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ABSTRACT 
 

Aerobic methanotrophs (MOB) are a functional group of proteobacteria that use methane as 

their only energy and carbon source. Phylogenetically, such methanotrophs are affiliated with 

present alpha and gamma proteobacteria.  Methanotrophic microorganisms play an essential 

role in the methane cycle, since they to a great extent reduce potential methane emissions to the 

atmosphere. In stratified lakes the aerobic methanotrophs are commonly present at the oxic-

anoxic interfaces.  

 

This study aims to identify the environmental factors that could regulate the distribution of 

aerobic methanotrophs in the water column of freshwater lakes as well to assess whether a 

vertical community structure exists there.  Lakes Erken and Tämnaren located in central Sweden 

were studied using molecular analysis and environmental data. Aerobic methanotrophs were 

detected throughout the water column of Lake Erken, Two types of methanotroph communities 

were identified, with distribution patterns that appeared to be correlated to levels of methane in 

the water. Furthermore one of these communities feature changes in the relative abundance of 

its member populations along a depth gradient suggesting further differentiation along chemical 

gradients in the hypolimnion. Sequencing of pmoA amplicons revealed only members of the 

gamma proteobacteria methanotrophs. Also two novel operational taxonomic units were 

identified. Methanotrophs communities between Tämnaren and Erken also differ. Together 

these results indicate the existence of distribution patterns in methanotroph freshwater 

communities. 
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INTRODUCTION 
 

Microorganisms that use methane (CH4) as their energy source are collectively known as 

methanotrophs (Hanson and Hanson, 1996). Methane, when released in the atmosphere acts as 

a greenhouse gas, its contribution being the second most important after carbon dioxide 

(Solomon et al, 2007).  Methanotrophs provide an important ecosystem service in regulating 

methane emissions and even acting as sink for this gas (Hanson and Hanson 1996). Therefore a 

link between methanotrophs and global climate exist. Methane oxidizers are expected to have an 

important role in the food web of aquatic environments, acting both as a carbon and energy 

source for higher trophic levels (Deines et al 2007). Methanotrophs are also know symbionts of 

marine molluscs (Childress 1986) and Sphagnum mosses (Raghoebarsing et al 2005) 

This study focuses only on aerobic methanotropic proteobacteria. Its goals were to (i) assess the 

distribution of aerobic methanotrophs along the water column of a stratified lake, (ii) analyze 

possible community structure of methanotrophs in the water column. (iii), identify how the 

distribution of methanotrophs in aquatic habitats is correlated to local conditions and resource 

availability. In order to answer those questions the water column of two lakes was sampled: 

Lake Erken and Lake Tämnaren. A molecular approach was used for the identification and 

characterization of aerobic methanotrophs, involving detection of methanotrophic bacteria by 

PCR, characterization by sequencing and community profiling using T-RFLP. This information 

was then correlated to environmental variables such as oxygen and methane concentrations in 

the water column.  

 

THE METHANE CYCLE 
The current climate change is a consequence of the increased concentration of greenhouse 

gases, among them methane (Solomon et al 2007). Atmospheric concentrations of CH4 depends 

on the equilibrium between sources and sinks (Conrad 2009). About 500-600 Tg CH4 is released 

to the atmosphere each year. The main sources of atmospheric methane are biological 

emissions, although release of methane also occurs from non-biological sources (Solomon et al 

2007).  Accumulation of organic matter in anoxic conditions favors the emission of methane, 

which is a consequence of the metabolic activities of archaeal microorganisms known as 

methanogens (Rother 2010). Although a large amount of methane is produced by methanogens, 

only a fraction of this reaches the atmosphere, greatly reducing their potential as a source of 

greenhouse gases. The difference between production and net emission is the result of the 

oxidation of methane by methane oxidizers (Conrad 2009). 

Freshwater lakes also act as methane sources (Bastviken et al 2004). In these systems, the 

anoxic condition that favors methanogen growth and activity occurs mainly in sediments (Rudd 

and Hamilton, 1978). From there, methane will escape to the atmosphere through the water 

column by diffusion or ebullition. Methane oxidation will only have a significant effect on the 

former (Bastviken et al 2004). Despite large amounts of methane being oxidized, freshwater 

lakes are estimated to emit at least 103 Tg of CH4 per year (Bastviken et al 2011), thus 

understanding the mechanisms involved in the control of biological emissions of methane is 

essential in face of the challenges that global warming looms in the future.   
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METHANE OXIDIZERS 
Methane oxidizers are a heterogeneous group of microorganisms. They can be classified 

according to the electron acceptor they use. So far methane oxidation has been found to be 

coupled to the use of oxygen, sulfate, nitrate, iron and manganese (Conrad 2009).  Methane 

oxidizers can also be described by their phylogenetic classification. Several bacteria and a group 

of archaea are known to consume methane.  The methanotrophic bacteria are distributed among 

several phyla: Proteobacteria, Verrucomicrobia and NC10 (Hanson and Hanson 1996, Op den 

Camp et al 2009, Etwing et al 2009).  

 

AEROBIC METHANOTROPHS 
The Aerobic methane-oxidizing bacteria (MOB), grow mainly exclusively on 1-carbon (C-1) 

compounds and are obligate aerobes. Methane is typically their sole source of carbon and energy 

(Hanson and Hanson, 1996). However several facultative methane oxidizers, like Methylocella 

silvestris, Metyolocapasa aurea and some Methylocistis strains exists (Dedysh et al 2005, Dunfield 

et al 2010, Belova et al 2011). Methane oxidation with oxygen as electron acceptor has so far 

been associated with members of two different bacterial phyla: Proteobacteria and 

Verrucomicrobia.  

Proteobacteria methanotrophs have traditionally been classified as group I (belonging to gamma 

proteobacteria) and group II (alpha proteobacteria). Group I incorporate carbon by the serine 

pathway, while group II use the RUMP pathway (Hanson and Hanson, 1996). Nevertheless 

methane oxidation in both groups start with the oxidation of methane to methanol by the 

enzyme methane monooxygenase. Two different forms of methane monooxygenase are used by 

aerobic methanotrophs: a soluble cytoplasmic enzyme (sMMO) and particulate membrane-

bound (pMMO) (Semrau et al 2010). Most MOB with the sole exception of Methylocella, express 

pMMO (Dedysh et al 2005). The particulate methane monooxygenase is also found only among 

methanotrophs.  Accordingly, pmoA which is a gene coding for a subunit of pMMO has been 

widely used as a group-specific biomarker in molecular studies of methanotrophs. Hence a large 

number of such sequences are available in genbank. A potential drawback for the use of pmoA is 

that pMMO is closely related to the ammonia monooxygenase, found among the ammonia 

oxidizing bacteria. This sometimes led to the detection of amoA when some pmoA primers are 

used (Holmes et al, 1995). pmoA sequences usually shows similar phylogeny to that of 16srRNA 

gene, which makes them useful in diversity studies (McDonald et al 2008). Evolution of pmoA 

and amoA in proteobacteria seems to be likely by orthologhy (Klotz and Norton 1998) 

ANAEROBIC METHANOTROPHS 
Anaerobic methane oxidation (AOM) using sulfate as electron acceptor is a process which 

involves a group of Archaea which are closely related to the Euryarchaeota methanogens. 

