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Abstract 

Microorganisms are of great importance for the large scale elemental cycles and overall 

functioning of most natural ecosystems, and this also includes the ecology and maintenance of 

freshwater resources. Anthropogenic actions as well as climate change has greatly affected 

freshwaters and it is therefore important to understand how microorganisms react to such 

environmental changes. I investigated how one such pressure, increased nutrient levels, 

influenced freshwater microbial communities and their potential to degrade the globally 

abundant biopolymer chitin. To assess the effects of changed nutrient levels on functional 

subcommunities within the natural microbiota, I established a collection of mixed cultures 

originating from Lake Erken and two mesocosms from the same lake subjected to either high 

or low nutrient amendments. I observed that higher nutrient addition greatly increased 

bacterial cell numbers in the source community. However, for the emerging mixed cultures 

growing on chitin as a substrate, those originating from the “Low” nutrient amendment 

mesocosm treatment featured higher cell growth potential compared to cultures originating 

from the “High” ones or inoculated with the natural lake water. Moreover, mixed cultures 

from the mesocosms presented higher chitinase extracellular enzymatic activity compared to 

the lake cultures. Interestingly, “High” and “Low” mesocosm cultures were quite constrained 

in bacterial growth response (low variance for the respective treatment) while the growth 

potential in cultures from the lake were much more diverse, indicating a higher degree of 

patchiness and subcommunities with variable ability to profit from chitin as a substrate. 

Ongoing work will assess how individual microbial lineages react to variable nutrient levels 

and how the composition of less diverse but fully functional subcommunities profiting from 

chitin will change under such conditions.  

Keywords: microorganisms, bacteria, mixed cultures, climate change, chitin, freshwater 

ecosystems, nutrients level. 
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1. Introduction 

Limnology is the science of inland waters, spanning scales that range from the biggest lakes 

to small ponds. The study of limnology includes both freshwater ecosystems and salty inland 

waters, and some of the latter may contain higher concentrations of salt than the oceans 

(Tundisi & Tundisi 2012). Inland waters are discontinuous and irregularly distributed in space 

(Tundisi & Tundisi 2012), and there is a great need to study the organisms and the dynamics 

in these ecosystems. Moreover, freshwater ecosystems are exploited by human civilizations 

for many different uses, such as drinking water, recreation, hygiene, agriculture, industrial 

processes and food source (e.g. plants, fishes and invertebrates) (Brönmark & Hansson 2002). 

Hence research focusing on freshwater biodiversity and water quality is important for long-

term development and survival of human societies. 

Lakes, in particular, have been described as sentinels of climate change. Therefore, changes 

observed in lake ecosystems may be seen as early indicators of climate change effects (Adrian 

et al. 2009). Lakes and other inland waters are suffering from several threats affecting their 

biodiversity as well as water quality. Some threats have natural origins, but many of them are 

caused by anthropogenic activities (Brunberg & Blomqvist 2001, Brönmark & Hansson 

2002). Acidification, loading of nutrients and consequent eutrophication, warming, pollution 

(Brunberg & Blomqvist 2001), invasion by alien species, intensification of extreme weather 

and climate change in general are important stressors affecting freshwaters (Ormerod et al. 

2010, Jackson et al. 2016, Creed et al. 2018). Furthermore, many of these stressors can have a 

combined effect (multiple-stressor effect), creating an even stronger impact on ecosystems 

and biodiversity (Ormerod et al. 2010, Jackson et al. 2016). 

A stressor that has been greatly discussed in the last two decades is the excess of nutrients in 

freshwater and marine systems (Smith et al. 1999, Smith 2003, Kronvang et al. 2005, Haukka 

et al. 2006, Jackson et al. 2016, Creed et al. 2018). Similarly to many other stressors, the 

causes of nutrient excess may be purely anthropogenic (Smith et al. 1999, Smith 2003), but 

climate change can also play a role (Adrian et al. 2009, Creed et al. 2018). For instance, 

changes in precipitation regimes due to climate change might modify the import of nutrients 

into aquatic systems (Adrian et al. 2009). Excess of nutrients in freshwater ecosystems  

impacts the biodiversity of the waterbody in different ways, such as the promotion of algal 

blooms, changes in species composition, decrease in water transparency which in turn 

decrease light penetration, endanger sensitive species, as well as reduction in ecosystem 

services for the human population (Smith 2003). In many cases, these effects are clearly 



4 
 

visible and easily identified, e.g. algal blooms and increase in fish mortality. However, there 

are many other microscopic organisms in these waters that play central roles as mineralizers 

and impacting nutrient dynamics while being largely invisible.  

Bacteria, archaea and unicellular eukaryotes are crucial for the ecology and maintenance of 

aquatic systems and this also applies to freshwater ecosystems (Cotner & Biddanda 2002). 

However, in a scenario where nutrients are in excess, shifts in the planktonic microbial 

community might occur, changing the taxonomic composition and functioning of such 

communities (Cotner & Biddanda 2002, Haukka et al. 2006). Microorganisms are beyond a 

doubt the most abundant and genetically diverse lifeform on our planet (Hug et al. 2016) and 

are responsible for more than 90% of the degradation and metabolic processing of organic 

matter in freshwaters (Wetzel 2000). Hence by better understanding how freshwater microbial 

communities react to nutrient level changes, we will also learn more about the vulnerability 

and future functioning of freshwater systems in different climate change scenarios.  

While microorganisms are responsible for a multitude of processes that occur in the 

environment (Little et al. 2008), most of the active and abundant bacteria have not yet been 

cultivated in isolation (Hug et al. 2016). Even with all the available isolation techniques and 

numerous media, we can only perceive the full extent of microbial diversity by the help of 

cultivation-independent techniques (e.g. rRNA sequencing) (Amann et al. 1995, Garcia 

2016). Cultivating microorganisms is laborious and time consuming and some ubiquitous 

microorganisms simply defy any attempt of axenic cultivation. Therefore, most ecological 

studies have focused on the particular species that grow with conventional techniques or 

alternatively rely solely on culture-independent methods to describe their diversity and 

biogeography (Rinke et al. 2013, Garcia 2016). However, cultivation is still of critical 

importance for validating hypothesis that arise from cultivation independent assays 

(Giovannoni & Stingl 2007, Garcia 2016), and for truly comprehending the ecology, 

functioning and importance of microbes in the environment (Salcher & Šimek 2016, Garcia 

2016). In fact, Hug et al. (2016), recently presented a new view on the tree of life that 

emphasised the large number of bacterial groups that as of today lack isolated representatives 

and stress the importance of effective methods to cultivate them. 

