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Abstract 

Lakes are significant sources of methane (CH4) to the atmosphere. Methanotrophic bacteria 

oxidize methane and act as a potential biofilter that quench the emission of this greenhouse 

gas and play a vital role in the global methane cycle. In this project, five Swedish lakes were 

studied to assess environmental influences on methanotrophic bacteria and their 

significance. Phylogenetic analysis of pmoA genes in two clone libraries from Ekoln and 

Ramsen suggest partitioning of methanotrophs into five distinct clusters of Methylobacter 

sp. Quantitative polymerase chain reaction (qPCR) assays were used to enumerate the 

abundance of methanotrophic bacteria, and 105 to 106 copy numbers of methanotrophic 

bacteria per liter of lake water were detected. Partial least squares regression (PLS) was used 

to model how environmental variables control methane oxidizers in temperate lakes, and 

how these microorganisms were distributed in the water column in winter and summer. It 

was observed that the season and the depth layer of water strongly influenced the 

abundance of methanotrophic bacteria. Methanotrophic bacteria were more abundant in 

winter compared to summer, whereas total bacterial abundance was higher in summer than 

in winter. Overall, less than 1.3 percent of total bacteria were methanotrophs for any sample 

analyzed. The highest abundance of methanotrophic bacteria was detected in summer 

samples from the largest sampling depth in Långsjön (7.4×106 ± 1.6×104 cells L-1) and the 

sample with the lowest abundance was in surface winter samples of lake Erken at 6×105 ± 

8.4×104 cells L-1. The average methane concentration for the studied lake water samples 

were 0.19 and 0.29 µmolL-1 in winter and summer, respectively. The maximum methane 

concentration was detected in oligotrophic lake Långsjön. These results provide important 

new information on the diversity, abundance and spatial as well as temporal distribution of 

freshwater methanotrophs.  
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Abbreviations  
 

bp Base pair 
CH4 Methane 
CO2 Carbon dioxide 
dNTPs Deoxynucleotide triphosphates 
DOC Dissolved organic carbon 
FID Flame ionization detector  
GC Gas chromatography 
MDH Methanol dehydrogenase  
MMO Methane monooxygenase  
MOB Methane-oxidizing bacteria  
NaOH Sodium hydroxide 
PCR Polymerase chain reaction 
PQQ Pyrroloquinoline quinone  
qPCR Quantitative polymerase chain reaction 
rpm Rotations per minute 
RuMP Ribulose monophosphate  
SD Standard deviation 
TDP Total dissolved phosphorous 
Tg/yr  Teragram per year 
TP Total phosphorous 
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1. Introduction 

1.1 Methanotrophs 

Methanotrophic bacteria or menthanotrophs is a functional group of microorganisms that 

utilize methane as their sole carbon and energy source (Hanson and Hanson, 1996). They are 

found in a wide range of habitats, including extreme environments (Trotsenko and 

Khmelenina, 2002) and can grow at temperature as low as 4oC (Bowman et al., 1997), or as 

high as 72oC (Bodrossy et.al., 1999). The first methanotroph Bacillus methanicum was 

isolated in 1906 and in the 1970s, Whittenbury and his colleagues isolated and characterized 

over 100 new methanotrophs (Whittenbury et. al., 1970) that was the basis for the recent 

classification (Hanson and Hanson, 1996). Until now, aerobic methanotrophs belong to three 

major phylogenetic groups, type I, type II and type X, based on morphological variances, 

intracytoplasmic membranes structure, carbon assimilation pathways, abilities to fix 

nitrogen, and some other physiological characteristics (Jiang et. al., 2010). The classification 

of aerobic methanotrophs is presented in Table 1. 

Table 1 Classification of aerobic methanotrophs (Jiang et. al., 2010). 

Type Phylum/Class Genus 

Type I γ-Proteobacteria Methylobacter 
Methylomonas 

Methylomicrobium 
Methylothermus 
Methylohalobius 
Methylosarcina 
Methylosphaera 

Type II α-Proteobacteria Methylocystis 
Methylosinus 
Methylocapsa 
Methylocella 

Type X γ-Proteobacteria Methylococcus 
Methylocaldum 

Others γ-Proteobacteria 

 

Verrucomicrobia 

Crenothrix polyspora 
Clonothrix fusca 

 
Methylacidiphilum 

 

Oxidation of methane to methanol is the first step of methanotroph metabolism and is 

catalyzed by the enzyme methane monooxygenase (MMO). There are two forms of MMO: a 
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cytoplasmic version or soluble MMO (sMMO), and a membrane-bound version or particulate 

MMO (pMMO) (Murrell et al., 2000). Almost all characterized methanotrophs feature either 

exclusively pMMO or both pMMO and sMMO. Members of the Methylocella genus are thus 

far the only methanotrophs where pMMO has not been detected (Dumont and Murrell, 

2005). After transforming methane to methanol by the MMO, the methanol is oxidized to 

formaldehyde by a pyrroloquinoline quinone (PQQ)-dependent methanol dehydrogenase 

(MDH) (Anthony and Dales, 1996). At the level of formaldehyde, carbon is assimilated by 

pathway either the ribulose monophosphate (RuMP) or the serine pathway depending on 

the organism (Anthony, 1982). Alternatively, formaldehyde can be oxidized completely to 

carbon dioxide, which creates reducing equivalents for cellular metabolism (Dumont and 

Murrell, 2005). The detail metabolic pathway of methanotrophs is descried in Figure 1. 

 

 

 

 

                                             

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Metabolic pathway of methanotrophs. MDH, methanol dehydrogenase; FADH, 

formaldehyde dehydrogenase; FDH, formate dehydrogenase (modified from Jiang et. al., 

2010). 
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1.2 Methane emission 

Methane (CH4) is 23 times more effective as a greenhouse gas than carbon dioxide (CO2) and 

it is also the second most important greenhouse gas after carbon dioxide (IPPC, 2001). Lakes 

and other reservoirs act as significant sources of methane (CH4) to the atmosphere. The 

largest source of natural methane emission is from natural wetlands, which contributes 170 

Tg/yr (USEPA, 2010). Freshwater lakes account for only 5 Tg/yr of the total atmospheric 

budget (Cicerone and Shetter, 1981). Methane production rates depend on temperature, 

availability of organic matter, and isolation from oxygen (USEPA, 2010). The measurement of 

methane emissions from lakes and reservoirs is difficult, since there are at least four 

emission pathways that may be regulated in contrasting ways: ebullition (bubble flux from 

sediments), diffusive flux, storage flux, and flux through aquatic vegetation (Figure 2; 

Bastviken et al., 2004). Ebullition is the direct emission of methane to the atmosphere from 

the sediment. This released pathway is not significantly affected by methane oxidation in the 

water column. Diffusive export of methane from anoxic sediments causes a slower release of 

methane and when exposed to oxic sediment or water, a large but variable portion of the 

total methane produced is likely to be oxidized by menthanotrophs (Bastviken et al., 2002). 

The major part of methane that escapes from oxidation and reaches the upper mixed zone 

of the water column will be emitted by diffusive flux (Bastviken et al., 2004). This flux 

depends on the methane concentration in the atmosphere and the water, and on the 

physical rate of exchange between the air and water (Bastviken et al., 2004). In the anoxic 

zone of stratified lakes, there is a buildup of methane in the water column, which will be 

emitted rapidly during periods of lake turnover, for instance; during spring and fall in 

dimictic temperate lakes (Michmerhuizen et al., 1996; Riera et al., 1999).  The ‘storage flux’ 

element is potentially a function of the volume of the anoxic water layer, methane 

production rates and diffusion to upper layer (Bastviken et al., 2004). Methane emissions 

through aquatic emergent vegetation mainly occur in littoral zones and depend on methane 

production and oxidation in the sediments, and vegetation characteristics. This mechanism 

has been widely studied in wetlands (Segers, 1998).  
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Figure 2 Illustration of emission pathways and methane dynamics in stratified lake.  EB, 

Ebullition; WCS, Water column storage; DE, Diffusive emission; PME, Plant mediated 

emission (modified from Bastviken et al., 2004). 