Anaerobic methanotrophs (ANME) are thought to oxidize methane in a consortium with sulfate-

reducing bacteria (SRB) (Knittel and Boetius, 2009). Evidence of associations of ANME with SRB 

exist (Boetius et al 2000). However the exact biochemical mechanism for which this consortium 

will oxidize methane is still unknown, although it is believed to partially involve reversed 

methanogenesis. The AOM reaction has a low energy yield, which also would have to be shared 

by the two partners.  Thus ANME are known to have a very slow growth rate (Knittel and 

Boetius, 2009). 
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Anaerobic methane oxidation has also been linked to denitrification (Raghoebarsing et al 2006). 

Bacteria which were identified as belonging to the phylum NC10 use nitrite as an electron 

acceptor and methane as their energy and carbon source (Etwing et al 2009). The presence of 

genes used in both denitrification and aerobic methane oxidation, suggest the use of a novel 

metabolic pathway with the production of oxygen as an intermediate in denitrification. Thus 

although growing in anoxic conditions, the bacteria may be able to use the same pathway as 

aerobic methanotrophs for methane oxidation (Ettwig et al 2010). 

Other potential electron acceptors in methanotropy are manganese and iron. Possible evidence 

of methane oxidation depending on ferrihydrite (iron) and birnessite (manganese) in marine 

sediment was reported by Beal et al (2009). The microorganisms that may be involved in this 

process has not been identified so far. 

 

ECOLOGY 
The aerobic methanotrophs are ubiquitous. MOB had been isolated from many different 

environments like soil, rice fields, marine and freshwater environments, and hotsprings among 

many others (Chen and Murrell, 2010). The process of aerobic methane oxidation depends on 

oxygen and methane availability, thus MOB are often associated to the oxic-anoxic boundary, 

such as the metalimnion in the water column of stratified freshwater lakes (Hanson and Hanson, 

1996). High oxygen concentrations are thought to inhibit methane oxidation in the epilimnion, 

whereas methane oxidation in the hypolimnion is hampered by the anoxic conditions (Rudd and 

Hamilton 1975). Nitrogen availability is also important, with some MOB having the ability to fix 

N2 (Auman et al 2001) 

Information about the ecology of methanotrophs in freshwater lakes is scarce, most of the 

available information focuses only on sediments, with only a few recent studies from the water 

column. Eller et al (2005) studied the water column of Lake Pluβsee, finding only type I MOB and 

not type II MOB when using fluorescence in situ hybridization (FISH).  Sequencing of pmoA in 

Lac Pavin indicated a dominance of type I MOB, mainly of the Methylobacter genus; changes in 

the composition of pmoA clone libraries along the depth gradient further indicated community 

shifts (Biderre-Petit et al 2011). Tsutsumi et al (2011) studied the Lake Mizugaki, finding only 

type I MOB. Similar results were observed in Swedish lakes (Sundh et al 2005). Freshwater 

ecosystems thus appear to be dominated by gamma proteobacteria metanotrophs, this also 

being observed in sediments. For example in Lake Costance type I MOB were found to be more 

abundant than type II MOB in sediments with both qPCR and FISH (Rahalkar et al 2009). The 

sole exception to this so far is a water reservoir in French Guiane were predominance of type II 

MOB was observed (Dumestre et al 2001) 

Methanotrophy in freshwater lakes is not restricted to aerobic bacteria. Although methane 

oxidation coupled to sulfate reduction is commonly associated to deep marine environments 

(Knittel and Boetius 2009), in Lake Pluβsee which is a eutrophic lake, methanotrophic archaea 

were found in the water column, during summer when anoxic conditions exist (Eller et al 2005). 

Also denitrifying methanotrophs of the NC10 phylum were detected in the sediments of Lake 

Costance by Deutzmann and Schink (2011). Anaerobic methane oxidation in the sediments of 

lake Cadagno in Italy has been hypothesized by Schubert et al (2011) to be mediated by the AAA 
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(AOM-associated archaea) clade. AAA are uncultivaded archea related to ANME (Knittel and 

Boetius 2009) 

Lakes are locations with discrete boundaries, restricted migration between systems and water 

masses within individual systems. Stratified lakes with discrete surface and deepwater layers 

often have vertical gradients of resources and conditions, which could affect the abundance and 

distribution of the organisms living in them. Thus lakes can be used to test different models in 

biogeography and the metacommunity framework. For methanotrophs the existence of opposite 

gradients of methane and oxygen trough the water column of stratified lakes could provide 

multiple, spatially separated niches. MOB with differences in their affinity for methane or 

tolerance to low oxygen could then thrive at different depths in the water column. This would be 

evident as changes in taxa abundance and composition along the gradient. Hence MOB 

communities can be seen as test for a species-sorting mechanism.  

Some studies on methanotroph community composition have been carried out previously 

mainly in wetlands and rice fields (an artificial wetland). For example Krause et al (2010) used a 

microcosm model to study community patterns in the oxic-anoxic interface of wetland soils. T-

RFLP of pmoA was used to describe and show changes in community after the initial flooding. 

Type I and II MOB were present at the beginning, but the type II MOB become dominant later. 

Furthermore, activity measured as pmoA RNA expression for type II MOB was notorious only 

after 25 days.  Nevertheless, studies addressing environmental control and differentiation of 

methanotroph communities in freshwater lakes are scarce and clearly more research is called 

for.   
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METHODS 
 

STUDY SITE 
Sampling was done in the lakes Erken (59°50’N, 18°33’E) and Tämnaren (60°09’N, 17°19’E) in 

central Sweden (Figure 1).  Erken is a mesotrophic lake, with an area of 24 km2 and a maximum 

depth of 21 m. (Elliot et al 2007). Tämnaren is a eutrophic shallow lake with an area of 36km2, 

an average depth of 1.3m that is rarely stratified in summer (Länsstyrelsen Uppsala län 2000) 

 

Figure 1.  Left: Lake Tämanren. Right: Lake Erken. Sampling points are show as red points. © 2011 
Google, © 2011 Tele Atlas. 

 

ENVIRONMENTAL DATA AND SAMPLING 
Profiles of oxygen concentration and temperature in the water column of Lakes Erken and 

Tämnaren were measured in situ with an Oxi 340i (WTW) probe. Temporally resolved water 

temperature profiles were obtained from an automatic measuring station in the central part of 

Lake Erken whereas wind speed and other meteorological data was obtained from an adjacent 

weather station (http://erken.dyndns.org/LoggerWebpage/AutomaticStations.htm).  

Water samples were collected from discrete depths with a Ruttner sampler. Sampling of the 

Lake Erken water column was done on August 30 2011. Samples were collected from a single 

station in the center of lake every two meters from the surface until 12 meters depth. From 14 

meters to 18 meters depth, samples were taken at 1meter intervals. Lake Erken was also 

sampled on two other occasions (04-07-2011 and 27-07-2011) but at these times only a few 

samples were collected at the surface and in the littoral zone.  Lake Tämnaren was sampled on 

August 18 2011. Samples were taken at two different stations: In the middle of the lake and 

adjacent to the littoral zone. These samples were taken from the surface and from one meters 

depth.  