Traditional cultivation methods (i.e. following Koch’s clonal isolation methods from a single 

individual) can be challenging for most microbial species since such isolation systems feature 

highly controlled and constant environments where the individuals being cultivated are 
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separated from the rest of the microbial world. This is a situation that they rarely or never face 

in the natural environment, where many organisms cannot produce all metabolites they need 

(Garcia 2016, Nai & Meyer 2017). Consequently, secondary metabolites, which enable 

microorganisms to interact in many different ways with other species, are not produced or are 

produced and  accumulated (Nai & Meyer 2017). Moreover, natural microbial communities 

are complex and many microbial species are dependent on interactions with other species to 

survive and grow in the natural environment (Pande & Kost 2017). Hence isolation efforts 

following the classical Koch’s approach decrease the chances of cultivating highly “social” 

and interactive microorganisms as interspecific interactions are not possible. Therefore, 

alternative cultivation approaches which permit some degree of inter-species microbial 

interactions are essential for understanding how different microorganisms work together, their 

contributions to the aquatic ecosystems and their responses to changes in their natural 

environment. 

To study the ubiquitous microorganisms that are hard to cultivate and understand how they 

interact, mixed cultures can be an important tool. Mixed cultures are simplified communities 

that contain two or more microbial strains that can result from a dilution of a natural microbial 

community or a combination of two or more pure cultures (Garcia 2016). This approach 

enables studies of hard-to-isolate microorganisms and natural microbial communities by 

reducing the diversity of the natural community while maintaining and preserving interacting 

microbial consortia (Garcia 2016, Nai & Meyer 2017). Following this approach, a multitude 

of studies can be performed to enable the uncovering of ecological and biogeochemical 

interactions as well as analysis of population structure of microbial communities. Moreover, 

mixed cultures can be used as model communities since they are simplified communities but 

with enough complexity to allow interactions among strains and are thus more biologically 

and ecologically sophisticated experimental systems compared to pure cultures (Garcia 2016). 

Bacteria play key roles in all biogeochemical cycles in freshwater ecosystems (e.g. carbon and 

nitrogen cycles), and in oligotrophic ecosystems heterotrophic prokaryotes are responsible for 

the majority of the biogeochemical processes (Cotner & Biddanda 2002). For many 

biogeochemical processes to occur, association/consortia of microorganisms are essential and 

environmental changes may affect the functioning and stability of these consortia (Paerl & 

Pinckney 1996).  
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Several nutrients and energy substrates that are present in aquatic ecosystem have a molecular 

structure or size that prevents their direct uptake across bacterial cell membranes. To profit 

from such substrates, the microbes first need to process these extracellularly before they can 

be assimilated. This “conditioning” is largely mediated by extracellular enzymes that 

hydrolyse large polymeric substrates into smaller subunits (Arnosti 2003, Beier & Bertilsson 

2011).  Production and activity of enzymes to degrade large polymers is generally costly and 

thus highly controlled by the cell (Arnosti 2003). Despite the high cost, microbial hydrolysis 

of some particles may exceed the uptake capacity of the producing cell, creating by-products 

which stay in the surrounding medium and may be used by other cells that cannot degrade the 

substrate in question (Beier & Bertilsson 2011, Oliveira et al. 2014). Some microorganisms 

are critically dependent on this type of interaction for surviving and growing in the 

environment (Oliveira et al. 2014). For some microbial couples, this dependency may work 

both ways for distinct products, i.e. each species produces a compound that the other needs 

for survival, which creates a mutualistic and strong interspecific interaction (Oliveira et al. 

2014). 

Chitin is a refractory and crystalline biopolymer composed of subunits of (1→4)-β-linked N-

acetyl-D-glucosamine (NAG), and in aquatic systems it is considered one of the most 

abundant biopolymers (Beier & Bertilsson 2011). This biopolymer is widespread in many of 

the major biomes on earth and is being produced and used as structural material by several 

organisms, including plants, fungi and animals (Gooday 1990, Miyamoto et al. 1991). Chitin 

degrading enzymes are accordingly also found in numerous organisms (Gooday 1990, Beier 

& Bertilsson 2013). For example, bacteria play an important role in chitin degradation and are 

responsible for a major part of the chitin turnover in aquatic systems, while in other 

conditions (e.g. soils), fungi may be equally important (Gooday 1990, Beier & Bertilsson 

2013). Chitin is an important carbon and nitrogen source in nature as accordingly it couples 

carbon and nitrogen cycles (Beier & Bertilsson 2013). Bacteria capable of degrading 

polymeric chitin must  produce extracellular enzymes for hydrolysis, and the excess of 

hydrolysis products can under some circumstances be used by surrounding cells (Beier & 

Bertilsson 2011). However, nutrient status (e.g. nitrogen availability) may also affect how 

microorganisms develop this function, for instance decreasing the amount of hydrolysis 

products available for neighbouring cells, also impacting the species that are dependent on 

them. 
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Bacterial growth is a key parameter in aquatic ecosystems and can be used as an analytical 

tool to identify bacteria response to changes in their environment as well as to evaluate cell 

activity in the dilution cultures. Beyond microscopy, fluorescence-activated cell sorting 

(FACS), is an efficient and fast method that can be used to rapidly and robustly measure 

microbial abundances in natural waters and experimental cultures (Giorgio et al. 1996, Harry 

et al. 2016).  

Furthermore, measurement of chitinase activity is an efficient way to evaluate differences in 

chitin utilization activity of microbial communities responding to changing environmental 

conditions. This type of evaluation can be done by extracellular enzymatic activity 

measurement using fluorescently labelled substrate analogues (Arnosti 2003). Chitinase 

activity from different bacterial cells may produce either dimers (diNAG) or monomers 

(NAG), which can be measured with slightly different substrates (Beier & Bertilsson 2011, 

Beier et al. 2012). 

