coincide with phytoplankton excretion, locally in the vicin-
ity of such cells, or can be photochemically produced, and therefore vary 
with irradiance on a dial cycle (Bertilsson and Tranvik 1998; Bertilsson and 
Jones 2003). Hence it would be ecologically advantageous for bacterioplank-
ton to be able to cope with the locally and temporally variable substrate con-
centrations.  

Specific substrates reserved for specific bacteria 
(Studies III-IV) 
Although it has been shown that CH4 emissions from lakes contribute sub-
stantially to greenhouse gas (GHG) budgets (Bastviken et al. 2011), little is 
known about the oxidation of CH4 at the water-ice interface of ice-covered 
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lakes. CH4 oxidation in seasonally ice-covered lakes reduces the amount of 
CH4 that evades into the atmosphere when the ice melts (Michmerhuizen et 
al. 1996).  
 
The potential for CH4 oxidation at low temperatures was investigated meas-
uring depth resolved gradients of CH4 beneath the ice and by incubating lake 
water at near in situ temperature over time (21 days). CH4 was found to ac-
cumulate in the top 20 cm beneath the water-ice interface (study III). We 
further demonstrate that CH4 could be a potential energy source for CH4 
oxidizing bacteria at the water-ice interface since methanotrophs were de-
tected in both the lake water and incubations (with proportions ranging from 
< 0.1 to 2.9 % of the total community). A decrease in CH4 concentration 
during the in vitro incubation coincided with an increase in methanotrophs 
from the family Methylococcaceae in both winter studies, a group of metha-
notrophs previously reported to thrive at low temperatures (Sundh et al. 
2005; He et al. 2012). The role of Methylococcaceae as CH4 oxidizers in ice-
covered lakes was further emphasized in study IV, where the increase of this 
methanotroph was only observed in lake water where CH4 oxidation was 
detected (Figure 5; study IV). However, in our experiments, these special-
ized methanotrophic populations appeared to be limited or constrained by 
factors other than CH4 availability, oxygen, and temperatures, all of which 
are factors previously suggested to constrain methanotrophic activity during 
winter (Kankaala et al. 2006; Martinez-Cruz et al. 2015). Instead, our survey 
of different types of lakes suggests that access to inorganic phosphorus, 
which is an essential inorganic nutrient for all organisms (Caraco 2009), may 
have an important role in enabling methanotrophs to build sizeable popula-
tions that can deplete the CH4 (study IV). 
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Figure 5. The relative abundance (%) of methanotrophs of the Methylococcaceae 
family increased from the start (S) of the incubation to the end (E), only in the lakes 
that had CH4 oxidation (M, E and Ls). 

Many factors and processes lead to variation in CH4 emissions between dif-
ferent lakes. Such factors include ebullition, lake morphometry and organic 
carbon concentration (Michmerhuizen et al. 1996; Bastviken 2004). We 
observed variation in CH4 oxidation potential between lakes (study IV) relat-
ed to nutrient availability which could be one more, of many, complex fac-
tors contributing to lakes releasing variable amounts of CH4 into the atmos-
phere. Factors controlling the success of methanotrophs are likely related to 
competition and other population-interactions between the specialized and 
rather slowly growing methanotrophs and other faster growing members of 
the natural communities (van Bodegom et al. 2001) (Figure 6).  
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Figure 6. Conceptual model of methanotrophic dynamics in ice-covered lakes. CH4 
produced by methanogens in the anoxic sediment reach the water-ice interface and 
eventually accumulates as bubbles below the ice. Methanotrophs can benefit from 
the high inputs of CH4 at the oxic –anoxic boundary layer, where oxygen levels are 
low, giving them a competitive advantage over aerobic non CH4 oxidizing bacteria. 
Methanotrophs grow slower than many heterotrophic bacteria that can outcompete 
them for essential inorganic nutrients such as phosphorus (P) in the water column. 
CH4 from bubbles trapped under the ice lead to locally elevated CH4 concentrations 
that can enable methanotrophs to compete and establish active populations if not 
nutrient limited.  
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Conclusions and Perspectives   

The main conclusions of this thesis are: 
 
• Different amino acids do not select for specific bacterial communities  

 
• Temporal variability in the supply of a growth substrate has an effect on 

bacterial community composition and growth efficiency, likely due to the 
difference in the proportion of energy invested towards biomass or cell 
maintenance  

 
• CH4 can be oxidized at low temperatures found at the water-ice interface 

of seasonally ice covered lakes, which could potentially reduce CH4 con-
centrations prior to ice-melt. 