 

 

 

http://erken.dyndns.org/LoggerWebpage/AutomaticStations.htm
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METHANE 
For each sample from the water column in Erken a 125ml infusion bottle was filled with water 

directly from a tube connected to the Ruttner sampler. Bottles were flushed with at least 1 

volume of water. Two NaOH pellets were added to each bottle to stop microbial activity. Bottles 

were sealed with a rubber stopper using a syringe needle to allow excess water to escape and 

hence avoid introducing a headspace. Bottles were stored at 4°C upside-down before analysis. A 

10ml air headspace was introduced, using a syringe needle to remove excess water. Methane 

concentration was measured in an 8990A Gas chromatograph (Agilent). The volumetric 

concentration of the methane in the headspace was calculated using a calibration curve with 

known methane concentrations; hence the partial pressure of the gas could be estimated. 

Henry’s law (Equation 1) was used to calculate the concentration of methane in the aqueous 

phase (CA). Where KH is the Henry’s law constant for methane at 298K (1.4x10-3 mol/L·atm) and 

Pg is the partial pressure of the methane in the headspace. 

          Equation 1 

The total amount of methane present in the headspace was calculated according to the ideal gas 

law. This methane was originally in the aqueous phase and hence the concentration is estimated 

using the volume of the water. Total methane concentration is thus the sum of concentration of 

methane present in the aqueous phase and that of the methane that partitioned into the 

headspace. 

 

WATER CHEMISTRY 
Filtered water (0.2μm) was collected in two falcon tubes. One of the replicates was stored at -

20°C; the other was keep at 4°C. The refrigerated water was used to measure pH and absorbance 

in the UV-visible range. pH was measured with a micropH 2001 pH-meter (Crison).  Absorbance 

scans (X-Y nm) were performed in a 1 cm quartz cuvette and measured in a Lambda 40 

spectrophotometer (Perkin Elmer). Water color was derived from absorbance at 436nm 

multiplied by 540, the data are expressed as measured in a 5cm cuvette (Broberg, 2003). DOC 

(dissolved organic carbon) was measured from the frozen water samples, by a Non-purgeable 

Organic Carbon analysis using high-temperature catalytic combustion with a non-dispersive 

infrared detector in a TOC-5000 Total organic carbon analyzer (Shimadzu). Prior to the analysis, 

inorganic carbon was removed by adding 10μl of 1M HCl to the samples in order to transform all 

inorganic carbon into CO2 which was removed by sparging with carbon dioxide-free air for 5 

min. 

 

MOLECULAR ANALYSES 

DNA EXTRACTION 
For the majority of the samples, 400 ml water was filtered through a 0.2μm pore-size Supor 

membrane filter (Pall life sciences) under mild vacuum. For 17 and 18 meters deep samples from 

Lake Erken, only 300ml and 200ml of water were filtered because of clogging. DNA extraction 

was carried out with Powersoil DNA isolation kit (Mo Bio) as instructed by the manufacturer. 

Half of a filter was used for each DNA extraction. 
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PCR AMPLIFICATION 
Presence of aerobic methanotrophs was assessed with PCR. Two pairs of primers were used 

(Table 1): either A189f/A682r (Holmes et al 1995) or A189f/mb661 (Costello and Lindstrom 

1999). These primers target the pmoA gene, coding for methane monooxygenase. The reverse 

primer A682r is known to sometimes amplify amoA (ammonium monooxygenase), a gene 

closely related to pmoA which originate from ammonium oxidizing bacteria. The primer mb661 

is more specific for pmoA, but also exclude some pmoA sequences (McDonald et al 2008).  

Table 1. Primers used in this study and their sequence for amplification of pmoA. A189f is a forward 
primer, while A682r and mb661 are reverse primers 

Primer Sequence (5  3’) Reference 
A189f GGNGACTGGGACTTCTGG Holmes et al (1995) 
A682r GAASGCNGAGAAGAASGC Holmes et al (1995) 
mb661 CCGGMGCAACGTCYTTACC Costello and Lindstrom (1999) 
 

Bovine serum albumin (BSA) was used in the PCR reaction to prevent inhibition by humic 

substances. 2U of Taq Polymerase (Invitrogen) was used per reaction. The primer concentration 

was 0.25 μM. MgCl added at 2mM and dNTP concentration was 0.25 mM. The PCR program was 

as follows: 3 min at 94°C, with 30 cycles of 1min-94°C, 90sec-55°C and 1min-72°C, with a final 

extension of 5min at 72°C. 

CLONING AND SEQUENCING 
PCR amplicons from Lake Erken, obtained from the primer pair A189f/A682r, were used for 

sequencing. Amplicons of correct size (500-600 bp), obtained from the hypolimnion and 

metalimnion and corresponding to 12, 14, 16, 17 and 18 meters depth, were isolated from an 

agarose gel using a QIAquick gel Extraction kit (QIAGEN). From the epilimnion, a PCR 

amplification of 8 meters depth sample was instead only purified with a QIAquick PCR 

purification kit (QIAGEN) without gel extraction to also identify misprimed PCR amplicons 

present.  Purified PCR products were subsequently cloned using a TOPO TA cloning kit for 

sequencing (Invitrogen). Sanger sequencing of the PCR products was then done in the Uppsala 

Genome Center using an ABI3730XL DNA Analyzer (Applied Biosystems) with the BigDye 

Terminator v3.1 kit. The obtained sequences were grouped into operational taxonomic units 

(OTUs) defined by sharing 97% nucleotide identity. The obtained sequences were also 

compared to environmental and genomic data from the NCBI database using the megaBLAST 

nucleotide alignment (http://blast.ncbi.nlm.nih.gov).  

T-RFLP 
To identify the abundance of each OTU in the different sampling points, T-RFLP (Terminal 

Restriction Fragment Length Polymorphism) was used. Enzymes capable of distinguishing these 

groups were selected based on an in silico analysis, using the REPK online tool 

(http://rocaplab.ocean.washington.edu/tools/repk). MseI (TˆTAA) discriminate 5 of those 

groups, while BfaI (CˆTAG) can discriminate 2 groups. Together both can differentiate the 6 

detected OTUs (Table 2). The enzymes are furthermore Buffer compatible allowing for 

simultaneous digestion. 
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Table 2. Predicted T-RF fragments using a 5’ labeled primer, with the MseI and BfaI restriction enzymes. 
In-silico analysis was done with REPK. Each OTU correspond to sequences of pmoA obtained from lake 
Erken, grouped by 97% nucleotide identity. 

 
cut site 

OTU MseI BfaI both enzymes 

cluster-1 181 531 181 

cluster-2 212 531 212 

cluster-3 235 531 235 

cluster-4 170 531 170 

cluster-5 268 403 268 

cluster-6 531 403 403 
 

PCR was made as previously described, using the primers A189F/A682r; the forward primer 

labeled with hexafluorescein (HEX; Eurofins). DNA was purified using a QIAquick  PCR 

purification kit and then quantified by fluorescence using an Ultra 384 fluorometer (Tecan) and 

the Quant-iT PicoGreen dsDNA Reagent Kit (Invitrogen). For each sample, 40 ng of DNA was 

digested for 16hours at 37°C with 4U of each enzyme (New England Biolabs). This was followed 

by an 80°C inactivation for 20 minutes in a thermocycler. Size separation by capillary 

electrophoresis was done at the Uppsala Genome Center using an ABI3730XL DNA Analyzer 

(Applied Biosystems) run in Genescan mode.  