In this study, I investigated how different nutrient availability regimes influenced lake 

bacterial communities. Then I used these communities as a source of inoculum to set up 

several hundreds of mixed cultures where chitin was the sole carbon source. The purpose of 

the study was to understand changes in important species interactions that may occur when 

the bacterial communities experienced increased nutrient availability in their natural 

environment. Moreover, this project set out to identify which species make up the mixed 

cultures with the ability to profit from chitin as a substrate by 16S rRNA gene sequencing 

using the Illumina platform. Water for the experiments was sampled from Lake Erken as well 

as from two within-lake mesocosms maintained at high and low nutrient availability. Aerobic 

mixed cultures were established by dilution and were later analysed for growth and chitin 

degradation ability. The study thus analysed how nutrient scarcity influenced the types of 

chitin utilizing microbial consortia that prevail and their taxonomic composition.   

2. Methods 

2.1 Sampling 

Sampling was performed at Erken Lake (59°83’60.30’’N 18°63’11.51’’E) on the 5th of March 

2018. Lake Erken is a mesotrophic medium sized lake situated in eastern Sweden, 60 km 

North-Northeast of Stockholm (Beier et al. 2012). Sampling was conducted by drilling holes 

through the ice as the ice thickness was approximately 30 cm for both the lake and the 

mesocosms at the time of sampling. Samples were collected from the lake and from two 

mesocosms set up at Erken Lake for a larger collaborative project on the impact of nutrient 
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status on carbon processing. This experimental setup included 20 mesocosms with ten 

different nutrient concentrations (A-J, where A was the lowest and J the highest nutrient 

concentration) and two fish treatments (x = no fish additions, f = fish addition). These 

mesocosms had been operating for eight months with regular nutrient additions, one of two 

sampled were operated at high nutrient concentration (20Ix → initial concentration TP=724 

µg/L, TN=8.11 mg/L) and the other with low nutrient concentration (no nutrient added) 

(17Ax → initial concentration TP=30 µg/L, TN=0.59 mg/L). Nutrients were added repeatedly 

to maintain the initial concentration. The nutrients added to the mesocosms are 

monopotassium phosphate (KH2PO4) and ammonium nitrate (NO3NH4). Phosphorus and 

nitrogen concentration in Lake Erken was 20 µg/L and 0.5 mg/L, respectively. The minimum 

and maximum air temperature during the sampling day was -12°C and -2°C, respectively. 

2.2 Culturing 

2.2.1 Media 

Two artificial mineral media were prepared. The first one was based on the COMBO 

freshwater media which was devised for both for algae and zooplankton growth (Kilham et al. 

1998), but adjusted for freshwater bacteria (Garcia et al. 2014). The second was an 

optimization of the former to have this artificial medium mimic the chemical composition of 

Lake Erken water (Table 1). The only carbon source added to the media and available for the 

cells was the biopolymer chitin, added in colloidal form following Beier and Bertilsson 

(2011). The final concentration of chitin was 20 mg/mL. Moreover, vitamin stock solution 

was prepared and amended to the media according to the recipe (Table 2) and one millilitre of 

stock was added to one litre of artificial media. Vitamins can potentially be used, although 

unlikely, as a secondary carbon source, but are of less importance for the growing cells 

because of their extremely low concentrations. Furthermore, pH was adjusted with NaOH (0.1 

M) to match the prevailing characteristics in Lake Erken (final pH 7.5). 

Table 1. Optimized media recipe. Details of name and linear formula of each elements as well as primary 

stock and final medium concentrations after preparation. 

Name Linear 

Formula 

Final medium 

(mg/L) 

Primary stock 

(g/100mL) 

Status 

Magnesium sulfate heptahydrate  MgSO4 7H2O 34.99 3.5 Major element 

Calcium chloride dyhydrate CaCl2 2H2O 14.5 1.45 Major element 

Calcium carbonate CaCO3 102.14 10.2 Major element 

Ammonium nitrate (NH4) (NO3) 160 16 Major element 
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Potassium phosphate dibasic K2HPO4 3.21 0.32 Major element 

Potassium chloride KCl 1.32 0.13 Major element 

Boric acid H3BO3 0.114 0.011 Major element 

EDTA disodium salt Na2EDTA 52.21 * Major element 

Iron (III) chloride hexahydrate FeCl3 6H2O 0.048 * Major element 

Manganese (II) chloride tetrahydrate MnCl2 4H2O 0.025 2.5 Trace element 

Zinc sulfate heptahydrate ZnSO4 7H2O 0.044 4.4 Trace element 

Nickel (II) sulfate hexahydrate NiSO4 6H2O 0.1 10 Trace element 

Sodium molybdate dihydrate NaMoO4 2H2O 0.02 2 Trace element 

Copper (II) sulfate pentahydrate CuSO4 5H2O 0.01 1 Trace element 

Cobalt (II) chloride hexahydrate CoCl2 6H2O 0.01 1 Trace element 

Sodium selenite pentahydrate Na2SeO3 5H2O 0.002 0.2 Trace element 

*EDTA disodium salt and Iron (III) chloride hexahydrate were added directly on the final medium, thus they did 

not have primary stock solutions prepared.  

Table 2. Vitamin stock solution recipe (1000x). Final concentration in the cultures was 1x. 

Vitamin mg/L  

Biotin 2 

Folic acid 2 

Pyridoxal 10 

Thiamine 5 

Riboflavin 5 

Niacin 5 

Pantothenic acid 5 

Vitamin B12 2 

4-Aminobenzoic acid 5 

Lipoic acid 5 

 

To evaluate the efficiency of the optimized media, aerobic enrichment cultures from the lake 

were grown in both optimized and non-optimized media, in 15 mL polypropylene tubes (10 

ml medium). Freshwater sample from lake Erken was pre-filtered (1.2 µm filter) and used as 

inoculum (100 µL) (Fig. 1). Enrichments were incubated statically at 11°C. Growth of these 

enrichments was monitored through flow cytometry three times in a 27-day period. 
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Figure 1. Enrichment cultures set up scheme. Freshwater sample from Lake Erken was used as inoculum. 

10mL of media was added to each tube plus 100µL of the freshwater sample. 