 
• Oxidation of a specific substrate like CH4 by specialized bacteria is de-

termined by availability of nutrients and thus competitive interactions.  
 

 
The results of this thesis allowed me to postulate a number of hypotheses 
that could be tested in future research studies. In study II a difference in bac-
terial growth efficiency was observed in response to different substrate de-
livery modes. Further experiments could resolve whether this functional 
change can be due to changes in community composition and/or physiologi-
cal adaptation of individuals or populations. This could be tested by using 
inocula with different community compositions to study whether a similar 
effect would be observed. To address the generalities of our findings, other 
substrates that are environmentally relevant, such as polysaccharides, pep-
tides, AAs or other carboxylic acids could be tested besides acetate. It could 
be expanded to other systems, e.g. lakes, rivers, oceanic waters and subterra-
nean aquifers, which would also be required since a variety of environmental 
conditions may also affect bacterial growth efficiency. Moreover it could be 
interesting to investigate if changes in growth efficiency caused by pulses of 
substrates translate to higher trophic levels. 
 
Future research on CH4 oxidation should also investigate the role of bacterial 
community structure and interactions for variability in CH4 evasion from 
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lakes and other systems. A first indication that access to inorganic nutrients 
might have limited methanotrophs, and thus the oxidation of CH4 was report-
ed in study IV. The underlying mechanism causing such nutrient shortage 
could for example be competition with faster growing bacteria. Still, this is 
an indirect conclusion based on correlations. In order to further test the in-
ferred nutrient constraint, experimental manipulations of phosphorus availa-
bility would be needed. By inducing CH4 oxidation with phosphorus addi-
tions with water from lakes where CH4 oxidation was not detected it can be 
confirmed that phosphorus is indeed a limiting factor for methanotrophs. 
Furthermore, in study IV, the limitation of temperature on CH4 oxidation 
could not be confirmed since oxidation was not observed. To revisit this 
question, lakes richer in nutrients, where CH4 oxidation is expected to occur, 
should be chosen.  
 
Bottom-up manipulation experiments such as studies on resource-effects on 
bacterial communities are a way of categorizing the diverse and complex 
metabolic abilities of bacteria which simplifies and at the same time high-
lights the biogeochemical importance of biodiversity in aquatic systems. A 
better understanding of how substrate quality, quantity and temporal availa-
bility affects bacterial substrate utilization, combined with biogeochemical 
end-process quantification, could be used to predict the effect of ecosystem 
changes on a more integrated level. 
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Summary in Swedish (Sammanfattning)   

Bakterier finns nästan överallt, men ändå vet vi väldigt lite om vad de gör. Med 
avancerade molekylära tekniker kan vi dock numera undersöka specifika bakte-
riers metabolism och beskriva mekanismerna bakom olika biologiska processer. 
Något man har kommit fram till är att mängden bakterier som kan tillgodogöra 
sig ett visst substrat i en given miljö är starkt kopplat till mängden organiskt kol 
samt hur mycket energi som kan produceras från substratet. Bakterier som är 
bättre än andra på att ta upp ett substrat i en given miljö kan växa mer än deras 
konkurrenter vilket leder till en förändring i samhällets sammansättning. Detta 
skifte påverkar i sin tur de processer som detta samhälle utför. 
 
I denna avhandling har jag testat hur olika bakteriesamhällen reagerar på olika 
typer av manipulationer i kontrollerade experiment där jag bland annat tillfört 
olika substrat under olika miljöförhållanden. Med hjälp av sekvenseringstekni-
ker har effekten av dessa substrat på de bakteriella samhällena analyserats och 
slutsatser har dragits om den roll som substraten har i naturen. 
 
I den första delen av avhandlingen undersöks om vissa bakteriepopulationer i ett 
samhälle är bättre anpassade än andra på att utnyttja specifika aminosyror. Expe-
rimentet utfördes med bakterier från sjövatten och mina resultat visar att även 
om ett fåtal bakterier verkar använda specifika aminosyror i högre utsträckning 
så var populationerna i bakteriesamhället som helhet ganska väl anpassade till 
att använda alla dessa substrat. Detta borde vara fördelaktigt eftersom olika ami-
nosyror i hög grad tillförs sjövattnet i form av protein som sedan spjälkas till en 
stor mängd olika aminosyror och då alla dessa är bra byggstenar för produktion 
av biomassa och för att erhålla energi. 
 