1.3 Role of methanotrophs 

Methanotrophs play a crucial role in controlling global warming as well as the global 

methane cycle (Hanson and Hanson, 1996; Conrad R, 1996). Methane is mainly produced in 

anoxic sediments, wetlands and waterlogged soils, and is subsequently oxidized by 

methanotrophs during passage to the atmosphere. Hence, methanotrophs act as a biofilter 

for methane release to the atmosphere. These organisms may thus reduce the contribution 

of methane emissions to global warming (Hanson and Hanson, 1996; Park et al., 2002; Tol et 

al., 2003). Methanotrophs also have an important role in applied microbiology and 

biochemical engineering, including bioremediation of pollutants, for example, halogenated 

hydrocarbons. Methanotrophs contains methane monooxygenase (MMOs) which act as a 

co-metabolism for biotransformation of diverse organic substrates (e.g., propylene to 

epoxypropane, production of chiral alcohols), and production of commercially relevant 

compounds (e.g., single cell protein, poly-β-hydroxybutyrate, astaxanthin). Therefore, 

methanotrophs have significant importance in applied biotechnology (Jiang et. al., 2010). 

1.4 pmoA gene 

The pmoA gene encodes for a subunit of pMMO and it has been extensively used as a group-

specific biomarker in molecular ecology studies of methanotrophs. This gene is present in all 

known methanotrophs with the exception of Methylocella and Methyloferula (Dedysh et al., 

2000; Vorobev et al., 2011). There is a large database of pmoA gene sequences available 
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from characterized methanotroph strains, which makes it easy to identify a methanotroph 

based on its pmoA gene sequence. There are a few sets of PCR primers that can target pmoA 

(Dumont and Murrell, 2005). The A198F/A682R primer set targets the pmoA gene and also 

the amoA gene in autotrophic ammonia oxidizers (Holmes et al., 1995). One often used 

pmoA-specific PCR primer set is A189F/mb661R (Costello and Lidstrom, 1999). Because of its 

specificity, the abundance of methanotrophs can be quantified using quantitative PCR 

(qPCR) when pmoA genes are targeted with A189F/mb661R.  

 

The aim of the present study was to investigate how environmental variables control 

methane oxidizers, and how they are distributed throughout water column in winter (ice 

covered lakes) and summer.  

Hypotheses of the study 

1. Environmental parameters [different depths of water column, pH, dissolved organic 

carbon (DOC), dissolved oxygen (DO), temperature, total dissolved phosphorous, 

total phosphorous, phosphate, and Chlorophyll-a] control the abundance of 

methanotrophic bacteria in temperate lakes. 

2. The ratio between methanotrophic bacteria and total number of bacteria display a 

general pattern over depth with the largest methanotroph contribution at the depth 

where oxygen and methane co-occur.   
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2. Materials and Methods 

2.1 Study sites 

Sampling was performed in 5 lakes: Ekoln (59°46'N, 17°37'E), Erken (59°50'N, 18°35'E), 

Långsjön (60°01'N, 17°34'E), Siggeforasjön (59°58'N, 17°09'E) and Ramsen (59°49'N, 17°54'E) 

in Uppland, Sweden. Samples were collected from three different depth layers of water 

column: surface, middle and bottom (above the sediments) of the lakes. The five lakes are 

located in the eastern part of south-central Sweden (Figure 3) and range greatly in size and 

trophic characteristics are listed in Table 2. 

Table 2 Lake characteristics 

 Trophic state Lake area 
(km2) 

Maximum 
depth (m) 

References 

Ekoln Eutrophic 20 40 Eiler and Bertilsson, 2004 

Erken Mesotrophic 24 21 Elliot et al., 2007 
Långsjön Oligotrophic 2.5 12.5 Quevedo et al., 2009 

Siggeforasjön Mesotrophic 0.76 11 Lindström, 1998 
Ramsen Mesotrophic 0.394 11.5 Hallgren et al., 1977 

 

Figure 3 Location of the 

five Swedish lakes (Ekoln, 

Erken, Långsjön, 

Siggeforasjön and 

Ramsen) sampled in the 

present study. All lakes are 

situated in Uppland, 

Sweden. 

2.2 Lake sampling 

Sampling was done during 

two seasons: winter and 

summer (collected on 9 

March and 6 July from 

Ekoln, 14 March and 16 

July from Erken, 14 March and 9 July from Långsjön, 16 March and 4 July from Siggeforasjön, 

and 20 March and 2 July from Ramsen in 2012). In winter, the lakes were covered by ice (< 1 
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m thick) and an ice drill was used to make holes for collecting water samples. Surface, mid- 

and bottom water samples were collected from discrete depths using a Ruttner water 

samplers (1 L and 2 L). Samples were recovered from 1 m depth below the surface, the 

metalimnion region (between surface and bottom) and immediately above the sediment-

water interfaces.  

2.3 Temperature, oxygen, and sampling depths 

At each sampling occasion, vertical temperature and oxygen concentration profiles were 

recorded at 1 m intervals using an Oxi 340i (WTW) probe. 

2.4 CH4 concentrations 

For methane samples, a rubber tube was connected to the Ruttner sampler, facilitating the 

transfer of water from the sampler into 125 ml infusion bottles without introducing air 

bubbles. Bottles were flushed with at least 1 volume of water. Two NaOH pellets were then 

added to each bottle as a preservative. Red rubber stoppers with previously inserted needles 

(0.6 mm x 24 mm) were used to get rid of excess water from the head space of bottles and 

then needles were removed and bottles were subsequently sealed with 20 mm crimp seals. 

Samples were stored in an inverted upright position and kept at 4oC until analysis.  

Samples were equilibrated to room temperature (20oC) prior to analysis by Gas 

Chromatography (GC) using an Agilent 7890A. The GC was calibrated with a dilution series of 

methane gas using a flame ionization detector (FID). For sample analysis, a headspace was 

introduced by replacing 20 ml or 40 ml of the liquid with pure nitrogen gas while the bottle 

was placed upside-down in a three-finger clamp attached to a ring stand. Two replicates 

were analyzed for each water sample. 

2.5 Total bacterial abundance 

Flow cytometry was used to enumerate total bacterial abundance. Prior to sampling, a 

preservative solution (100 ml) was prepared with borax-buffered and 37% formaldehyde. 

Lake water samples (10 ml) were preserved with 0.5 ml of 37% formaldehyde to a final 

concentration of formaldehyde of 2%. 200 µl of each preserved sample was stained with 20 

µl of 5 mM Syto 13 (200 times diluted, Invitrogen®) for 10 minutes (Del Giorgio et al., 1996). 

Cells were counted using a flow cytometer (Cyflow space, Partec). Two replicates were 

analyzed for each sample.    
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2.6 Water characteristics 

pH, dissolved organic carbon (DOC), total phosphorous (TP), total dissolved phosphorus 

(TDP), water absorbance and water colour, and chlorophyll-a, were measured in surface, 

mid- and bottom water samples. Water was passed over a 0.2 µm membrane filters (Pall 

Corp.) for the analysis of DOC, TDP, PO4
3-, and water absorbance and water colour. 

Unfiltered water was used for the analysis of TP.  

pH 

pH was measured immediately (1-3 hours) after bringing samples to the laboratory using a 

pH meter (Philips PW 9420) with BlueLine electrode (SCHOTT Instrument). 

DOC 

Dissolved organic carbon (DOC) was measured using a total organic carbon analyser (TOC-

5000, Shimadzu). Inorganic carbon was removed by acidification (final concentration of HCl 

was 0.01M) and bubbling. Samples were oxidized to carbon dioxide (CO2) by high 

temperature catalytic combustion followed by IR-detection. Samples (6 ml each) were filled 

in acid washed-glass test tubes (provided) and 50 µl 1.2 M HCl was added to each sample 

and mixed by gentle vortexing. Known amount of potassium phosphate was used for 

calibration. 

TP, TDP and PO4
3-  

Total phosphorous (TP) and total dissolved phosphorous (TDP) were analysed according to 

described in Menzel and Corwin (1965). Phosphate (PO4
3-) analysis was followed by Murphy 

and Riley (1962 & 1968). 

Absorbance and water colour 

Absorbance scans (200 nm to 600 nm) were performed in a 5 cm quartz cuvette and 

measured in a Lambda 40 spectrophotometer (Perkin Elmer). Water colour was then derived 

from the absorbance reading at 436 nm as described in Broberg (2003). 
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Chlorophyll -a 

Samples (500 ml) were filtered onto duplicate glass microfiber filters (GF/F; Whatman) and 

frozen at -20oC until analysis. Chlorophyll-a was extracted in 95% ethanol and measured in a 

spectrophotometer (Hitachi U-2000) as described by Jespersen and Christoffersen (1987). 

2.7 DNA extraction, gel electrophoresis and quantification 

Surface, mid- and bottom water samples (300-500 ml) from each lake were filtered through 

sterile 0.2 µm Supor membrane filters (Pall Corp.) and stored at -80oC until DNA extraction. 