2.2.2 Dilutions 

In an attempt to isolate ubiquitous and most abundant, although uncultivated, freshwater 

microorganisms relevant to chitin degradation, freshwater samples were used as inoculum for 

aerobic cultivation, i.e. diluted mixed cultures, in optimized mineral media (Fig. 2). Three 

different experiments were conducted, which differed in the inoculum used for cultivation. 

For experiment A, lake water was used as inoculum; experiment B was divided in two parts, 

with the first being water from mesocosm Ax (low nutrient concentration- no nutrient added) 

and the second, water from mesocosm Ix (high nutrient concentration) used as inoculum. 

Each experiment was prepared in a polypropylene 96-position deep-well plate, with in total 

288 mixed cultures incubated and monitored in parallel.  

 

Freshwater sample from Lake Erken 

(inoculum) 

Enrichment cultures with 10 

mL of optimized mineral 

media 

Enrichment cultures with 10 

mL of non-optimized mineral 

media 

Flow cytometry measurements once a week 

(four weeks)  

 

      

      

      

      



11 
 

 

Figure 2. Mixed cultures setup scheme. Initial concentration were 50 cells in 200 µL. Mixed cultures were 

grown for 14 days before upscaling to one millilitre (adding 800 µL of optimized media). Extracellular 

enzymatic activity (EEA) and flow cytometry measurements were taken from day 0 (upscaling day) until 

day 18. 

Cell concentrations in the original samples were measured with flow cytometry to calculate 

the volume necessary to reach desired concentration of cells for the dilution cultures. Dilution 

cultures were started with approximately 50 intact cells incubated in 200 µL of medium. After 

14 days, all cultures were upscaled to one millilitre (day 0) and flow cytometry and 

extracellular enzymatic activity (EEA) measurements for chitinase using NAG as a substrate 

was carried out. EEA measurements and cell abundance measurements were again taken on 

days 2, 4, 6, 10, and 14. For each 1 ml culture, 440 µL of sample was used for the 

measurements. To keep the total volume constant, the retrieved volume for analyses was 

replaced and homogenized with fresh mineral media within 24 hours after each day of 

measurement (days 1, 3, 5, 7, 11 and 15). On day 14, two aliquots of 100 µL per sample was 

Dilutions - 50 cells per well, Initial volume: 200 µL 

After 14 days → 

Upscaling to 1000 µL 

Freshwater sample  

(from Lake Erken, mesocosms High, Low) 

 
 

EEA and Flow cytometry measurements 
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stored at -20°C for later use for 16S rRNA amplicon based microbial community analysis. 

The remaining cultures were once again upscaled on day 15 and left to grow until day 18, 

when an additional EEA measurement was conducted for selected cultures using 

methylumbelliferyl-diacetyl-chitobioside (MUF-diNAG, Sigma-Aldrich, St. Luis, MO, USA) 

as substrate, to test whether some cultures were producing chitin dimers (diNAG) instead of 

monomers (NAG).  

2.3 Flow cytometry analysis 

Flow cytometry was used to measure cell concentration in all cultures, which is a basic and 

efficient way to monitor growth (Harry et al. 2016). The green-fluorescent nucleic acid stain 

SYTO13 (supplied as 5 mM solution in dimethyl sulfoxide (DMSO)) was used to stain the 

cells to be quantified in the flow cytometer. Sample preparation for flow cytometry using 

SYTO13 is minimal (Giorgio et al. 1996). 5 µL of SYTO13 was diluted in 995 µL of 

nuclease-free water to a working concentration of 25 µM. The first row (A) in the black 96-

well plates were used for cleaning of the CyFlow® Space (Sysmex Partec) Flow Cytometer, 

with 200 µL of ethanol 95% added to the first six wells (A1 – A6) and 200 µL of nuclease-

free water added to the next six wells (A7 – A12). In all other wells (from B1 – H12), 10 µL 

of diluted SYTO13 (25 µM) was added. Finally, 190 µL of sample (one sample per well) was 

added and mixed by repeated pipetting 5-10 times to mix the sample with the SYTO13 stain 

(in total 84 samples per plate). Flowing Software 2 (http://flowingsoftware.btk.fi/) was used 

to analyse flow cytometry data. 

2.4 Extracellular Enzymatic Activity Assay 

Enzymes classified as N-acetylglucosaminidases are central for chitin degradation in the 

environment and can make both nitrogen and carbon available for subsequent microbial 

acquisition (Sinsabaugh & Moorhead 1994, Jackson et al. 2013). Their hydrolytic activity can 

be assessed by incubations with fluorogenic substrate analogues as follows: 

1. 4-Methylumbelliferone MUF standards were used to construct calibration curves in 

each plate. From the stock solution at 10000 µM, the standard was diluted with deionised and 

nuclease-free water into a dilution series of 0.075 µM, 0.1 µM, 0.25 µM, 0.5 µM, 0.75 µM, 1 

µM and 2 µM, to ensure linearity also in the upper enzyme activity range. 

2. The substrates 4-Methylumbelliferyl N-acetyl-β-D-glucosaminide (MUF-NAG, 

Sigma-Aldrich, St. Luis, MO, USA) and methylumbelliferyl-diacetyl-chitobioside (MUF-

diNAG, Sigma-Aldrich, St. Luis, MO, USA) were prepared dissolving the substrate in DMSO 

to a stock concentration of 20 mg/mL. Before using the substrate, it was diluted in deionised 

http://flowingsoftware.btk.fi/
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nuclease-free water to a concentration of 0.5 mg/mL (1.3 mM), following manufacturer 

instructions.  

To choose the best concentration for the working solution as well as best incubation time to 

perform the assay, saturation curves were made for various concentrations and incubation 

times. Twelve distinct concentrations were tested (13, 40, 80, 120, 160, 200, 240, 280, 320, 

360, 400 and 460 (µM)) with five different times (2, 4, 6, 8 and 10 hours) (Fig. 3).  

 
Figure 3. Saturation curve for substrate concentration using sample cultures from a preliminary 

experiment. Y-axis (slope) refer to the hydrolysis rates derived from the change in fluorescent signal over 

time and the X-axis denote the added substrate concentration (µM).  