Identification of peaks was done with GeneMarker v 2.20 (SoftGenetics).  To define the baseline, 

a 1% threshold was used.  Peak area was used as a measure of abundance, since the data 

included long fragments were peaks are broader (Kitts 2001). Only fragments larger than 50bp 

were considered in the analysis. T-RFs were manually grouped using a ±1bp criteria for most 

fragments, but a ±2bp criteria for T-RF larger than 400bp. Given that misprimed amplicons were 

observed in the Erken epilimnion sample, T-RFs observed only in these surface samples but not 

in the hypolimnion samples were considered as false. PCR products of the clone library that 

didn’t correspond to pmoA were used in the T-RFLP to identify false peaks. Samples were 

analyzed in duplicate. The average relative representation of each T-RF was used when 

duplicate samples were analyzed. 

In order to identify the unknown T-RFs, databases of pmoA genes from freshwater lakes (Table 

3), as well as pmoA sequences from cultured methanotrophs and also amoA from ammonia 

oxidizers were further analyzed in silico for their restriction sites. 

 

Table 3. Nucleotides databases from freshwater lakes for pmoA. Sequences were analyzed for restriction 
sites with the aim of assigning an identity to the unknown T-RFs. 

Lake Country GenBank Reference 
Pluβsee and Schoehsee 
lakes 

Germany PopSet: 158632735 Kim 2007 

Lac Pavin Italy PopSet: 347154039 Biderre-Petit et al 2011 
Lake Mizugaki Japan AB563267 - AB563476 Tsutsumi et al 2011 
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DATA ANALYSIS 
Relative abundance was estimated for each of the T-RFs. To look for shifts in the methane 

oxidizing community between the different sampling stations and lakes, a cluster analysis was 

done with PAST 2.12 (Hammer et al 2001), using Ward´s method. Differences within groups 

were analyzed through a Non Metric Multidimensional Scaling (N-MDS) with Bray-Curtis 

dissimilarity. 
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RESULTS 
 

ENVIRONMENTAL CONDITIONS 
Lake Erken was stratified in august 30th 2011. The epilimnion in this lake then stretched from 

0m to 10m depth. The metalimnion stretched from 10 to 14m. Anoxic conditions were not 

detected in the hypolimnion but oxygen concentrations were approximately half of those 

detected in the epilimnion (Figure 2). This may be due to a partial mixing two days before 

sampling, when conditions were windy (Supplement, Figure 2S).  Methane concentration was 

highest at 18m (39.13μM) and then decreased with distance from the sediment, reaching a 

baseline value of 0.19 μM from 10m and above (average value of 0.18 ±0.02 μM). DOC, Water 

color and pH were also studied. DOC was observed to decrease with depth. The minimum values 

for water color are present at 8 meters at 8 mg Pt/l with higher values at the surface (16mg Pt/l) 

and at 16 m depth (17mg Pt/l). pH increased with depth, from a value of 6.83 in the surface to 

7.97 at 18 m depth. 

 

Figure 2. Depth profile for Lake Erken. Left: Green triangles: O2 concentration (mg/L); Blue diamonds: 
Methane concentration (μM); Red stars: Temperature (°C). Right: Light blue triangles: pH, brown dotted 
diamonds: DOC (mg/L), violet dotted squares: Water color (mg Pt/l) 

 

Lake Tämnaren was studied in two zones: Center and Littoral. The surface water (0-0.5 m) was 

fully oxygenated in both zones and there was no evidence of lake stratification (Figure 3). 

Regardless, lower oxygen concentrations were detected close to the sediment (1m in littoral and 

1.5 m at the center). 
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Figure 3. Depth profile of Lake Tämnaren. Data from the “center” of the lake is shown as a continous line, 
while data from the littoral zone is represented by a dotted line. 

 

DETECTION OF METHANOTROPHS THROUGH PCR 
Aerobic methanotrophs were detected in the water column of both lakes through PCR of pmoA, 

using the A189f/A682r and A189f/mb661 primer pairs.  A PCR product between 500 and 600bp 

was detected for both primer sets (Figure 4). This corresponds to the expected size of the partial 

pmoA amplicon (McDonald et al 2008). Strong amplification was observed for the samples of 

Lake Erken from 12 meters and below, corresponding to the lower metalimnion and 

hypolominion. A weaker band was observed in the epilimnion of lake Erken and in the water 

column of Tämnaren as well.  Mispriming (differentially sized amplicons) was also stronger in 

the Erken eplimnion. 

 

Figure 4. Left: PCR from Erken samples with A189f/mb661; similar results were observed with 
A189f/A682r primers (not shown).  Right: PCR of Tämnaren samples. DNA from a marsh (m) and 
previous PCR amplification (A) were used as positive controls. 

 

IDENTIFICATION OF METHANOTROPHS 
Cloning and later Sanger sequencing of the pmoA amplicons allow us to confirm the presence of 

methanotrophs in Lake Erken. pmoA sequences were only those of 531bp length. No amoA was 

found in the sequences examined. All the hypolimnetic sequences from Lake Erken 

corresponded to methanotroph affiliated with Gammaproteobacteria. The clone library 

contained some sequences that were not related to pmoA, but this was only observed for the 8 

meter sample, which indicates the low abundance of pmoA in the epilimnetic layer. 

The sequences could be classified in six different OTUs. (Figure 5) All of these sequences are 

affiliated to class Gammaproteobacteria. Furthermore all the OTUs are part of the Methylobacter 

/ Methylomonas group. Many of the sequences are closely related to clones derived from the 
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water column of miscellanous freshwater lakes: Schoehsee in Germany [PopSet: 158632735] and 

Mizugaki in Japan [AB563286.1]. Related sequences were also found to originate from a sample 

from a methane bioreactor [AB512517.1] and a wetland soil [HQ883356.1]. Nevertheless two 

new OTUs were identified (cluster 1 and 3). 

 

 

Figure 5. Phylogenetic tree created with Mega 5, using the Maximum-Likelihood method. Sequences from 
this study are identified with a square. Other sequences are included as comparison, the Genbank 
accession number is shown in parenthesis. Cluster names and their T-RF size are show in the right. 
Mehthylosinus trichosporium pmoA (alphaproteobacteria) is used as an outgroup 

 

COMMUNITY PROFILE 
T-RFLP was used for community profiling of both Erken and Tämnaren.  After data curation, a 

total of 34 different T-RFs, were observed. 6 of them correspond to the expected sizes from the 

in-silico analysis of sequenced clones (Figure 5 and Table 4). In this study they are called cluster 

1 to 6. Other T-RFs are named by the letter “U”, followed by a number that show their size. T-RFs 

whose size corresponds to uncut pmoA amplicons were also observed (U-537). Of all the T-RFs 

not represented in the clone library, only four could be putatively identified using in silico digest 

data (Table 4). Furthermore, it was found by in silico analysis that other methane oxidizers have 

an expected T-RF size matching the one of the sequenced clones (cluster-1, cluster 2 and cluster-

4). 
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Table 4. Possible identity of some unknown T-RFs. 24 T-RFs couldn’t be identified, but they are assumed 
to represent pmoA. T-RFs not represented in the clone library were compared against nucleotides 
databases of pmoA from freshwater lakes (Table 2) and sequences of cultured methanotrophs. 
Methylococcaceae is a family of the Alphaproteobacteria methanotrophs. 