I avhandlingens andra kapitel undersöks om sporadisk tillsättning av ett lättill-
gängligt substrat ger en förändrad tillväxteffekt i bakteriellasamhället. Sjöbakte-
rier behandlades på två olika sätt där låga mängder substrat tillsattes antingen 
kontinuerligt eller i form av pulser. De båda behandlingarna gjordes för att ta 
reda på om tillsättningsmetoden skulle ha någon effekt på de populationer som 
utvecklats i samhällena och delvis för att se om diversiteten samt bakteriernas 
tillväxteffektivitet skiljde mellan behandlingarna. Resultaten visade att antalet 
celler bland bakterierna som fick substrat i form av pulser nästan hade fördubb-
lats och att behandlingarna även ledde till att olika bakteriesamhällen etablerade 
sig. I naturen lever bakterierna ofta under svältförhållanden eftersom närings-
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ämnena inte är homogent fördelade utan snarare tillförs sporadiskt när en cell 
går sönder, när en metanbubbla stiger genom vattenpelaren eller när en partikel 
bryts ner. Därför har vissa bakterier utvecklat strategier för att hantera svält ge-
nom att reagera mycket snabbt när ett substrat blir tillgängligt, medan andra 
bakterier använder en strategi där de lär sig leva med konstant låga halter sub-
strat. Mina resultat visar att sporadisk tillförsel av tillfälligt höga halter substrat 
leder till att bakterierna kan bilda mer biomassa än om de lever under ständig 
tillförsel av lägre substratkoncentrationer. Detta kan få viktiga konsekvenser för 
kolets kretslopp i miljön eftersom bakterier kan vara en resurs för högre trofiska 
nivåer som skulle kunna gynnas av förmågan som bakterier har att reagera 
snabbt på substrat-pulser i miljön. 
 
I kapitel tre och fyra undersöktes effekten av hur ett mindre energi-givande sub-
strat utnyttjades. Detta substrat är gasen metan, och bakterier som vill utnyttja 
denna förening för sin metabolism behöver en uppsättning unika enzymer för 
ändamålet. Det är därför inte förvånande att endast vissa specifika bakteriegrup-
per har denna kapacitet och de benämns metanotrofer. I det tredje kapitlet mättes 
koncentrationen av metan i istäckta sjöar samtidigt som metanets biotillgänglig-
het undersöktes för att avgöra om metanoxiderande bakterier under isen kan 
fungera som ett biologiskt metanfilter och erhålla energi för tillväxt genom 
samma process. Genom att inkubera sjövatten simulerades den frusna sjöns 
vinterförhållanden och bakteriell nedbrytning av metan kunde påvisas även om 
det tog nästan 20 dagar för metanotroferna att etablera sig och minska metan-
koncentrationen i vattnet. Eftersom sjöar kan vara täckta av is i flera månader 
kan växthusgasen metan som ackumulerats under isen fortfarande oxideras av 
dessa bakterier och därigenom undvika att nå atmosfären när isen smälter. Med 
denna kunskap undersöktes om potentialen för nedbrytning av metan är den-
samma i alla sjöar eller om det kan finnas andra begränsningar förutom substrat-
tillgång. Vatten samlades in från sju olika istäckta sjöar och vattnet inkuberades 
i laboratoriet i närvaro av metan. Metankoncentrationen mättes sedan över tid 
för att avgöra om gasen förbrukades av bakterierna. Resultaten visade att i tre av 
sjöarna kunde ett metanoxiderande bakterie-samhälle etableras och därmed kon-
sumera metanet. Slutsatsen blev att i de sjöar där metankoncentrationen inte 
minskade kunde inte de mer specialicerade metanotroferna, som växer lång-
sammare jämfört med många andra sjöbakterier, etablera sig och de blev därför 
utkonkurrerade i jakten på kritiskt viktiga näringsämnen såsom fosfor.  
 
Slutligen visar denna avhandling att även om bakterier växer genom att utnyttja 
kolföreningar  så är det viktigt att förstå ekologin hos de organismer som gör 
jobbet och hur de samverkar med den abiotiska miljön. Vi behöver veta hur 
spridd förmågan att använda substratet är och vilka randvillkor som avgör om 
substratet används eller ej och i vilken utsträckning kolföreningarna genom 
bakteriernas egen tillväxt kan tillgodogöras i näringskedjan.  
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