DNA was extracted using the PowerSoil® DNA Isolation Kit (MoBio). Prior to extraction, each 

membrane was cut into small pieces with a pair of scissors and then added to the PowerSoil® 

Bead Tube. The extraction protocol was then followed as detailed in the instruction manual 

provided by the manufacturer. After DNA extraction, all samples were analyzed with 1% 

agarose gel-electrophoresis to verify the extraction. In addition, a picogreen assay was used 

to quantify extracted DNA (Quant-it™ PicoGreen dsDNA Reagent Kit, Invitrogen) using an 

Ultra 384 fluorometer (Tecan) as recommended by the manufacturer.  

2.8 PCR amplification  

PCR amplifications (for pmoA) were performed in 20 µl reactions of mixtures in 0.2 ml tubes 

using a thermal cycler (BioER). Each PCR mixture consisted 2mM MgCl2, 1X PCR buffer 

(Invitrogen), 0.2 mM dNTPs, 0.25 µM each forward and reverse primer (A189F/mb661R), 4% 

of bovine serum albumin (BSA; New England Biolabs, USA), 0.05 units of Taq DNA 

Polymerase-Recombinant (Invitrogen), and 10X diluted DNA.  All PCR reactions were 

performed along with one negative control containing Dnase/Rnase free water instead of 

DNA template. A thermocycling program with an initial denaturation step at  94oC for 3 min, 

40 cycles of 94oC for 1 min, 55oC for 1 min and 72oC for 1 min, and a final extension at 72oC 

for 5 min was used. Primers used for PCR amplifications of pmoA, clone libraries and qPCR 

are listed in Table 4.  

After amplification, 1% agarose gel-electrophoresis was performed to verify correct 

amplification and size of the gene by comparison to a TrackIt 100bp DNA Ladder 

(Invitrogen).  
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Table 4 Primers used in this study 

 Forward/ 
reverse 
primer 

Target group PCR 
length 
(bP) 

Sequence (5’ to 3’)a Reference 

pmoA A189F/ 
mb661R 

All methanotrophs 508 GGNGACTGGGACTTCTGG/ 
CCGGMGCAACGTCYTTACC 

Costello and 
Lidstrom, 
1999 

Sequencing  
primers 

M13F (-
20)/ 
M13R 

Inserted gene 
(pmoA) of E. coli  

 GTAAAACGACGGCCAG/ 
CAGGAAACAGCTATGAC 

 

a N, bases A, C, T, or G; M, bases A or C; S, bases G or C; Y, bases C or T 

2.9 Cloning and sequencing 

To validate the specificity of the qPCR, bottom samples from two different lakes (Ekoln and 

Ramsen) were characterized by pmoA cloning and sequencing. PCR reactions and 

subsequent agarose gel-electrophoresis was carried out as described above. DNA bands 

were cut out with sterile blade from the agarose gel under UV illumination and the 

QIAquick gel extraction kit (QIAGEN) was used for DNA purification as recommended by the 

manufacturer. TOPO cloning reactions consisted of 4 µl of fresh purified PCR product, 1 µl 

of salt solution, 0.5 µl of pCR4-TOPO vector and 0.5 µl of water. All chemicals were used 

from the TOPO TA Cloning kit (Invitrogen). The above reaction was mixed gently and 

incubated for 30 minutes at room temperature. Next, the reaction was placed on ice and 

2.5 µl of the TOPO TA cloning reaction was added to vials with TOPO10 competent cells 

(Invitrogen).   Cells and plasmids were mixed gently and then again incubated on ice for 30 

minutes. Heat-shock was performed for 30 s at 42oC using a water bath and then the tube 

was immediately transferred to ice. 250 µl of room temperature SOC medium (Invitrogen) 

was added to each tube followed by 1 hour of horizontal shaking (200 rpm) at 37oC. 

Variable volumes of SOC medium with transformed cells (20, 50 and 100 μl) were spread on 

prewarmed selective LB-Kanamycine plates (50 µg/ml) followed by incubation over night at 

37oC. Prior to addition of SOC to LB-plates, 40 µl of 40µg/ml X-gal (Invitrogen) was spread 

on each plate.  Using X-gal is optional, but helps to distinguish false transformations (blue 

colonies) and true transformations (white colonies).  

Autoclaved toothpicks were used to pick positive clones for inoculation into individual wells 

of 96-microwell plates, each well holding 150 µl LB medium with 50 µg/ml Kanamycin. Then 
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the plate was incubated at 37oC with 200 rpm agitation for 24 hours. From each well 75 µl 

was transferred to another 96-well plate using a multi-channel-pipette and stored 

immediately at -80oC until DNA extraction. 75 µl of DMSO (14% in LB) was added to each 

well of the original microtiter dishes, and these were also kept at -80oC for long term 

storage.  

DNA extraction from clones was performed by a first, centrifugation at 4000 rpm for 30 

minutes using a microtiter centrifuge. Centrifugation was done again in up-side-down with 

tissue paper at 200 rmp for 30 seconds. Thirdly, 30 µl of MiliQ water was added followed by 

gentle vortexing and heating at 98oC for 10 minutes in a thermocycler. The plate was then 

kept at -20 oC until PCR was performed for clone libraries.  

PCR amplifications for clone libraries were carried out in 20 µl (total volume) of mixtures in 

0.2 ml tubes. Each PCR mixture consisted of 2mM of MgCl2, 1X PCR buffer (Invitrogen), 0.2 

mM dNTPs, 0.1 µM of each forward and reverse  primers (M13F/M13R), 0.05 units of Taq 

DNA Polymerase-Recombinant (Invitrogen), and 1 µl DNA extract from clones.   

After an initial denaturation step at 95oC for 1min, targets were amplified by 25 cycles of 

95oC for 1 min, 55oC for 1 min and 72oC for 2 min, and a final extension at 72oC for 5 min. 

PCR products were run on 1 % agarose gel (above mentioned procedure).  Purification of 

PCR products was performed with the QIAquick PCR Purification Kit Protocol (QIAGEN). 

Quantification of DNA was measured with picogreen assay. Finally, Sanger sequencing was 

carried out at the Uppsala Genome Center using an ABI3730XL DNA Analyzer (Applied 

Biosystems).  

2.8 qPCR 

Quantitative polymerase chain reaction (qPCR) was carried out using Chromo 4 System (BIO 

RAD). qPCR can quantify genes in unknown samples based on a standard curve, i.e., known 

amount of specific genes or copy numbers of plasmids.  

2.8.1 Preparation of plasmid DNA standard for pmoA 

A random pmoA clone was cultured on LB plates with selective antibiotic (kanamycin) 

overnight at 37oC. A single colony was picked from a freshly streaked LB plate and inoculated 

in 5 ml LB medium supplemented with kanamycin in a 15 ml falcon tube for 12-16 hours at 

37oC with agitation at 200 rpm. To harvest bacterial cells, centrifugation was performed at 



15 
 

8000 rpm for 3 min at room temperature and the supernatant was removed. Plasmids were 

purified using QIAprep Spin MiniPrep Kit (QIAGEN).  

2.8.2 Plasmid linearization, quantification and dilution series 

The efficiency of qPCR performance depends on plasmid linearity. When linearizing the 

plasmid, it is important to cleave plasmids only in one position far away from the target gene 

(pmoA) sequence. To achieve this, purified plasmids were digested with PstI restriction 

enzyme (Invitrogen).  The reaction was performed in a 40 µl volume including 2µl of PstI, 10X 

Buffer H (Invitrogen), 10 µl of plasmid DNA, and 24 µl of MiliQ water. After 1 h incubation at 

37oC, the enzyme was inactivated by heating at 80oC for 20 min. To evaluate cut and uncut 

plasmids, both were run on the same 0.8% agarose gel (Figure 4a). Quantifications of 

plasmids were carried out with picogreen assay and measured in an Ultra 384 fluorometer 

(Tecan). The estimated molecular weight of plasmids (ng/µl) was converted to copy numbers 

in the qPCR standard curve. A 10 fold dilution series of plasmid DNA standard was made and 

used as qPCR standard curve.  

The PstI enzyme cleaved only one side of plasmid (Figure 4a) and the position of cleaved site 

was 21 bp pairs in front (5´ to 3´) of the inserted pmoA gene (Figure 5). Cleaved plasmids of 

cloned E. coli were used as DNA templates for pmoA amplification to confirm that there 

were no restriction sites for PstI in the pmoA gene (Figure 4b). 

 

 

 

 

 

 

Figure 4 Left side (a) gel picture of cleaved and uncleaved plasmid with ladder (Fermentas). 

Right side (b) gel picture of PCR amplification of pmoA by using cleaved plasmid (cloned) 

with DNA ladder (100bp, Invitrogen).  

 

L cut uncut 

a b 

L 
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Figure 5 Vector map of pCR 4-TOPO (Invitrogen) and restriction site of PstI (red circle). 