 

3. A glycine buffer (pH 10.4) was used to stop the reaction at the end of the incubation at 

11°C. The buffer was prepared by first dissolving 18,7675 grams of glycine in 250 mL of 

deionised nuclease-free water (1M), and 8 grams of sodium hydroxide (NaOH) in one litre of 

deionised nuclease free water (0.2M). Finally, mixing 803.5mL of NaOH (0.2M) with 196.4 

mL of glycine (1M) to a final concentration of 0.2 M of glycine with a pH of 10.4. 

The assay was performed in a black 96-position microwell plate as shown in figure 2. The 

final substrate concentration and incubation time chosen based on the saturation curve pre-

experiments were 240 µM and four hours, respectively. Mineral media was used for both 

standard (MUF-standard + substrate + mineral media) and control or blank (substrate + 

mineral media) wells to account for media background in the samples. Substrate was also 

used in the control wells to account for substrate background in the samples wells (Fig. 4). 

Columns 1-3 in figure 4 was used to construct the 4-methylumbelliferone (MUF) standard 

curves for converting the arbitrary fluorescent signal to concentrations. From row A to H, the 

standard concentration was 0, 0.075, 0.1, 0.25, 0.5, 0.75, 1 and 2 µM. For each sample, three 

replicates were set up, totalising 24 samples per plate (eight samples per column). 
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Figure 4. 96-well plate setup for extracellular enzymatic activity measurements (EEA). Columns 1-3 were 

used with known concentrations of MUF-standards (triplicates). From A → H the MUF-standards 

concentrations were 0 (blank controls), 0.075, 0.1, 0.25, 0.5, 0.75, 1 and 2 µM. From columns 4-12 we 

have samples in triplicates, i.e. three samples per row (colours). Total of 24 different samples per plate. 

2.5 Library preparation for Amplicon sequencing 

Amplicon sequencing of the 16S rRNA gene is a widely used approach for analysing the 

taxonomic composition of microbial communities. Currently, the state of the art for such 

analyses rely on Illumina sequencing of 16S rRNA gene amplicons (Claesson et al. 2010, 

Degnan & Ochman 2012, Sinclair et al. 2015). 

The three DNA samples from the original inoculum were extracted with the PowerSoil® DNA 

Isolation Kit (Mo BIO Laboratories, Inc.) and subsequently prepared for sequencing. First 

PCR for these samples differed from the others in the number of cycles (20 cycles instead of 

35). All other steps were conducted exactly as for the culture samples.  

Dilution cultures from both nutrient experiments, high and low nutrient mesocosms (30 and 

71 samples, respectively), as well as from the lake experiment (18 samples) were selected for 

DNA-based analyses of bacterial community composition. Selection was based on cell 

concentrations above 55000 cells/mL and/or extracellular enzymatic activity higher than 

0.00585 nmol/mL/h. 

Variable regions 3 and 4 of the 16s rRNA gene from the selected samples were amplified in a 

two-step PCR as previously described (Sinclair et al. 2015). For each of the selected cultures, 

four 100 µL aliquots were used as template for the first PCR without any prior DNA 

extraction. To account for low number of targets, the amplification was for 35 cycles. The 
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first PCR is a generic amplification without molecular barcodes but linkers on both the 

forward (N4-341F: 5’ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN 

CCTACGGGNGGCWGCAG-3’) (Herlemann et al. 2011) and reverse (805NR: 5’-AGAC 

GTGTGCTCTTCCGATCTGACTACNVGGGTATCTAATCC-3’) primers (Apprill et al. 

2015).  

PCRs were conducted in 20 microlitres of volume per sample using 2 U/µL Q5® High-

Fidelity DNA Polymerase (BioLabs®
inc) (0.2 µL), 2 mM dNTP mix (2 µL), 5x Q5 Reaction 

Buffer (4 µL), 10 µM forward and reverse primers (0.5 µL each), nuclease-free water (11.8 

µL) and template (1 µL). The thermal program for the first PCR comprised of an initial 10 

minutes denaturation step at 98°C (which broke open the cells), a cycling program of 98°C for 

10 seconds, 48°C for 30 seconds and 72°C for 30 seconds (35 cycles), and a final extension of 

72°C for 2 minutes. 

For the sample-specific molecular barcoding in the second PCR, different primer 

combinations were used to attach the standard Illumina adaptor and 7 bp molecular barcodes. 

I had access to in total 20 forward index/barcodes and 20 reverse barcodes, enabling a total of 

400 combinations that may be combined in a single pool for sequencing and demultiplexing. 

For the 120 samples selected, six versions of the barcoded forward primers were used in 

combination with all 20 different reverse barcodes. The second PCRs were also performed in 

20 microlitres of volume per sample using DNA Polymerase, dNTP mix and Reaction Buffer 

exactly as for the first PCR (0.2 µL, 2µL and 4 µL, respectively), 5 µM forward and reverse 

index (1 µL each), nuclease-free water (9.8 µL) and template from first PCR (2 µL). The 

thermal program for the second PCR differed from the first in the initial denaturation time (30 

seconds), the second temperature on the cycling program (66°C) and the number of cycles (15 

cycles). 

After each PCR, all PCR products were individually purified by magnetic beads cleaning with 

the MagSi-NGSPREP Plus (MagnaMedics) using a flat-bottom 96-well microplate and an 

Agencourt SPRIPlate (Beckman Coulter) magnetic plate. Subsequently, 10 µL of each PCR 

product were run on a 1% agarose gel stained with gel red dye (10000x) in 1x Tris-acetate-

EDTA (TAE) buffer and visualised with a GelDocTM XR+ System (Bio-Rad) UV 

transilluminator using the ImageLabTM software. 

Before pooling, samples were quantified using a fluorescent stain-based kit (PicoGreen, 

Invitrogen). Once samples were pooled in equimolar amounts, a gel purification was 
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conducted using the GeneJET Gel Extraction Kit (ThermoFisher Scientific), followed by final 

quantification with the PicoGreen kit (Invitrogen). This resulted in a final concentration of 3.2 

ng/µL which was sent to sequencing on the Illumina MiSeq platform at the Scilifelab 

SNP/SEQ facility, using 2x300 bp chemistry. 

Amplicon sequencing data will unfortunately have to be analysed after the conclusion of the 

present project because of delayed delivery of data from the core sequencing facility.  