T-RF Cut 
site 

Possible Identity Matching for restriction sites 

U-105 107 Methylococcaceae Methylocystis echinoides  
Lac Pavin alphaproteobacteria ( JF811283) 

U-257 256 Alphaproteobacteria  Pluβssee alphaproteobacteria (EF623670)  
Schoehsee alphaproteobacteria (EF623764) 

U-483 478 Methylomonas methanica Methylomonas methanica MC09 
U-537 none 

(531) 
Methane or Ammonia 
oxidizer 

 

 

There were some issues with the T-RFLP.  A discrepancy between the observed fragment length 

and the expected size was observed. This started at ~260nt and increased for larger fragments. 

DNA labeled with HEX is believed to migrate faster than the one labeled with ROX, used here as 

size standard (Schütte et al 2008). Diffusion of larger fragments was also observed, for the 537 

fragment there were peaks between 535 and 538. In addition the efficiency of the enzymes when 

used in the clone library was between 88% and 100%. This suggests some incomplete digestion. 

Also detection of T-RFs in the 18 meters sample failed. Futhermore for the hypolimnion samples, 

up to 48% of the T-RFs is represented by uncut pmoA, this proportion was much lower in the 

epilimnnion samples. This may represent pmoA amplicons not present in the clone library. 

DATA ANALYSIS 
The main goals were to compare methanotroph communities within Erken and between both 

lakes. Relative abundance was estimated for individual T-RFs.  A cluster analysis shows three 

major groups:  Tämnaren samples, Lake Erken Hypolimnion (includes also metalimnion and a 

marsh sample) and Lake Erken Epilimnion.  Significant differences were found between the 

Erken hypolimnion and epilimnion samples with  ANOSIM (P <0.0003 , R=1).  This was also 

observed for Tämnaren and Erken epilimmnon (P <0.0081, R=0.996) and between Tämnaren 

and Erken Hypolimmnon (P > 0.0073, R=1).  Although is possible that many of T-RFs could be 

missprimed PCR products rather than pmoA, removal of the un-indentified fragments do not 

affect the results of the cluster-analysis (data not shown). 

A similarity percentage (SIMPER) analysis was done to look for the main OTUS responsible for 

the differences between hypolimnion and epilimnion (Table 5). U-537 (uncut pmoA), U-379, U-

383 and cluster-5 were the main contributors to the difference.  

Table 5. SIMPER analysis to identify OTUS responsible for the differences between epilimnion and 
hypolimnion samples of Lake Erken.  

TR-f Contribution Mean abund.  
Epilimnion 

Mean abund. 
hypolimnion 

U-537 19.71 0.0509 0.445 

U-379 13.84 0.29 0.0199 

U-383 10.41 0.216 0.00816 

Cluster-5 5.431 0.195 0.0859 
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Similar results are obtained using a non-metric multidimensional scaling (NMDS). Here however 

a trend appears to exist in the Erken hypolimmnion samples, related to the sample depth (Figure 

6).  

 

Figure 6. NMDS analysis of T-RFLP data. Red crosses: Epilimnion from Lake Erken. Green X represents the 
metalimnion and hypolimnion samples from Erken. Ovals: Tämnaren samples. Blue triangle: marsh 
sample. Purple circle: a previous sample from the Erken hypolimnion. Blue star: littoral from Erken. 

 

To find the OTUs whose relative abundance change with depth in the hypolimnion, the relative 

abundance vs depth was plotted for the most abundant OTUs. U-257 (putative 

alphaprotebacteria) relative abundance increased at 17meters where it became dominant. 

Cluster-1 and Cluster-2 and U-483 (related to Methylomonas) both showed the opposite pattern 

and decreased at 17m. Cluster-5 (Methylobacter sp) relative abundance appeared to be constant 

along the hypolimnion; cluster 5 was highly abundant along the epilimnion reaching 28% in the 

surface (not shown).  Peak abundance for Cluster-4 (related to clones from Lake Schoehsee) was 

at 12-14 meters depth (Figure 7) 
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 The total number of OTUs also increased with depth, with the exception of the 0m sample 

(PEARSON = 0.77, without the 0m sample = 0.95) 

 

 

Figure 7. Left: Number of OTUs vs. depth in Lake Erken. Right: Relative abundance vs depth, of the most 
abundant T-RF in the hypolimnion. Uncut-pmoa (U-537) is not included here. 
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DISCUSSION 
 

All the sequences from Lake Erken corresponded to methanotrophs affiliated with 

Gammaproteobacteria (type I), even if the primer pair used covers also methanotrophic 

Alphaproteobacteria (type II). Predominance of Gammaproteobacteria methanotrophs in 

freshwater lakes has been reported before.   T-RFLP however suggests that also some type II 

MOB were present, represented by the restriction fragments U-257 and U-105. A experiment by 

Henckel et al (2000) on methanotrophic bacteria from rice field soil support the hypothesis that 

type I MOB respond faster to environmental changes, while Alphaproteobacteria become active 

later and especially at high methane concentrations. Similar results have been observed in other 

studies (Krause et al 2010). The water column is a dynamic environment, and example of that 

being the partial mixing three days before sampling (Supplement, Figure 1S), these conditions 

may favor type I MOB. U-257 in contrast, appears to dominate close to the sediments at high 

methane concentrations, a zone that could be perhaps more stable than the upper layers of the 

water column.  This bacterial distribution could thus be seen as type r and k life strategies. In 

that succession model, r- organisms are opportunistic with maximal high growth rates whereas 

k-organisms on the other hand have a lower growth rate but are more efficient in their 

metabolism during resource scarcity (MacArthur and Wilson 1967).  

Most studies of methanotrophs in freshwater lakes have shown a dominance of only a few 

genera related to Methylobacter. Thus it is possible that these bacteria are overall superior 

competitors in this environment. It should be noticed that a strong bias exist in those studies, in 

that the majority of the studied lakes are located in temperate zones. Tsutsumi et al (2011) 

proposed that low temperature may influence regional distribution of MOB. Some members of 

Methylomonas, Methylobacter and Methylosphaera are known to be psychrophilic or 

psychrotolerant (Murrel 2010) and in the present study, the clone library only had sequences 

related to the first two of these three genera.  