(http://tools.invitrogen.com/content/sfs/vectors/pcr4topo_map.pdf) 

 

2.8.3 qPCR setup  

PCR reactions contained 1X Master mix (KAPA SYBR® FAST qPCR Master Mix Universal), 200 

nM of each primer, 1 µl of DNA template, and DNase/RNase free water to final volume of 20 

µl. For each sample, reactions were carried out in duplicate whereas triplicate numbers of 

each diluted standard plasmids were used. Three step cycling protocols were followed. The 

amplification was performed with an initial denaturation step at 95oC for 3 min, followed by 

40 cycles of denaturation at 95oC for 3 sec, annealing at 60oC for 30 sec, and extension at 

72oC for 30 sec. Fluorescence data was acquired after completing each consecutive cycle. 

After 40 cycles, melting curve analysis was performed by raising the temperature from 55oC 

to 95oC and reading the fluorescence 10 sec after every 0.5oC increase in temperature.   

qPCR standard curve 

A dilution series of known copies of pmoA templates generates a standard curve. The 

efficiency of the standard curve marks the performance of the amplification in the qPCR 

experiments. The efficiency of a good reaction should range from 90% to 110%. In this 
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experiment, four 10-fold dilutions in triplicates were analyzed, where the min. and max. 

copy numbers were 7.85x102 and 7.85x105. The mean efficiency and melting temperature 

(Tm) were determined to 105% and 85oC respectively from the standard curve. The 

coefficient of determination (R2) was 0.98 (Figure 6). 

 

Figure 6 Standard curve generated from the qPCR experiments. The mean efficiency of 

standard curve, R2 and slope was 105 %, 0.98 and -0.24. 

 

2.9 Statistics 

Partial least squares regression (PLS; Höskuldsson, 1988) is a useful technique when we need 

predicting a set of dependent variables from a large set of independent variables (i.e., 

predicators). We performed PLS in order to determine the way different variables performed 

as predicators of methanotroph abundance. PLS is relatively intensive against the 

interdependence of X variables on each other, and against deviation from normality.  In 

addition, the PLS algorithm is very tolerant to missing data. The performance of the PLS 

model is explained by R2Y and Q2, whereas R2Y is comparable to R2 in linear regression, and 

Q2 is a measure of the predicative power of the model. To validate the PLS model, a 

permutation test was performed, and R2Y was correlated for the ‘intrinsic background 

correlation’ of the data and this value was deducted from R2Y value of the PLS model. Prior 

to PLS modeling, highly skewed variables (skewness > 2.0 and min:max ration > 0.1) were 
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logarithmically transformed. All PLS modeling was done using the SIMCA 13 software 

(Umetrics). 

Tukey’s honestly significant difference (HSD) test was performed for testing the significance 

between two seasonal groups of methanotrophs. Tukey’s HSD test was done on JMP 10 (SAS 

Institute).   
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3. Results 

3.1 Environmental conditions 

All lakes were ice covered in winter (March) and had developed a distinct thermocline in 

summer (July). Except Siggeforasjön with was moderately acidic (pH <7), the rest of the lakes 

were slightly alkaline (pH >7). In many lakes, dissolved oxygen concentration dropped down 

to <1 (mg/L) at the largest depths (Figure 7). For water depths greater than 20 m, we were 

unable to measure oxygen and temperature due to the limitation of the instruments that 

could only be used up to 20 m depth. The highest amount of methane was detected in 

Långsjön during both seasons; surface samples in winter (1.53 µM) and bottom samples in 

summer (1.28 µM). Figure 7 and Table 3 summarize the physico-chemical properties of the 

five studied lakes in winter (March) and summer (July).   
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Figure 7 Sampling results, by depth, for five lakes in Uppland, Sweden, winter (March 2012) 

and summer (July 2012). Values reported are temperature (oC), O2 concentration (mg/L). 
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Table 3 Physico-chemical characteristics of the five study lakes for the two sampling 

occasions.  

Lakes Depth pH DOC 
(mgL

-1
) 

 

Abs436 

(5 cm
 -1

) 

Abs250/365 Colour 
(mg 
Pt/L) 

Chl-a 
(µgL

-1
) 

TP 
(µgL

-1
) 

TDP 
(µgL

-1
) 

PO4
3- 

(µgL
-1

) 

CH4 
(µM) 

Ekoln 
(Winter) 

S 7.75 10.5 0.12 5.5 66 2.0 ND 41 28 0.17 
M 7.78 11.7 0.12 5.6 63 2.0 ND 35 27 0.07 
B 7.79 11.6 0.12 5.6 67 1.0 ND 33 24 0.09 

Ekoln 
(Summer) 

S 8.19 15.2 0.12 5.8 65 24.0 26 8 5 0.16 
M 7.94 14.5 0.12 5.7 63 6.5 26 13 5 0.09 
B 7.77 14.0 0.12 5.7 65 3.1 35 21 18 0.08 

Erken 
(Winter) 

S 7.95 6.4 0.03 10.1 14 3.5 ND 42 36 0.08 
M 8.05 9.4 0.03 9.7 16 2.0 ND 50 44 0.06 
B 7.7 8.7 0.03 9.4 17 ND ND 51 41 0.08 

Erken 
(Summer) 

S 8.39 10.9 0.03 9.8 16 9.3 28 7 2 0.13 
M 8.09 10.9 0.03 9.7 17 4.8 22 18 10 0.16 
B 7.68 11.5 0.03 9.5 18 3.4 59 43 38 0.15 

Långsjön 
(Winter) 

S 8.02 3.7 0.01 9.9 8 7.0 ND 6 17 1.53 
M 8.09 3.8 0.01 10.6 6 8.4 ND 8 ND 0.14 
B 7.79 3.4 0.01 10.6 6 7.6 ND 3 0 0.12 

Långsjön 
(Summer) 

S 8.57 7.4 0.01 10.4 8 4.8 16 0 3 0.64 
M 8.16 6.8 0.01 10.5 7 3.4 14 1 3 0.79 
B 7.76 5.9 0.01 9.9 7 2.0 19 5 6 1.28 

Siggeforasjön 
(Winter) 

S 6.41 18.9 0.25 4.7 137 0.6 ND 4 3 0.08 
M 6.03 17.4 0.26 4.4 140 1.4 ND 3 4 0.08 
B 6.02 19.9 0.26 4.4 139 0.0 ND 1 4 0.10 

Siggeforasjön 
(Summer) 

S 7.1 18.9 0.24 4.7 129 7.9 15 3 6 0.17 
M 6.89 19.7 0.25 4.7 134 1.1 9 5 3 0.17 
B 6.49 18.2 0.24 4.8 127 1.1 17 3 2 0.14 

Ramsen 
(Winter) 

S 7.71 13.1 0.09 6.7 46 9.8 ND 6 4 0.16 
M 7.75 11.2 0.09 6.7 48 3.4 ND 8 8 0.04 
B 7.44 14.9 0.10 6.5 54 0.3 ND 16 15 0.07 

Ramsen 
(Summer) 

S 7.91 16.4 0.09 6.7 49 8.4 25 8 2 0.40 
M 7.4 15.3 0.09 6.5 50 3.4 13 7 0 0.09 
B 7.32 16.1 0.10 6.4 53 1.4 23 13 3 0.08 

Abbreviations: S, Surface; M, Middle; B, Bottom; DOC, dissolved organic carbon; Chl-a, chlorophylla-

a; TDP, total dissolved phosphate; TP, total phosphate, PO4
3- , phosphate ion; ND, Not determined.  

The partial least squares regression (PLS) explained a significant fraction of the variability in 

methanotroph abundance (R2Y = 0.39; R2Ycorrected = 0.23) and provide a comprehensive 

overview of the correlation structures in the date sets (Figure 8). The result of the PLS 

analysis display the different X variables in describing the Y variables (i.e., methanotrophic 

bacteria), and the relationships of the X variable with each other. Variables are positively 

correlated if they are close to each other, while variables are negatively correlated if they 

are at the opposite sides of the plot. Only horizontal axis (component 1) of the PLS model 

was significant and explained in these data sets while, the vertical axis (component 2) was 
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insignificant. A permutation test was performed to validate the PLS model. The background 

correlation was 0.16 (Figure 9), suggesting that 16% of the variance explained by the PLS 

model is by chance. 

 

Figure 8 Partial least squares regression (PLS) loading plot, illustrating the relationships 

between the different X variables (closed circles) and methanotrophs (open circle). The 

component 1 is significant and it explains 39% of variability in methanotrophs when 

correlated with background correlation, while component 2 is non-significant (NS).   