2.6 Statistical analysis 

Two sample t-tests were performed to test the growth efficiency in optimized media 

compared to the non-optimized one, as well as to analyse the difference in enzymatic activity 

using different substrates (MUF-NAG and MUF-diNAG). Analysis of variance (One-way-

ANOVA with 95% of confidence level) was used to compare both cell concentration and 

extracellular enzymatic activity between the three experiments (“Lake”, “High” and “Low”), 

subsequently, a Turkey’s HSD (honest significant difference) test was conducted to verify the 

significance between experiments when P<0.05. Means presented in the tests are with ±SE. 

Analyses were conducted in R 3.3.1 with statistical significance set at < 0.05. 

3. Results 

3.1 Media test and cell counts in the natural environment 

The mean cell concentration reached for cultures with the optimized media was 24700 ±4050 

cells/mL (n=12), whereas for the non-optimized one it was 22000 ±3600 cells/mL (n=12) 

(initial number of cells = 50). While the average bacterial cell concentration for the optimized 

media was higher than for the non-optimized one, this difference was not significant (Fig. 5) 

(P = 0.5). 

 

Figure 5. Cell concentration of enrichment culture in each mineral media (Non-optimized and optimized) 
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after 26 days of growth, where n = number of samples. P = 0.5063. Boxplot showing the upper and lower 

adjacent values (highest and lowest horizontal line, respectively), upper and lower quartile (box) with 

median value (horizontal line in the box), and outside value (dot). 

Cell concentrations in the original samples, i.e. from Lake Erken (“Lake”) or the two sampled 

mesocosms (here “High” and “Low”), were clearly different for all three samples (F2,9 = 

41.994, P = 2.73e-05). Lake sample presented the lowest cell concentration, with an average 

of 1.15 x 106 ±6800 cells/mL (n=4), whereas the high nutrient mesocosm samples had the 

highest cell concentration (1.75 x 106 ±13000, n=4) (Fig. 6). Hence it seems as if bacterial 

biomass was enhanced by nutrient amendments in the mesocosms. 

 

Figure 6. Cell concentration from the original samples. Samples were collected from Lake Erken or two 

mesocosms at Lake Erken maintained at either low or high nutrient levels. Boxplot showing the upper and 

lower adjacent values (highest and lowest horizontal line, respectively), upper and lower quartile (box) with 

median value (thick horizontal line). 

3.2 Dilution cultures 

Measurements of cell concentration throughout the experimental incubations revealed a low 

number of cells in most cultures throughout the whole period, with most samples not 

exceeding 100000 cells/mL. The mean concentration on day 14 for the “Lake”, “High” and 

“Low” experiments were 34600 ±1800, 35700 ±1900 and 43350 ±2100 cells ml-1 respectively 

(Fig. 7B). According to the one-way ANOVA, there was a significant difference between the 

three experiments regarding cell concentrations (F2,1725 = 51.32, P = 2.2e-16). However, the 

HSD.test showed that only cell counts for the “Low” cultures were significantly different 

(higher) compared to the other two. Moreover, there was a clear variation in cell 

concentrations over time for the three experiments (Fig. 7A). “Lake” cultures had higher cell 
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concentration at day 0, whereas for “High” and “Low” cultures, cell concentrations were 

higher on day 2 and then decreased. This suggests that there was a certain degree of mortality 

during the course of the incubations and a dynamic development of the emerging 

enrichments. Nevertheless, the low bacterial concentration registered might be caused by the 

halted bacterial growth due to the decrease in cell number after every sampling. 

 

Figure 7. Flow cytometry (cell concentration) data over time for all 288 mixed cultures (96 cultures from 

each experiment). (A) Average cell concentration on each measurement day. Concentrations fluctuated 

through time for all experiments. Error bars indicate the standard deviation. (B) Average cell concentration 

on Day 14 (last day of measurement for all cultures. “**” refers to significantly higher cell concentration of 

the “Low” experiment compared to “High” and “Lake”. Boxplot showing the upper and lower adjacent 

values (highest and lowest horizontal line, respectively), upper and lower quartile (box) with median value 

(thick horizontal line), and outside values (dots). 

When analysing the results for all cultures for the three experiments, there was a significant 

difference between the experiments when considering extracellular enzymatic activity (F2,1725 

= 8.92, P = 0.00014). On the 14th day of incubation, all experimental cultures presented higher 

enzymatic activity compared to all previous measurements (Fig. 8A). HSD test showed that 

only “Lake” cultures were significantly different from the others, i.e. samples from the 

“Lake” experiment had lower chitin degradation (mean 0.0011 nmol/mL/h ±0.00015) when 

compared to “High” and “Low” experiments (mean 0.0015 nmol/mL/h ±0.0002 and 0.0015 

nmol/mL/h ±0.0002, respectively) on day 14 (Fig. 8B).  
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Figure 8. Enzymatic activity over time data for all the mixed cultures. (A) Average EEA measurements for 

all cultures at each day of measurement. Boxplot showing the upper and lower adjacent values (highest and 

lowest horizontal line, respectively), upper and lower quartile (box) with median value (thick horizontal 

line), and outside values (dots). (B) Average EEA measurement at Day 14. “Lake” experiment had (b) 

lower EEA than “Low” and “High” experiments (a). Different letters mean that the variance is significantly 

different (HSD.test). * indicates significant difference (P<0.5). Error bars indicate the standard deviation. 

Clear differences in bacteria cell concentration were observed between samples from 

experiments “High” and “Low” at day 14, with only a few cultures from “High” having 

similar cell concentrations as the ones from the “Low” nutrient mesocosms (Fig. 9). Most 

“Lake” samples showed cell concentration close to that of “High” samples, but for a few 

samples I observed much higher cell number than both “High” and “Low”. EEA for “Low” 

cultures was similar to “High” cultures. For “Lake” cultures, on the other hand, EEA were 

lower than the average (Fig. 9). 
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Figure 9. Bacterial cell concentration versus extracellular enzymatic activity for all cultures on Day 14. 