Methanotrophs of NC10 and Verrucomicrobia phyla have a particulate monooxygenase (pMMO) 

phylogenetically distant from proteobacteria and therefore are not amplified with the primers 

used in this study (Op den Camp et al 2009, Ettwig et al 2010). Because of these limitations and 

the fact that the sampling was restricted to oxic zones, the possible contribution of anaerobic 

methane oxidizers to methanotrophy is unknown. Members of the genus Methylocella do not 

have particulate monooxygenase and thus cannot be identify through pmoA PCR (Dedysh et al 

2005). Although Methylocella is usually more abundant in acid environments (Rahman et al 

2011) its presence on freshwater columns cannot be rejected. 

Methanotrophic bacteria are present in the epilimnion despite low methane concentrations 

(Figure 4); however it is unknown if they are metabolically active. It is possible that they 

represent bacteria that are not oxidizing methane, but whose populations are being constantly 

replenished by vertical import from the hypolimnion, preventing local extinction (Brown and 

Kodric-Brown 1977). The decrease in species richness along the depth gradient supports this 

hypothesis, but cluster analysis and N-MDS shows that the epilimnion and hypolimnion 

methanotrophs represent two distinct communities. In fact, of the identified T-RFs, only cluster-

5 was present throughout the entire water column. 
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MOB in the epilimnion may thus represent members of the community that are able to subsist in 

low methane concentrations. High methane affinity methanotrophs live in soils (Holmes et al 

1999) and additionally, some strains of Methylocistis are known to express two different pMMO 

with different affinities for methane (Baani and Liesack 2008). Recently genes for a sequence-

divergent particulate monooxygenase were found in Methylobacter, Methylomonas and 

Methylomicrobium; although these genes are expressed, their substrate is currently unknown 

(Tavormina et al 2011). It is also possible that some MOB in the epilimnion are facultative 

methane oxidizers, subsidizing their metabolism with other substrates such as acetate. However 

the dominant populations in Lake Erken are Gammaprotebacteria MOB and so far facultative 

methanotrophy had only been found in some Alphaproteobacteria MOB, while the former are 

less likely to be facultative because of their differences in physiology (Semrau et al 2011).  

It was also observed that Methanotrophic communities of Lakes Erken and Tämnaren appear to 

differ significantly.  Several factors could explain this, e.g. differences in local conditions could 

lead to selection of different MOB populations (Lindström and Langenheder 2011). If local 

conditions are not an important factor for the differences in community assembly, dispersal 

limitation may provide an alternative explanation. Lake Erken and Lake Tämnaren are two 

different lakes, situated in different catchments and thus not connected by streams, and at 70km 

distance from each other. Since OTUs related to samples taken in Germany, Tibet and Japan are 

present in Lake Erken, dispersal limitation does not seem to be important. Yet, it is possible that 

these community differences are only in the relative abundance of populations, for example a 

common taxa in Lake Erken may be rare in lake Tämnaren and not detected by the T-RFLP. 

The diversity of MOB in this study may be underestimated.  The large number of T-RFs and the 

high proportion of undigested pmoA suggest that some methanotrophs in Lake Erken samples 

were not detected by sequencing. A factor that will likely increase this potential bias is that some 

T-RFs may represent more than a single OTU (Supplement, Table 1S). This is a known problem 

for T-RFLP (Schütte et al 2008). Oddly enough, overestimation of diversity is also possible, 24 

different T-RFs couldn’t be identified and although they may represent unsequenced pmoA, the 

possibility of mispriming, formation of pseudo T-RFs (Egert and Friedrich 2003) and star 

activity (altered specificity) are possible. If this is true, it will be more difficult to elucidate 

trends in relative abundance along the environmental gradients.  Further sequencing to identify 

more MOB populations and selection of different restriction enzymes would increase our 

understanding of MOB ecology in Lake Erken. 

All the molecular analyses done for this project were PCR based methods. However PCR is 

known for having several issues, which could have influenced the project results. For example 

non-specific priming was a problem for all the epilimnion samples, which as explained above 

affect the result of the T-RFLP analysis. For pmoA the existence of the closely related gene amoA, 

which sometimes is amplified by the primers used here should be considered. Although the 

primers used targeted a large number of taxa of both MOB I and MOB II, it is known that some 

taxa are excluded by them (McDonald et al 2008). Thus it is posssible that key players in Lake 

Erken and Lake Tämnaren might have been ignored in my analysis. Futhermore primer bias can 

also explain the lack of pmoA diversity observed when sequencing, pmoA. 
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Overall, it is difficult to find the ultimate causes of the observed patters of community structure 

and richness gradients for MOB in Lake Erken. Unfortunately the effect of oxygen in MOB 

distribution, which was one of the objectives, could not be completely studied, given that anoxic 

conditions were not present when sampling.  To differentiate the possible effects of methane 

concentration, temperature and pH is also not easy since these variables are inter-correlated. 

Furthermore, since oxygen and methane are resources, they will not only affect MOB 

distribution, but the metabolically activities of these organism will also control the methane 

levels in an interactive way.  
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SUPPLEMENT 
 

FIGURES 

 

Figure 1S: Temperature profile of the water column on the sampling day and the previous days for Lake 

Erken. Data from http://erken.dyndns.org/LoggerWebpage/AutomaticStations.htm 

 

 

Figure 2S: Windsped data on the sampling day and the previous days for Lake Erken. Data from taken 

http://erken.dyndns.org/LoggerWebpage/AutomaticStations.htm 
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Table 1S. Possible identity of T-RFs. 24. T-RFs not represented in the clone library were compared against 
nucleotides databases of pmoA from freshwater lakes (Table 2) and sequences of cultured 
methanotrophs. T-RFs in the clone library were compared against the later. Methylococcaceae is a family 
of the alpha proteobacteria methanotrophs while Methylocystaceae is part of the gamma proteobacteria 
methanotrophs  

 

T-RF Cut 
site 

Possible Identity Matching for restriction sites. 

cluster-1 181 Methylococcaceae this study (related to Methylomonas) 
Methylosarcina lacus LW14 
Methylomonas sp. R4AF 

cluster-2 212 Methylococcaceae this study (related to Methylomonas) 
Methylomonas sp. M5 
Methylosoma difficile LC2 
Methylomicrobium alcaliphilum 

cluster-3 235 Methylococcaceae  this study (Methylococcaceae) 
cluster-4 170 Methylococcaceae this study (related to clones from Schoehsee) 

Methylobacter tundripaladum SV96 
Methylomicrobium album  

cluster-5 268 Methylobacter sp.  This study (similar to Methylobacter sp.) 
cluster-6 403 Methylococcaceae  This study  (related to clones from Mizugaki) 
U-105 107 Methylocystaceae Methylocystis echinoides  

Lac Pavin alphaproteobacteria ( JF811283) 
U-257 256 Alphaproteobacteria  Pluβssee alphaproteobacteria (EF623670)  

Schoehsee alphaproteobacteria (EF623764) 
U-483 478 Methylomonas methanica Methylomonas methanica MC09 
U-537 none 

(531) 
Methane or Ammonia 
oxidizer 

 

 