 

Figure 9 Illustrating permutation plot to check the validity and the degree of overfit for the 

PLS model. The regression lines (R2 and Q2) generate from the permutation test randomly 

(20 times).  The permutation plot shows the correlation coefficient between the original y-
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variable and the permuted y-variable on the x-axis versus the cumulative R2 and Q2 on the Y-

axis, generates the regression line. The intercept indicates a measure of the overfit.  

 

3.2 Total bacterial abundance 

Bacterial abundance was typically higher in summer samples than in winter. Except for 

Ekoln, the total bacterial concentration observed in summer samples was more than two-

fold higher in summer compare to the winter season. The highest number of bacteria was 

observed in bottom samples from the summer sample of lake Långsjön at 4.03(±0.1)×109 L-1. 

The lowest number of bacteria was observed in Erken winter samples at 2.54(±1.7)×108 

bacteria L-1.  

   

Figure 10 Enumeration of bacterial abundance by flow cytometry, samples are from five 

Swedish lakes in winter (March 2012) and summer (July 2012). Abbreviation of S, M and B 

represent surface, middle and bottom water samples respectively. 

3.3 Detection of methanotrophs through PCR 

Methanotrophs were detected in all samples in all lakes. The pmoA was 508 bp in length 

(Costello and Lidstrom, 1999) which was confirmed later after cloning and sequencing.  
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Figure 11 Agarose gel of PCR products from all winter samples. From left samples 1 to 15 are 

Ekoln S,M,B;  Erken S,M,B; Långsjön S,M,B; Siggeforasjön S,M,B; and Ramsen S,M,B. 

Abbreviations of S,M,B,C,L are surface, middle, bottom, negative control and DNA ladder 

(100 bp) respectively. Sample 5 is not showing any bands, but later experiments proved 

positive band. 

3.4 pmoA clone libraries and phylogenetic analysis  

Two separate clone libraries were generated from the pmoA gene fragments amplified from 

DNA of the bottom water samples of Ekoln and Ramsen. A total of 96 clones were made and 

out of them 20 clones (10 clones of Ekoln and 10 clones of Ramsen) were randomly selected 

for Sanger sequencing. The sequencing results of the pmoA amplicons confirmed the 

presence of methanotrophs in the lakes. A phylogenetic tree was constructed with Mega 5 

using the maximum likelihood approach and Jukes-Cantor model (Figure 12).  The topologies 

of the phylogenetic tree were calculated by bootstrap analysis with 1000 replications. From 

the phylogenetic analysis of 20 pmoA clones, it was observed that all sequences belonged to 

methylobacter, and overall fell into 5 phylogenetic clusters (cluster I to V, Figure 12). Six 

clones from Ramsen (E2, E3, F3, G2, H1, H2) grouped in cluster I.  Ekoln represented two 

isolated clusters, cluster II (A2, B1, B3, C1, C2) and V (B2, D2). Cluster III (A1, A3, E1) and 

cluster IV (D1, F1, F2) were mixed clones from both Ekoln and Ramsen.  
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Figure 12 Maximum likelihood phylogenetic tree of pmoA gene sequences (508bp) amplified 

by A189F/mb661R from two clone libraries (10 clones from Ekoln and 10 clones from 

Ramsen). Number of bootstrap replications is 1000.    
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3.5 qPCR 

Abundance of methanotrophs in lakes 

Quantitative polymerase chain reaction (qPCR) assays were used to estimate the abundance 

of methanotrophs in each sample. Between 105 and 106 methanotrophs were detected per 

liter of lake water. The highest abundance of methanotrophs was quantified in summer 

samples of Långsjön bottom at 7.4×106 ± 1.6×104 (mean ± SD) gene copies L-1 and winter 

samples of Ramsen bottom at 6.7×106 ± 2.2×105. The lowest number of methanotrophs was 

observed in winter samples of Erken at 6×105 ± 8.4×104 gene copies L-1. All winter samples 

from Ekoln feature high methanotroph concentrations (Figure 13). In general, 

methanotrophs were higher in winter samples compared to summer samples (Figure 14). 

Tukey’s honestly significant difference (HSD) test (p <0.05) showed significant differences in 

methanotroph abundance in winter and summer.  

 

Figure 13 Quantification of methanotrophs (qPCR) per liter of water in five Swedish lakes in 

winter and summer.  
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Figure 14 Box plot showing the number of methanotrophic bacteria per litter of water in two 

different seasons. The line in the middle of the boxes showing median values, with the top 

and bottom part of the box showing 75% and 25% of distribution, while the upper and lower 

whiskers showing 90% and 10% of the distribution.  

Linking extracted DNA data to methanotrophs per liter of water  

The efficiency of DNA extraction from samples obtained using MoBio DNA purification kits 

may vary from sample to sample. Extracted DNA samples were quantified with the Picogreen 

assay. This DNA recovery was linked to the number of methanotrophs per liter from the 

results of qPCR (Figure 15) where the number of methanotrophs per liter of water was 

positively correlated to the quantity of extracted DNA (ng) per liter of water in winter 

samples (R2 = 0.639), but very weakly correlated in summer samples (R2 = 0.1657).  
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Figure 15 Quantification of methanotrophs (qPCR) and extracted DNA (ng) per liter of water 

in five Swedish lakes in winter and summer. Except summer sample of Långsjön bottom (red 

circle), all values were considered for regression analysis.  

Total number of bacteria vs. methanotrophs 

The ratio between methanotrophs and total number of bacteria were less than 1.3% in both 

seasons. Methanotroph abundance was typically higher in winter compared to summer 

season (Figure 16). In general, all samples of Ekoln in both seasons (surface, middle and 

bottom) showed higher abundance of methanotrophs than other lakes. In general, the 

bottom samples of each lake represented maximum number of methanotrophs (0.35%), 

compared to middle (0.2%) and surface layer (0.13%) (Figure 17).  

 

Figure 16 Percent methanotrophs in five studied lakes in two seasons.  
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Figure 17 Box plot showing percent of methanotrophs in surface, middle and bottom waters 

from the five studied lakes in winter and summer.   
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4. Discussion 

First hypothesis  

The first question of this study was “how environmental parameters control the abundance 

of methanotrophic bacteria in temperate lakes”. To answer this question, we measured 14 

different environmental parameters, including depth layers (surface, middle and bottom), 

pH, CH4, dissolved organic carbon (DOC), dissolved oxygen (DO), water colour, water 

absorbance (Abs346, Abs250/365), temperature, total dissolved phosphorous (TDP), total 

phosphorous (TP), phosphate, Chlorophyll-a and total bacterial abundance, and then 

correlated these with methanotrophic bacteria. The PLS model indicated water depth as one 

of the most important environmental parameters and this parameter was highly correlated 

to the number of methanotrophs. The bottom layer of a lake is a ‘hot spot’ for methane 

production as well as main source of nutrients for bacteria and it is usually suboxic. In lake 

environments, methane (CH4) is produced from methanogens in the bottom sediments 

under anoxic condition and some part of this methane is utilized by methanotrophic bacteria 

as their sole carbon and energy source (Hanson and Hanson, 1996). An even smaller portion 

of methane support aquatic food webs to the fish level (Sanseverino et al., 2012) and in this 

way they reduce and control its potentially hazardous emission to the atmosphere. The 

unutilized methane goes to the atmosphere and may accelerate global warming. In the PLS 

model, the ‘winter season’ showed strong correlation with the abundance of 

methanotrophs. qPCR experiments revealed that 11 winter samples (out of 15) featured a 

higher amount of methanotrophic bacteria than corresponding summer samples (Figure 13 

& 14). The phylogenetic reconstruct suggested that methanotrophs were closely related to 

psychrophilic bacteria, e.g., Methylobacter phychrophilus. Sundh et al., (2005) reported that 

the largest methane-oxidizing bacteria (MOB) biomasses and activity in the lakes always 

occurred at low temperature, below 7oC, suggesting that phychrotrophic or psychrophilic 

methanotrophs may have a key role in lakes. Other studies in a soil and a biofilter on landfills 

showed that low temperature favored the development of type I methanotrophs over type 

II methanotrophs, while at 20oC or higher temperature, both groups or preferably type II 

populations profit (Gebert et al., 2003; Börjesson et al., 2004). In addition, water colour, 

water absorbance (Abs436), phosphate and TDP were positively correlated to methanotroph 

abundance, while DOC and oxygen were positively weakly correlated. Other environmental 

parameters were inversely correlated to methanotrophic bacterial abundance. The PLS 
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model only explain 39% of the variance in methanotroph abundance (without background 

correlation) based on component of 1 (horizontal), whereas component 2 was insignificant. 