Dilution cultures from both nutrient experiments, high and low nutrient mesocosms (30 and 

71 samples, respectively), as well as from the lake experiment (18 samples) were selected for 

DNA-based analyses of bacterial community composition. Selection was based on cell 

concentrations above 55000 cells/mL and/or extracellular enzymatic activity higher than 

0.00585 nmol/mL/h. Statistical analysis of the selected cultures on Day 14 revealed that the 

three types of cultures were significantly different from the others regarding both, cell 

concentration (F2,116 = 37.23, P = 3.235e-13) and chitin degradation rate (F2,116 = 18.82, P = 

8.346e-08). Chitin degradation rate increased from “Lake” to “Low” to “High” experiment 

(mean 0.003 ±0.0002 (N=18), 0.005 ±0.0002 (N=30) and 0.007 ±0.0002 (N=71), 

respectively) (Fig. 10A). Cultures from the lake had the highest average cell concentration 

(57500 cells/mL) (Fig. 10B). 
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Figure 10. EEA and cell concentrations at day 14 of measurement for samples selected for Amplicon 

sequencing only. (A) Average extracellular enzymatic activity in nmol/mL/h for selected samples from all 

three experiments. (B) Cell concentration from all three experiments (cells/mL). Measurements from day 

14. n = number of samples. Error bars indicate the standard deviation. 

Most selected cultures were from “Low” experiment and they presented a more homogeneous 

cell concentration while EEA varied greatly. Few “Lake” cultures surpassed the EEA or cell 

count threshold for selection. Selected “Lake” cultures grouped in two distinct clusters, one 

adhering to “High” and the another to “Low” cultures (Fig. 11). 

 

Figure 11. Bacteria cell concentration versus extracellular enzymatic activity for samples selected for 16S 

rRNA amplicon sequencing. “Lake” cultures grouped in two separated clusters, one with “Low” and the 

other with “High” cultures. 

Extracellular enzymatic activity was generally higher for NAG measurements than for diNAG 

(F2,232 = 14.414, P = 1.258e-06) (Fig. 12C). Only five samples (out of 119) presented higher 
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activity for diNAG substrates, suggesting that the hydrolysis of chitin by chitobiosidases (that 

generate dimers) is less important in the studied systems. As one of these five exceptions, 

sample “Lake-1” had an enzymatic activity of 0.000253 nmol/mL/h for NAG and 0.018 

nmol/mL/h for diNAG (Fig. S1). 

Median cell concentration for Day 18, when EEA for di-NAG was measured, was lower than 

for Day 14 (Fig. 12B). However, sample “Lake-9” feature an increase in cell concentrations 

from Day 14 to Day 18 and had the highest cell concentration compared to all other samples, 

while its EEA for di-NAG was one of the lowest registered on Day 18. 

 

Figure 12. (A) Median extracellular enzymatic activity measurements of selected samples for MUF-NAG 

on day 14 and MUF-diNAG on day 18. (B) Median bacterial concentration measurements for all selected 

samples on Day 14 (NAG measurement) and Day 18 (diNAG measurement). Boxplot showing the upper 

and lower adjacent values (highest and lowest horizontal line, respectively), upper and lower quartile (box) 

with median value (thick horizontal line), and outside values (dots). (C) Average EEA per experiment. 

Error bars indicate the standard deviation. 

4. Discussion 

Bacterial cell concentrations differed between the three source communities. I expected that 

the mesocosm with the highest nutrient level would feature higher bacteria cell concentrations 

compared to the lake and the low nutrient mesocosm. This was also confirmed by the variance 

analysis (ANOVA) and is seen in figure 6. Previous studies where nutrients have been added 

experimentally also suggest that higher nutrient levels can have a positive effect on bacteria 

cell abundances (Pace & Funke 1991), probably as nutrients will not be a limiting resource 

and might also stimulate inputs of phytoplankton derived labile organic matter. A higher load 
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of nutrients may also enable nutrient limited species to grow and replicate. Haukka et al. 

(2006) showed that nutrient levels also affect bacterial community composition, i.e. species 

favoured by excess of nutrients may grow faster or more efficiently in these conditions, 

causing a shift in bacterial community composition as well as increased bacterial cell 

abundances. Furthermore, it has been shown that increasing nutrient load in lakes, may induce 

shifts in the basal production and shift the food web from being dominated by autotrophs to 

being dominated by heterotrophic bacteria (Ask et al. 2009). 

The media optimization brought the ionic composition of the media as well as the pH closer 

to the natural conditions in Lake Erken. pH in the lake is usually around 8, whereas pH in the 

original medium was around 5 and in the optimized one 7.5. It was expected that bacterial 

growth in the optimized media would be at least as good as in the non-optimized one, and this 

was confirmed by the two independent sample tests shown in figure 5. I decided to 

exclusively use the optimized media for the subsequent scaleup of dilution cultures, because 

even though there was not a big difference in culture growth compared to the original media, 

it was still more similar to the natural chemical composition of the samples. Indeed, previous 

studies have demonstrated that microorganisms that are hard to cultivate have higher chances 

to grow when exposed to chemical conditions closer to their natural environment (Kaeberlein 

et al. 2002). 

Bacterial cell concentrations in freshwater surface is typically around 106 cells/mL (Wang et 

al. 2007, Harry et al. 2016), and this is also the case in Lake Erken (Eiler & Bertilsson 2004) 

as seen in the analysis of our lake inoculum. However, all our mixed cultures had much lower 

bacterial cell concentrations as compared to the natural microbial community, ranging from 

around 20000 to 100000 cells/mL. I hypothesised that the low cell concentrations were due to 

the short recovery time for the cultures following the experimentally induced disturbance of 

diluting the community to very low cellular abundances. Moreover, the optimized medium 

used to grow the mixed cultures is a basal medium containing only minerals (table 1), 

vitamins (table 2) and particulate chitin as a carbon and energy source. Growth in this 

medium might require more time than in the natural environment as most organic nutrients 

will have to be produced de novo rather than scavenged from the surrounding water. Cotner 

and Biddanda (2002) argued that in oligotrophic environment, prokaryotic heterotrophs have 

a relatively slow growth as an adaptive strategy, which might have been the case for our 

cultures. Even so, our incubations still enabled these cells to expand in the short time given to 

them and double in numbers approximately every second day. 