SEQUENCES  
Sequences which are repeated are not shown 

>ERc-8a-20 

GGTGACTGGGACTTCTGGACAGACTGGAAAGATAGACGCCTATGGGTAACTGTTCTTCCAATCGTTGGTATCACTTTCCCTG

CTGCTGTTCAAGCTGTTTTATGGTGGCGTTACCGTTTACCGTTCGGTGCGGTTGTTGCTGTATTAGGTCTATTATTAGGCGA

ATGGATCAACAGATACTTGAATTTCTGGGGTTGGACTTATTTCCCAGTAAACTTCGTGTTCCCATCAAACTTTATGCCAGGT

GCTATTGTACTTGACGTTATCTTGATGTTGACAGGTAGTATGACTACTACTGCTGTTGTTGGTGGATTGGCTTACGGCTTAT

TATTCTATCCAGGTAACTGGCCAGTTATAGCGCCATTACACGTACCCGTTGAATACAACGGTATGATGATGACACTAGCTGA

TTTACAAGGTTACCACTACGTAAGAACTGGTACACCTGAATACATCAGAATGGTAGAAAAAGGTACCCTGAGAACTTTCGGT

AAAGACGTTGCTCCAGTATCAGCGTTCTTCTCAGCCTTC 

>ERc-12a-1 

GGGGACTGGGACTTCTGGACAGACTGGAAAGATAGACGTTTATGGGTAACCGTTGCGCCAATCGTTTCAATCACGTTCCCTG

CTGCAGTTCAAGCGTGCTTATGGTACCGTTACAGATTGCCTTATGGCGCTGTTGTATGTATTTTAGGTTTGTTATTAGGTGA

ATGGGTTAACCGTTACTTAAACTTCTGGGGTTGGACATACTTCCCAGTAAACTTCGTATTCCCTTCACAATTAATTCCTGGT

GCAATTGCACTTGACGTAATTATGATGTTAGGTGGAAGTATGACATTAACTGCTGTTGCTGGTGGTATGGCATGGGGTTTAT

TGTTCTATCCAGGTAACTGGCCAGTTATGGCTCCATTACATGTACCAGTTGAATACAATGGTATGATGATGACTTTAGCTGA

CTTACAAGGTTACCACTACGTAAGAACAGGTACACCTGAATACATCCGTATGGTAGAAAAAGGTACATTAAGAACTTTCGGT

AAAGACGTTGCTCCAGTATCAGCGTTCTTCTCAGCCTTC 
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>ERc-14a-1 