Second hypothesis  

The second hypothesis was “the ratio between methanotrophic bacteria and total number of 

bacteria display a general pattern over depth with the highest methanotroph contribution 

where methane and oxygen co-occur”. The PLS model suggested that the bottom layer of 

the lake is the preferred suitable environment for methanotrophic bacteria compared to 

middle and surface layers. In addition, the ratio between total abundance of methanotrophic 

bacteria and total number of bacteria was higher in the bottom layer compared the upper 

strata (Figure 17). In contrast, the methane concentration profiles display opposite patterns 

in winter and summer. In winter season, methane can accumulate just below the surface of 

ice, and consequently, winter methane concentrations were typically higher in surface 

water. The opposite pattern was observed in summer, as methane was usually higher in the 

bottom layer of the lakes. The average methane concentrations in all studied lakes in winter 

and summer were 0.193 and 0.29 µM respectively. Bastviken et al. (2004) reported 13 

Swedish lakes where methane concentrations were within the range of 0.08 to 1.89 µM. The 

interaction between methane, oxygen and methanotrophs only can explain using horizontal 

axis of PLS model, although it cannot be explained from the vertical scale (component 2), 

since it is insignificant. The PLS model interprets that oxygen is comparatively more 

correlated to the abundance of methanotrophs compared to methane. We observed 

relatively higher amount oxygen in all lakes in winter compared to summer season (Figure 

7). We suggest that methanotrophs may increase due to the higher concentration of oxygen. 

Yun et. al. (2012) found lots of methanotrophs in marsh soils with vegetation and suggested 

that the significant role plants played in the wetland. Root system of plants can transport 

high amount of oxygen to the rizosphere (Van der and Middelburg, 1998; Popp et. al., 2000), 

thus leading rapid proliferation of methanotrophs and subsequently, boosted the abundance 

and oxidation of methanotrophs (Yun et. al., 2012). 

The identity of lake methanotrophs 

Cloning and sequencing of the pmoA genes was carried out to evaluate the identities and 

diversity of methanotrophs. There are 14 recognized genera of pmoA (Jiang et. al., 2010). 

From the phylogenetic analysis of pmoA genes from the two clone libraries (Ekoln and 
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Ramsen), 20 clones grouped into five clusters of Methylobacter. These results point to a 

major role of type I methanotrophs in the class gammaproteobacteria. Similar results have 

also been observed in other studied low temperature environments. For instance, in a 

recent study in the Zoige wetland of Tibetan plateau, type I Methylobacter were observed in 

systems featuring permanently low temperatures (Yun et. al., 2012). One study showed that 

two genera, Methylobacter and Methanosarcina of type I methanotrophs, were abundantly 

represented in the Lena Delta in Siberia (Liebner et. al., 2009).  Another study of high-arctic 

sediments in Norway, point to two genera, Methylobacter and Methylosinus (Wartiainen et. 

al., 2003), as dominant methanotrophs. The above studies suggest that type I Methylobacter 

was dominant in temperate regions. Another recent study also suggested a dominance of 

type I methanotrophic bacteria under low temperature conditions (Sundh et. al., 2005). Still, 

we only analyzed 20 sequences from a mere two clone libraries from winter bottom 

samples.  To know the full biodiversity of methanotrophs in temperate lakes, many more 

samples from different environments will need to be analyzed.    

Abundance of methanotrophs 

Many studies have been performed with soils and sediments of lakes and other 

environments, especially rice fields to detect the abundance of methanotrophs. No research 

paper has yet quantified methanotrophs in different layers of water column using culture 

independent methods. The average methanotroph abundance was between 105 and 106 per 

liter of lake water. The highest abundance of methanotrophic bacteria was detected in 

summer samples from the largest sampling depth in Långsjön (7.4×106 ± 1.6×104 cells L-1). 

The sample with the lowest abundance was in surface winter samples of lake Erken at 6×105 

± 8.4×104 cells L-1.  For comparison, Yun et. al. (2012) observed 106 to 108 pmoA genes (per 

gram dry weight of soil) in different areas of Zoige wetland. A flooded rice field soil featured 

(5.0 ± 1.4)×106 pmoA molecules g-1 (Kolb et. al., 2003).  

Linking extracted DNA data to methanotrophs 

The quantitation of extracted DNA from lake water samples varied from sample to sample 

due to the extraction efficiency. A moderately positive correlation was observed between 

extracted DNA (ng) and abundance of methananotrophs in winter samples (R2 = 0.639), 

while there was no or a very weak correlation in summer samples (R2 = 0.1657).  The reason 
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for this could be the higher contribution of methanotrophs in winter season compared to 

summer.  

In this study, we also observed that Långsjön was a ‘hot spot’ for both methane and 

methanotrophs. The average DOC of this lake was estimated to 5.2 mgL-1 which was quite a 

bit lower than the other studied lakes. Bastviken et al. (2004) previously suggested an 

inverse correlation between CH4 and DOC, which also agrees with our study. Another 

explanation could be that this lake was strongly anoxic near the bottom layer especially in 

summer, which likely created suitable conditions for methane production.  

In conclusion, the physico-chemical properties of lake water bodies differentiate or control 

the abundance and diversity of methanotrophs. Our results suggest that the abundance of 

methanotrophs is higher near the bottom layer with particularly high levels in winter. The 

methane concentration differs significantly between summer and winter. In winter methane 

is transported to the surface water where it builds up a methane reservoir under the ice. In 

such an environment, methanotrophs can act as a potential biofilter to reduce the emissions 

to the atmosphere. Hence, methanotrophs can help reducing the total emission of 

greenhouse gases from the lake environments.  
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Appendices  
 

Figure 

 

Figure 18 Fluorescence data graph generated from the qPCR experiments. 

 

Sequences 

Ekoln A1 

GGTGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAAGCAAGTTTGTGGTACCGTTACCGTTTGCCATTTGGTGCGGTAGTTTGTATTTTAG

GTCTTCTTTTAGGTGAGTGGATCAACAGATACTTAAACTTCTGGGGTTGGACTTATTTCCCAGTAAACTTCTGCT

TCCCATCAAACCTTATGCCAGGCGCTATTGTTCTTGACGTAATTTTGATGTTATCAGGCAGTTTAACTGTAACTG

CTGTAGTTGGTGGTTTGGCTTACGGTTTGTTGTTCTACCCAGGTAACTGGCCAGTTATTGCTCCATTACATGTAC

CTGTTGAATATAACGGTATGATGATGACATTGGCTGACTTACAAGGCTACCATTACGTAAGAACTGGTACTCCT

GAGTATATCAGAATGGTTGAAAAAGGTACTTTAAGAACTTTCGGTAAAGACGTTGCGCCGG 

Ekoln A2 

GGCGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCAGCAGCTGTTCAGGCTGTGTTGTGGTGGCGTTACCGTTTGCCTTTCGGCGCGGTAGTTTGTATCTTA

GGTTTGCTTTTAGGTGAGTGGATCAACAGATATTTGAACTTCTGGGGATGGACTTATTTCCCAGTAAACTTCTG

CTTCCCTTCAAACCTGATGCCAGGTGCTATCGTTCTTGACGTTATATTAATGCTGTCAGGCAGCATGACAGTAAC

AGCTGTAATCGGTGGTTTAGCTTGGGGTCTGTTGTTCTATCCAGGCAACTGGCCAATCATTGCACCATTACACG

TTCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGTTACCACTACGTACGTACTGGTACT

CCTGAGTACATCAGAATGGTCGAAAAAGGTACATTAAGAACTTTCGGTAAAGACGTTGCGCCGG 
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Ekoln A3 

GGTGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAAGCAAGTTTGTGGTACCGTTACCGTTTGCCATTTGGTGCGGTAGTTTGTATTTTAG

GTCTTCTTTTAGGTGAGTGGATCAACAGATACTTAAACTTCTGGGGTTGGACTTATTTCCCAGTAAACTTCTGCT

TCCCATCAAACCTTATGCCAGGCGCTATTGTTCTTGACGTAATTTTGATGTTATCAGGCAGTTTAACTGTAACTG

CTGTAGTTGGTGGTTTGGCTTACGGTTTGTTGTTCTACCCAGGTAACTGGCCAGTTATTGCTCCATTACATGTAC

CTGTTGAATATAACGGTATGATGATGACATTGGCTGACTTACAAGGCTACCATTACGTAAGAACTGGTACTCCT

GAGTATATCAGAATGGTTGAAAAAGGTACTTTAAGAACTTTCGGTAAAGACGTTGCGCCGG 

Ekoln B1 

GGCGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCAGCAGCTGTTCAGGCTGTGTTGTGGTGGCGTTACCGTTTGCCTTTCGGCGCGGTAGTTTGTATCTTA