24 
 

Before upscaling on the 14th day of incubation, all cultures had grown considerably since the 

first measurement after they were upscaled from 200 µL to 1000 µL by adding 800 µL of 

media. On the same day, immediately after upscaling, the first flow cytometry measurements 

were conducted (day 0 of measurement). From this measurement it is possible to argue that 

the mixed cultures reached much higher cell numbers when growing for two weeks without 

interference compared to measurements after constant change in culture volume after each 

sampling. Growth is inhibited by dilution of the media and what has been accumulated in the 

culture, i.e. different metabolites in the mixed cultures are diluted at each addition of fresh 

media which may halt the bacterial growth.  

Inoculum used for “Lake” mixed cultures were sampled directly from Lake Erken, thus I 

expected that these cultures would have a more diverse microbial community than the 

cultures inoculated with mesocosm samples, i.e. microbial communities from the mesocosms 

have been pre-conditioned throughout the time since they were established. Therefore, “Lake” 

mixed cultures should have higher probability of having distinct microbial diversity causing 

the observed variation in bacterial growth potential and hydrolytic ability to cluster the 

cultures with both “Low” and “High” cultures in figure 9. Haukka et al. (2006) reasoned that 

nutrient treatments, such as the mesocosms at Lake Erken, will strongly affect the 

composition and diversity of microbial communities. 

It was expected that “High” cultures would be more distinct from “Lake” and “Low” cultures. 

However, our results showed that, in fact, “Low” mixed cultures had higher growth potential 

compared to cultures from the other two source communities (Fig. 7A). Since the inoculum of 

the “Low” mixed cultures was from a mesocosm that did not receive nutrient addition, i.e. it 

was set up with lake water only, the nutrient composition will be more similar to that of the 

natural lake. Nevertheless, after being confined to the mesocosms for nearly half a year, the 

bacterial community composition within the “Low” mesocosm might have changed to 

become more resistant to disturbances, such as the mineral medium provided. Considering 

that microorganisms from the low nutrient mesocosm seemed to be better adapted to an 

environment more oligotrophic than microorganisms from the “High” and “Lake” 

experiments, they may accordingly cope better with low nutrient availability offered in the 

optimized media, as suggested by Cotner and Biddanda (2002). Moreover, considering that 

“Low” communities were chronically starved for nutrients, the ability to degrade and use 

chitin would be an efficient strategy to overcome some of these nutrient limitations. 
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There was an increase in the extracellular enzymatic activity on day 14 of the measurement 

(28th day of incubation) for all three experiments (Fig. 8A). Hence, I consider that on this day 

the bacterial cells in the dilution cultures were degrading chitin more efficiently compared to 

the previous measurements, since the EEA was considerably higher. Still, cell concentrations 

on this day were not the highest registered during the experiment. More detailed analysis of 

EEA on Day 14 showed that both “Low” and “High” cultures had higher EEA than “Lake”. 

Cotner and Biddanda (2002) argued that organisms in more oligotrophic conditions feature 

higher cell-specific activity than cells living in eutrophic conditions. Cells grown on “Lake” 

and “Low” dilution cultures were from a lower nutrient level environment than cells on 

“High” dilution cultures. Nevertheless, EEA for “Low” and “High” were not significantly 

different and for “Lake” activity was lower. However, I expected that “Lake” cultures would 

differ from the other two since mesocosms might have pre-selected organisms that were more 

prepared for changes of environment, i.e. harsh medium and dilution after measurements. 

The loss or inactivity of organisms being able to degrade chitin will not only affect these 

organisms but potentially also other members of the community making use of such “public 

goods”. Identification of the true chitin degraders in the community is essential for more 

detailed analysis of the nutrient effects on the community, as well as the other species that 

rely on excess of products. This will enable detection of nutrient effect in the composition the 

bacterial community. For instance, if nutrient level eradicates important chitin degraders, the 

rest of the community will also be affected. Moreover, different interactions may occur with 

change in bacterial community due to nutrient levels. Thus, this bacterial identification will 

enable detailed understanding of species interactions within in the community. 

The large difference between the chitinase activity of MUF-NAG and MUF-diNAG 

substrates in this study suggest that for our dilution cultures, chitin monomers (NAG) were 

produced over dimers (diNAG). Previous experiments with cultured bacteria, however, 

argued that chitinase activity produces both chitin monomers (NAG) and dimers (diNAG), 

but that dimers are the predominant hydrolysis products (Horn et al. 2006). Beier and 

Bertilsson (2011) reported a higher number of cells incorporating NAG than diNAG for a 

freshwater bacterioplankton study. They argued that the species incorporating more NAG 

were, in fact, the one not able to degrade chitin but rather feature a commensal use of chitin 

hydrolysis products produced by others. Moreover, they suggested that the true chitin 

degraders are possibly shifting their released hydrolysis products towards NAG by 

preferentially incorporating diNAG themselves. For the comparison, it is also important to 
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keep in mind that the measurements for NAG and diNAG were not conducted on the same 

day and that the community and activity might have changed. Moreover, chitin polymers are 

first cleaved into oligomers, then dimers and lastly monomers, thus measuring diNAG after 

NAG was not the optimal strategy. However, time limitation and the small volumes inherent 

in the mixed culture experimental design prevented the experiments to be carried out at the 

same timepoint.   

In summary, nutrient levels affected natural communities of freshwater microorganisms, i.e. 

bacterial abundance increases in high nutrient environments. However, mixed cultures 

containing cells from an environment with low nutrient concentration (“Low” mesocosm) 

grow more than cultures from a high one, when using only chitin as a carbon source. 

Moreover, microbial communities originated from sources with high nutrient level, showed 

higher chitin degradation rates than communities from lower ones. Change in chitin 

degradation will in turn affect both true chitin degraders as well as other dependent bacterial 

species. Nevertheless, changes in community composition in high and low nutrient conditions 

and possible consequences for chitin degradation have still to be identified. Chitin is the most 

abundant natural amino polysaccharide and thus has great importance for the carbon and 

nitrogen biogeochemical cycles in the environment. Hence further experiments analysing 

chitin degradation by microorganisms under contrasting nutrient regimes should be carried 

out to better understand this environmental effect on the availability of this biopolymer as a 

microbial substrate.   
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7. Supplementary material 

 

Figure S1. Extracellular enzymatic activity in nmol/mL/h. X-axis: NAG measurements on day 14. Y-axis 

diNAG measurements on day 18.  