GGTGACTGGGACTTCTGGACCGACTGGAAAGATAGACGTCTATGGGTAACTGTAGCACCTATCGTTTCAATCACTTTCCCTG

CTGCTGTTCAAGCATGCTTGTGGTGGAGATACCGTTTACCAGTTGGCGCAACCATTTCTGTTGTTGCGTTGATGATTGGTGA

GTGGATCAACAGATACTTAAACTTCTGGGGCTGGACATACTTCCCAGTAAACATCTGTTTCCCTTCTAACCTGTTGCCAGGT

GCTATCGTTCTTGACGTTATCTTAATGTTAGGTAACAGCATGACTTTGACAGCTGTTGTTGGTGGTTTGGCTTACGGTTTGT

TGTTCTACCCAGGTAACTGGCCTGTAATCGCTCCATTGCACGTGCCTGTTGAATACAACGGTATGATGATGACTTTGGCTGA

CTTACAAGGTTACCACTATGTAAGAACAGGTACTCCTGAGTACATCCGTATGGTAGAGAAAGGTACATTAAGAACCTTCGGT

AAAGACGTTGCTCCTGTATCAGCGTTCTTCTCTGCGTTC 

>ERc-14a-2 

GGGGACTGGGACTTCTGGACCGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCTCCTATCGTTTCTATTACTTTCCCTG

CGCGGTTCAAGCTTGCTTGTGGTGGAGATACCGTTTGCCAGTTGGCGCAACACTTTCAGTTGTTGCTCTGATGGTTGGTGAG

TGGATCAACAGATATATGAACTTCTGGGGCTGGACATACTTCCCAGTAAACTTCGTATTCCCTTCACAATTAATTCCTGGTG

CAATTGCACTTGACGTAATTATGATGTTAGGTGGAAGTATGACATTAACTGCTGTTGCTGGTGGTATGGCATGGGGTTTATT

GTTCTATCCAGGTAACTGGCCAGTTATGGCTCCATTACATGTACCAGTTGAATACAATGGTATGATGATGACTTTAGCTGAC

TTACAAGGTTACCACTACGTAAGAACAGGTACACCTGAATACATCCGTATGGTAGAAAAAGGTACATTAAGAACTTTCGGTA

AAGACGTTGCTCCAGTATCAGCGTTCTTCTCAGCCTTC 

>ERc-14a-3 

GGTGACTGGGACTTCTGGACCGACTGGAAAGATAGACGTCTATGGGTAACTGTAGCACCTATCGTTTCAATCACTTTCCCTG

CTGCTGTTCAAGCATGCTTGTGGTGGAGATACCGTTTACCAGTTGGCGCAACCATTTCTGTTGTTGCGTTGATGATTGGTGA

GTGGATCAACAGATACTTAAACTTCTGGGGCTGGACATACTTCCCAGTAAACATCTGTTTCCCTTCTAACCTGTTGCCAGGT

GCTATCGTTCTTGACGTTATCTTAATGTTAGGTAACAGCATGACTTTGACAGCTGTTGTTGGTGGTTTGGCTTACGGTTTGT

TGTTCTACCCAGGTAACTGGCCTGTAATCGCTCCATTGCACGTGCCTGTTGAATACAACGGTATGATGATGACTTTGGCTGA

CTTACAAGGTTACCACTATGTAAGAACAGGTACTCCTGAGTACATCCGTATGGTAGAGAAAGGTACATTAAGAACTTTCGGT

AAAGACGTTGCTCCAGTATCAGCGTTCTTCTCGGCCTTC 

>ERc-16a-1 

GGGGACTGGGACTTCTGGACCGACTGGAAAGATAGACGTCTATGGGTAACTGTAGCACCTATCGTTTCAATCACTTTCCCTG

CTGCTGTTCAAGCATGCTTGTGGTGGAGATACCGTTTACCAGTTGGCGCAACCATTTCTGTTGTTGCGTTGATGATTGGTGA

GTGGATCAACAGATACTTAAACTTCTGGGGCTGGACATACTTCCCAGTAAACATCTGTTTCCCTTCTAACCTGTTGCCAGGT

GCTATCGTTCTTGACGTTATCTTAATGTTAGGTAACAGCATGACTTTGACAGCTGTTGTTGGTGGTTTGGCTTACGGTTTGT

TGTTCTACCCAGGTAACTGGCCTGTAATCGCTCCATTGCACGTGCCTGTTGAATACAACGGTATGATGATGACTTTGGCTGA

CTTACAAGGTTACCACTATGTAAGGACAGGTACTCCTGAGTACATCCGTATGGTAGAGAAAGGTACATTAAGAACCTTCGGT

AAAGACGTTGCTCCTGTATCAGCGTTCTTCTCTGCCTTC 

>ERc-16a-3 

GGGGACTGGGACTTCTGGACCGACTGGAAAGATAGACGTCTATGGGTAACTGTAGCACCTATCGTTTCAATCACTTTCCCTG

CTGCTGTTCAAGCATGCTTGTGGTGGAGATACCGTTTACCAGTTGGCGCAACCATTTCTGTTGTTGCGTTGATGATTGGTGA

GTGGATCAACAGATACTTAAACTTCTGGGGCTGGACATACTTCCCAGTAAACATCTGTTTCCCTTCTAACCTGTTGCCAGGT

GCTATCGTTCTTGACGTTATCTTAATGTTAGGTAACAGCATGACTTTGACAGCTGTTGTTGGTGGTTTGGCTTACGGTTTGT

TGTTCTACCCAGGTAACTGGCCTGTAATCGCTCCATTGCACGTGCCTGTTGAATACAACGGTATGATGATGACTTTGGCTGA

CTTACAAGGTTACCACTATGTAAGAACAGGTACTCCTGAGTACATCCGTATGGTAGAGAAAGGTACATTAAGAACCTTCGGT

AAAGACGTTGCTCCTGTATCAGCGTTCTTCTCTGCGTTC 

>ERc-16a-5 

GGTGACTGGGACTTCTGGACTGACTGGAAAGATAGACGTCTATGGGTAACTGTAGCTCCAATCGTTTCAATCACTTTCCCAG

CAGCTGTTCAAGCTGTGTTGTGGTGGCGTTACCGTTTGCCTTTCGGTGCGGTAGTTTGCATCTTAGGTCTGCTTTTAGGTGA

GTGGATCAACAGATATATGAATTTCTGGGGTTGGACTTATTTCCCAGTAAACTTCTGCTTCCCTTCAAACCTGATGCCAGGT

GCTATCGTTCTTGATGTTGTGTTAATGATGACAAACAGCATGACAATTACTGCTGTAATCGGTGGTATGGCATGGGGTCTGT

TATTCTATCCAGGTAACTGGCCAATAATGGCACCATTACATGTTCCTGTTGAATACAATGGCATGATGATGACACTAGCTGA
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TTTACAAGGTTACCACTACGTAAGAACTGGTACACCTGAGTACATCAGAATGGTTGAAAAAGGTACATTAAGAACTTTCGGT

AAAGACGTTGCTCCAGTATCAGCGTTCTTCTCTGCCTTC 

>ERc-17a-1 

GGGGACTGGGACTTCTGGACCGACTGGAAAGATAGACGTCTATGGGTAACTGTAGCACCTATCGTTTCAATCACTTTCCCTG

CTGCTGTTCAAGCATGCTTGTGGTGGAGATACCGTTTACCAGTTGGCGCAACCATTTCTGTTGTTGCGTTGATGATTGGTGA

GTGGATCAACAGATACTTAAACTTCTGGGGCTGGACATACTTCCCAGTAAACATCTGTTTCCCTTCTAACCTGTTGCCAGGT

GCTATCGTTCTTGACGTTATCTTAATGTTAGGTAACAGCATGACTTTGACAGCTGTTGTTGGTGGTTTGGCTTACGGTTTGT

TGTTCTACCCAGGTAACTGGCCTGTAATCGCTCCATTGCACGTGCCTGTTGAATACAACGGTATGATGATGACTTTGGCTGA

CTTACAAGGTTACCACTATGTAAGAACAGGTACTCCTGAGTACATCCGTATGGTAGAGAAAGGTACATTAAGAACCTTCGGT

AAAGACGTTGCTCCTGTATCAGCGTTCTTCTCCGCGTTC 

>ERc-17a-2 

GGGGACTGGGACTTCTGGACCGACTGGAAAGATAGACGTCTATGGGTAACCGTAGCTCCTATCGTTTCTATTACTTTCCCTG

CGGCGGTTCAAGCTTGCTTGTGGTGGAGATACCGTTTGCCAGTTGGCGCAACACTTTCAGTTGTTGCTCTGATGGTTGGTGA

GTGGATCAACAGATATATGAACTTCTGGGGCTGGACATACTTCCCAGTTAATATCTGCTTCCCATCAAACCTGTTGCCAGGT

GCTATCGTTCTGGACGTTATCCTGATGTTAGGTAACAGCATGACTCTGACCGCTGTTGTTGGTGGTTTGGCTTATGGCCTGT

TGTTCTATCCAGGTAACTGGCCTGTAATCGCGCCATTGCACGTGCCTGTAGAATATAACGGCATGATGATGACATTGGCTGA

CTTACAAGGTTACCATTATGTTCGTACCGGTACACCTGAGTACATCCGTATGGTAGAGAAAGGTACATTAAGAACTTTCGGT

AAAGACGTTGCTCCAGTATCAGCGTTCTTCTCTGCGTTC 

>ERc-18a-1 

GGGGACTGGGACTTCTGGACAGACTGGAAAGATAGACGTTTATGGGTAACCGTTGCGCCAATCGTTTCAATCACGTTCCCTG

CTGCAGTTCAAGCGTGCTTATGGTACCGTTACAGATTGCCTTATGGCGCTGTTGTATGTATTTTAGGTTTGTTATTAGGTGA

ATGGGTTAACCGTTACTTAAACTTCTGGGGTTGGACATACTTCCCAGTAAACTTCGTATTCCCTTCACAATTAATTCCTGGT

GCAATTGCACTTGACGTAATTATGATGTTAGGTGGAAGTATGACATTAACTGCTGTTGCTGGTGGTATGGCATGGGGTTTAT

TGTTCTATCCAGGTAACTGGCCAGTTATGGCTCCATTACATGTACCAGTTGAATACAATGGTATGATGATGACTTTAGCTGA

CTTACAAGGTTACCACTACGTAAGAACAGGTACACCTGAATACATCCGTATGGTAGAAAAAGGTACATTAAGAACTTTCGGT

AAAGACGTTGCTCCAGTATCAGCGTTCTTCTCTGCGTTC 

>ERc-18a-9 

GGTGACTGGGACTTCTGGACAGACTGGAAAGATAGACGTTTATGGGTAACCGTTGCGCCAATCGTTTCAATCACGTTCCCTG

CTGCAGTTCAAGCGTGCTTATGGTACCGTTACAGATTGCCTTATGGCGCTGTTGTATGTATTTTAGGTTTGTTATTAGGTGA

ATGGGTTAACCGTTACTTAAACTTCTGGGGTTGGACATACTTCCCAGTAAACTTCGTATTCCCTTCACAATTAATTCCTGGT

GCAATTGCACTTGACGTAATTATGATGTTAGGTGGAAGTATGACATTAACTGCTGTTGCTGGTGGTATGGCATGGGGTTTAT

TGTTCTATCCAGGTAACTGGCCAGTTATGGCTCCATTACATGTACCAGTTGAATACAATGGTATGATGATGACTTTAGCTGA

CTTACAAGGTTACCACTACGTAAGAACAGGTACACCTGAATACATCCGTATGGTAGAAAAAGGTACATTAAGAACTTTCGGT

AAAGACGTTGCTCCAGTATCAGCGTTCTTCTCGGCGTTC 

 

 

 

 

 

 

 

 