GGTTTGCTTTTAGGTGAGTGGATCAACAGATATTTGAACTTCTGGGGATGGACTTATTTCCCAGTAAACTTCTG

CTTCCCTTCAAACCTGATGCCAGGTGCTATCGTTCTTGACGTTATATTAATGCTGTCAGGCAGCATGACAGTAAC

AGCTGTAATCGGTGGTTTAGCTTGGGGTCTGTTGTTCTATCCAGGCAACTGGCCAATCATTGCACCATTACATG

TTCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGTTACCACTACGTACGTACTGGTACT

CCTGAGTACATCAGAATGGTCGAAAAAGGTACATTAAGAACTTTCGGTAAAGACGTTGCGCCGG 

Ekoln B2 

GGGGACTGGGACTTCTGGACAGACTGGAAAGATAGACGTTTATGGGTAACCGTTGCGCCAATCGTTTCAATCA

CGTTCCCTGCTGCAGTTCAAGCGAGCTTATGGTACCGTTACAGATTGCCTTATGGCGCTGTTGTATGTATTTTAG

GTTTGTTATTAGGTGAATGGGTTAACCGTTACTTAAACTTCTGGGGTTGGACATACTTCCCAGTAAACTTCGTAT

TCCCTTCACAATTAATTCCTGGTGCAATTGCACTTGACGTAATTATGATGTTAGGTGGAAGTATGACATTAACTG

CTGTTGCTGGTGGTATGGCATGGGGTTTATTGTTCTATCCAGGTAACTGGCCAGATATGGCTCCATTACATGTA

CCAGTTGAATACAATGGTATGATGATGACTTTAGCTGACTTACAAGGTTACCACTACGTTAGAACAGGTACACC

TGAATACATCCGTATGGTAGAAAAAGGTACATTAAGAACTTTCGGTAAAGACGTTGCGCCGG 

Ekoln B3 

GGTGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCAGCAGCTGTTCAGGCTGTGTTGTGGTGGCGTTACCGTTTGCCTTTCGGCGCGGTAGTTTGTATCTTA

GGTTTGCTTTTAGGTGAGTGGATCAACAGATATTTGAACTTCTGGGGATGGACTTATTTCCCAGTAAACTTCTG

CTTCCCTTCAAACCTGATGCCAGGTGCTATCGTTCTTGACGTCATATTAATGCTGTCAGGCAGCATGACAGTAA

CAGCTGTAATCGGTGGTTTAGCTTGGGGTCTGTTGTTCTATCCAGGCAACTGGCCAATCATTGCACCATTACAT

GTTCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGTTACCACTACGTACGTACTGGTAC

TCCTGAGTACATCAGAATGGTCGAAAAAGGTACATCAAGAACTTTCGGTAAGGACGTTGCGCCGG 

Ekoln C1 

GGGGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCAGCAGCTGTTCAGGCTGTGTTGTGGTGGCGTTACCGTTTGCCTTTCGGCGCGGTAGTTTGTATCTTA

GGTTTGCTTTTAGGTGAGTGGATCAACAGATATTTGAACTTCTGGGGATGGACTTATTTCCCAGTAAACTTCTG

CTTCCCTTCAAACCTGATGCCAGGTGCTATCGTTCTTGACGTTATATTAATGCTGTCAGGCAGCATGACAGTAAC

AGCTGTAATCGGTGGTTTAGCTTGGGGTCTGTTGTTCTATCCAGGCAACTGGCCAATCATTGCACCATTACATG

TTCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGTTACCACTACGTACGTACTGGTACT

CCTGAGTACATCAGAATGGTCGAAAAAGGTACATTGAGAACTTTCGGTAAAGACGTTGCTCCGG 



41 
 

Ekoln D1 

GGCGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACTGTAGCTCCAATCGTTTCAATCA

CTTTCCCAGCTGCTGTTCAAGCAGTTTTATGGTGGCGTTACCGTTTACCATTCGGCGCTGTAGTTTGTATTTTAG

GTCTACTCTTAGGTGAGTGGGTCAACAGATATTTAAACTTCTGGGGCTGGACTTATTTCCCAGTAAACTTCGTA

TTCCCATCTAACTTAATGCCAGGCGCTATTGTTCTTGACGTTGTGTTGATGTTATCAGGAAGTATGACTGTAACA

GCTGTTACCGGTGGATTGGCTTATGGCCTATTATTCTACCCAGGTAACTGGCCAGTTATTGCTCCATTACATGTT

CCTGTTGAATACAATGGCATGATGATGACTTTAGCTGATTTACAAGGTTACCACTATGTAAGAACTGGTACTCC

TGAGTACATCAGAATGGTAGAAAAAGGTACACTGAGAACTTTCGGTAAAGACGTTGCTCCGG 

Ekoln D2 

GGTGACTGGGACTTCTGGACAGACTGGAAAGATAGACGTTTATGGGTAACCGTTGCGCCAATCGTTTCAATCA

CGTTCCCTGCTGCAGTTCAAGCGTGCTTATGGTACCGTTACAGATTGCCTTATGGCGCTGTTGTATGTATTTTAG

GTTTGTTATTAGGTGAATGGGTTAACCGTTACTTAAACTTCTGGGGTTGGACATACTTCCCAGTAAACTTCGTAT

TCCCTTCACAATTAATTCCTGGTGCAATTGCACTTGACGTAATTATGATGTTAGGTGGAAGTATGACATTAACTG

CTGTTGCTGGTGGTATGGCATGGGGTTTATTGTTCTATCCAGGTAACTGGCCAGTTATGGCTCCATTACATGTA

CCAGTTGAATACAATGGTATGATGATGACTTTAGCTGACTTACAAGGTTACCACTACGTAAGAACAGGTACACC

TGAATACATCCGTATGGTAGAAAAAGGTACATTAAGAACTTTCGGTAAAGACGTTGCGCCGG 

Ekoln C2 

GGCGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCAGCAGCTGTTCAGGCTGTGTTGTGGTGGCGTTACCGTTTGCCTTTCGGCGCGGTAGTTTGTATCTTA

GGTTTGCTTTTAGGTGAGTGGATCAACAGATATTTGAACTTCTGGGGATGGACTTATTTCCCAGTAAACTTCTG

CTTCCCTTCAAACCTGATGCCAGGTGCTATCGTTCTTGACGTTATATTAATGCTGTCAGGCAGCATGACAGTAAC

AGCTGTAATCGGTGGTTTAGCTTGGGGTCTGTTGTTCTATCCAGGCAACTGGCCAATCATTGCACCATTACACG

TTCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGTTACCACTACGTACGTACTGGTACT

CCTGAGTACATCAGAATGGTCGAAAAAGGTACATTAAGAACTTTCGGTAAAGACGTTGCGCCGG 

Ramsen E1 

GGCGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAAGCATGTTTGTGGTACCGTTACCGTTTGCCATTTGGTGCGGTAGTTTGTATTTTAG

GTCTTCTTTTAGGTGAGTGGATCAACAGATACTTAAACTTCTGGGGTTGGACTTATTTCCCAGTAAACTTCTGCT

TCCCATCAAACCTTATGCCAGGCGCTATTGTTCTTGACGTAATTTTGATGTTATCAGGAAGTTTAACTGTAACTG

CTGTAGTTGGTGGTTTGGCTTACGGTTTGTTGTTCTACCCAGGTAACTGGCCAGTTATTGCTCCATTACATGTAC

CTGTTGAATATAACGGTATGATGATGACATTGGCTGACTTACAAGGTTACCACTACGTAAGAACTGGTACTCCT

GAGTATATCAGAATGGTTGAAAAAGGTACTTTAAGAACTTTCGGTAAAGACGTTGCTCCGG 

Ramsen E2 

GGGGACTGGGACTTCTGGACTGACTGGAAAGATAGGCGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAAGCATGTTTGTGGTGGCGTTACCGTTTGCCTTTCGGTGCGGTAGTTTGTATCTTAG

GTCTGCTCTTAGGTGAGTGGGTTAACAGATATATGAATTTCTGGGGATGGACTTATTTCCCAGTAAATTTCTGC

TTCCCTTCAAATCTGATGCCAGGTGCATTTGTTCTTGACGTTGTTTTAATGCTGACAAACAGCATGACAGTTACT

GCTGTAATTGGTGGTATGGCATGGGGTCTATTGTTCTATCCAGGTAACTGGCCGATTATAGCGCCTTTACATGT

TCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGCTACCATTACGTAAGAACTGGTACAC

CTGAGTACATCAGAATGGTTGAAAAAGGTACATTAAGAACTTTTGGTAAAGACGTTGCTCCGG 
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Ramsen E3 

GGCGACTGGGACTTCTGGACTGACTGGAAAGATAGGCGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAAGCATGTTTGTGGTGGCGTTACCGTTTGCCTTTCGGTGCGGTAGTTTGTATCTTAG

GTCTGCTCTTAGGTGAGTGGGTTAACAGATATATGAATTTCTGGGGATGGACTTATTTCCCAGTAAATTTCTGC

TTCCCTTCAAATCTGATGCCAGGTGCAATTGTTCTTGACGTTGTTTTAATGCTGACAAACAGCATGACAGTTACT

GCTGTAATTGGTGGTATGGCATGGGGTCTATTGTTCTATCCAGGTAACTGGCCGATTATAGCGCCTTTACATGT

TCCTGTTGAATACAATGGCATGATGATGACGCTTGCTGATTTACAAGGCTACCATCACGTAAGAACTGGTACAC

CTGAGTACATCAGAATGGTTGAAAAAGGTACATTAAGAACTTTTGGTAAGGACGTTGCGCCGG 

Ramsen F1 

GGGGACTGGGACTTCTGGACAGATTGGAAAGATAGACGCCTTTGGGTAACTGTTGCTCCAATCGTTTCAATCA

CTTTCCCAGCTGCTGTTCAAGCTGTGTTGTGGTGGAGATACCGTTTACCTTTCGGTGCGGTAGTTTGTATTTTAG

GTCTTCTTTTAGGTGAGTGGATCAACAGATACTTAAATTTCTGGGGTTGGACTTATTTCCCAGTGAATTTCGTAT

TTCCATCTAACTTAATGCCAGGCGCTATTGTTCTTGATGTTGTGTTGATGTTGTCAGGTAGTATGACTGCAACTG

CTGTTATCGGTGGATTGGCTTATGGCCTATTGTTCTACCCAGGTAACTGGCCTGTTATGGCTCCATTACACGTGC

CAGTTGAATATAACGGCATGATGATGACTTTAGCTGATTTACAAGGTTACCACTATGTAAGAACTGGTACTCCT

GAATATATCAGAATGGTAGAAAAAGGTACATTAAGAACATTCGGTAAAGACGTTGCGCCGG 

Ramsen F2 

GGGGACTGGGACTTCTGGACAGATTGGAAAGATAGACGCCTTTGGGTAACTGTTGCTCCAATCGTTTCAATCA

CTTTCCCAGCTGCTGTTCAAGCTGTGTTGTGGTGGAGATACCGTTTACCTTTCGGTGCGGTAGTTTGTATTTTAG

GTCTTCTTTTAGGTGAGTGGATCAACAGATACTTAAATTTCTGGGGTTGGACTTATTTCCCAGTGAATTTCGTAT

TTCCATCTAACTTAATGCCAGGCGCTATTGTTCTTGATGTTGTGTTGATGTTGTCAGGTAGTATGACTGCAACTG

CTGTTATCGGTGGATTGGCTTATGGCCTATTGTTCTACCCAGGTAACTGGCCTGTTATGGCTCCATTACACGTGC

CAGTTGAATATAACGGCATGATGATGACTTTAGCTGATTTACAAGGTTACCACTATGTAAGAACTGGTACTCCT

GAATATATCAGAATGGTAGAAAAAGGTACATTAAGAACATTCGGTAAAGACGTTGCGCCGG 

Ramsen F3 

GGTGACTGGGACTTCTGGACTGACTGGAAAGATAGGCGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAAGCATGTTTGTGGTGGCGTTACCGTTTGCCTTTCGGTGCGGTAGTTTGTATCTTAG

GTCTGCTCTTAGGTGAGTGGGTTAACAGATATATGAATTTCTGGGGATGGACTTATTTCCCAGTAAATTTCTGC

TTCCCTTCAAATCTGATGCCAGGTGCAATTGTTCTTGACGTTGTTTTAATGCTGACAAACAGCATGACAGTTACT

GCTGTAATTGGTGGTATGGCATGGGGTCTATTGTTCTATCCAGGTAACTGGCCGATTATAGCGCCTTTACATGT

TCCTGTTGAATACAATGGCATGGTGATGACACTTGCTGATTTACAAGGCTACCATTACGTAAGAACTGGTACAC

CTGAGTACATCAGAATGGTTGAAAAAGGTACATTAAGAACTTTTGGTAAAGACGTTGCGCCGG 

Ramsen G1 

GGTGACTGGGACTTCTGGACTGATTGGAAAGATAGACGTTTATGGGTAACTGTAGCTCCAATCGTTTCGATTA

CATTCCCAGCTGCTGTTCAAGCTTGCTTGTGGTGGCGTTACCGTTTGCCTTTTGGTGCGGTAGTTTGCGTTTTAG

GTCTTTTGTTAGGTGAGTGGGTTAATAGATATTTGAACTTCTGGGGCTGGACATATTTCCCAGTAAATTTCTGCT

TTCCATCAAACTTAGTGCCAGGTGCTATCGTTCTTGATGTTATTTTGATGTTATCTGGTAGCATGACAGTGACTG

CGGTGATCGGTGGCTTGGCATGGGGCTTATTGTTCTATCCAGGTAACTGGCCAATCATTGCTCCATTGCATGTT

CCTGTTGAATACAACGGCATGATGATGACTTTGGCTGATTTACAAGGTTACCACTATGTAAGAACAGGCACACC

TGAGTACATCAGAATGGTTGAAAAAGGTACACTGAGAACTTTCGGTAAGGACGTTGCTCCGG 
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Ramsen G2 

GGCGACTGGGACTTCTGGACTGACTGGAAAGATAGGCGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAAGCATGTTTGTGGTGGCGTTACCGTTTGCCTTTCGGTGCGGTAGTTTGTATCTTAG

GTCTGCTCTTAGGTGAGTGGGTTAACAGATATATGAATTTCTGGGGATGGACTTATTTCCCAGTAAATTTCTGC

TTCCCTTCAAATCTGATGCCAGGTGCAATTGTTCTTGACGTTGTTTTAATGCTGACAAACAGCATGACAGTTACT

GCTGTAATTGGTGGTATGGCATGGGGTCTATTGTTCTATCCAGGTAACTGGCCGATTATAGCGCCTTTACATGT

TCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGCTACCATTACGTAAGAACTGGTACAC

CTGAGTACATCAGAATGGTTGAAAAAGGTACATTAAGAACTTTTGGTAAAGACGTTGCGCCGG 

Ramsen H1 

GGAGACTGGGACTTCTGGACTGACTGGAAAGATAGGCGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAAGCATGTTTGTGGTGGCGTTACCGTTTGCCTTTCGGTGCGGTAGTTTGTATCTTAG

GTCTGCTCTTAGGTGAGTGGGTTAACAGATATATGAATTTCTGGGGATGGACTTATTTCCCAGTAAATTTCTGC

TTCCCTTCAAATCTGATGCCAGGTGCAATTGTTCTTGACGTTGTTTTAATGCTGACAAACAGCATGACAGTTACT

GCTGTAATTGGTGGTATGGCATGGGGTCTATTGTTCTATCCAGGTAACTGGCCGATTATAGCGCCTTTACATGT

TCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGCTACCATTACGTAAGAACTGGTACAC

CTGAGTACATCAGAATGGTTGAAAAAGGTACATTAAGAACTTTTGGTAAAGACGTTGCTCCGG 

Ramsen H2 

GGGGACTGGGACTTCTGGACTGACTGGAAAGATAGGCGTCTATGGGTAACCGTAGCACCAATCGTTTCAATCA

CTTTCCCTGCTGCTGTTCAGGCATGTTTGTGGCGGCGTTACCGTTTGCCTTTCGGTGCGGTAGTTTGTATCTTAG

GTCTGCTCTTAGGTGAGTGGGTTAACAGATATATGAATTTCTGGGGATGGACTTATTTCCCAGTAAATTTCTGC

TTCCCTTCAAATCTGATGCCAGGTGCAATTGTTCTTGACGTTGTTTTAATGCTGACAAACAGCATGACAGTTACT

GCTGTAATTGGTGGTATGGCATGGGGTCTATTGTTCTATCCAGGTAACTGGCCGATTATAGCGCCTTTACATGT

TCCTGTTGAATACAATGGCATGATGATGACACTTGCTGATTTACAAGGCTACCATTACGTAAGAACTGGTACAC

CTGAGTACATCAGAATGGTTGAAAAAGGTACATTAAGAACTTTTGGTAAAGACGTTGCTCCGG 

 

 

 


