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ABSTRACT 

Methanotrophic bacteria play a crucial role in regulating methane (an important greenhouse gas) 

release into the environment by oxidizing it. In the last 50 years, several new genera and species 

of methanotrophs have been documented, and many methanotrophs have been cultivated. 

However, several lineages of methanotrophs lack cultivated representatives and this creates a 

challenge in studying their metabolism, physiology, and biochemistry. To cultivate more diverse 

groups of methanotrophs, we wanted to determine the effect of using 11 different NMS based 

media types on the growth of methanotrophic enrichment cultures. Soil samples were inoculated 

from Norman landfill and duckpond. Methane oxidation was monitored, and cells were harvested 

from the highest two dilutions, which exhibited methane oxidation. 16S rRNA and pmoA gene 

amplicon analysis was done from the DNA of the harvested cells. AMS had an inhibitory effect 

on the initial methane oxidation rate of methanotrophs in the enrichment cultures. We found 

there was a relatively higher abundance of methanotrophs in landfill (12%) soil 

sample compared to the duckpond (< 3%). The most abundant cultivable methanotrophic OTU in 

enrichment cultures was Methylocystis in landfill cultures and Methylomonas in duckpond 

cultures. These methanotrophs were present in all the enrichment media cultures. The 

methanotrophic OTUs found in the enrichment cultures were from genera Methylocystis, 

Methylomonas, Methylomicrobium and Methylobacter. Methanotrophic sequences from 

Methylococcus and  Methyloparacoccus were present in the soil samples but not detected in any 

of our enrichment cultures. Methylotrophic sequences were present (10%) in our duckpond 

methanotrophic enrichment cultures, but not in the landfill cultures. The co-existence of 

methanotrophs and methylotrophs is likely due to nutrient sharing. The media type with largest 

number of methanotrophic OTUs were NMS and NMS (1:5) at pH 7. NaHCO3  and 1% O2 
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(11/12 OTUs) were effective in duckpond enrichments whereas NMS (1:5) pH 6 (5/5 OTUs) 

were effective in landfill enrichments. There was a pH effect on the methanotrophic OTUs where 

more OTUs (11/12) were present at pH 7 compared to pH 6 and 8 (6/12) in duckpond cultures. 

An effect of catalase (50 µg/ml) was observed in duckpond cultures which led to lowest number 

of methanotrophic OTU (only Methylomonas) present in duckpond cultures. Our results from 

this study suggest that medium type affects the methane oxidation activity of methanotrophs and 

their relative abundance in enrichment cultures. 
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INTRODUCTION 

Methanotrophic bacteria can use methane as their sole carbon source (Whittenbury et al., 1970). 

They play a crucial role in regulating methane (an important greenhouse gas) release into the 

environment by oxidizing it. Since the 1970s, many new genera of methanotrophs have been 

documented, and some have also been cultivated. However, several lineages of methanotrophs 

lack cultivated representatives. This poses a serious challenge in studying their metabolism, 

physiology, biochemistry, and other characteristics (Dedysh and Knief, 2018). Apart from 

reducing methane emissions into the atmosphere, methanotrophs have been studied extensively 

for years for their biotechnology applications like the production of polyhydroxyalkanoates 

(PHA), methanol, extracellular ectoine (EC), fatty acids, lipids, and organics acids (Gęsicka et 

al., 2021). Cultivation of methanotrophs in a lab is vital as it gives an opportunity to grow, 

genetically modify and test these organisms to further enhance their performance for various 

biotechnological purposes. Researchers can optimize their use by understanding how 

methanotrophs respond to various growth conditions (Gęsicka et al., 2021). 

There are numerous sources of atmospheric methane emissions, wetlands, ruminants, 

paddy fields, lakes, landfills, and many others(Hanson and Hanson, 1996; Kong et al., 2013; 

Rahalkar et al., 2009). Wetlands are considered the largest natural source (~23%) of methane 

emissions into the atmosphere (Conrad, 2009). Methanotrophs consume most of the methane 

produced in these wetlands at the sub-oxic sediment surface of the water. Previous studies in 

alpine swamps and marshes (Sanjiang wetland) have found a very high abundance of  

Methylobacter (Mo et al., 2020; Yun et al., 2015). Some other abundant methanotrophs found in 

the wetlands are Methylomonas, Methylosinus, Methylocystis, and  Methylovolum (Chen et al., 

2018; Danilova and Dedysh, 2014).  
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A major source of anthropogenic methane emissions is landfills which amount to around 

15% of the total methane emissions in the US (USEPA, 2021). Anaerobic degradation of 

municipal solid waste leads to the production of methane in landfills. Cover soil is applied as an 

interface between the waste material and the atmosphere that allows methanotrophs in the soil to 

oxidize the methane being generated before it escapes into the atmosphere (Wang et al., 2011). 

Some of the methanotrophs isolated from landfills are of genera Methylosarcina, 

Methylomicrobium, Methylobacter, Methylococcus, and Methylocystis (Gebert et al., 2009; Su et 

al., 2014). Previously it has been found that the pH of the soil affects the diversity of the 

methanotrophs in landfill (Su et al., 2014). However, there is very little knowledge about other 

factors that might be influencing the abundance and diversity of methanotrophs in landfills. More 

methanotrophs must be isolated from landfill to better understand their community compositions 

and diversity. Ultimately this would help us develop better landfill soil coverage techniques to 

maximize the methane capture by the methanotrophs. 

Isolation of methanotrophs has been done predominantly by using two growth media, 

ammonium mineral salts (AMS) and nitrate mineral salts (NMS) (Conrad, 2009). So far, very 

few studies have been conducted to increase the cultivation efficiency of methanotrophs. It has 

been shown that high concentrations of magnesium (>1 mM) and nitrate (> 500 µM) 

significantly reduced the number of methanotrophs grown in a mineral medium (Bussmann et 

al., 2004). A study conducted on an organic waste landfill soil sample showed that adding NH4
+-

N  at 100 – 300 mgkg-1 had a stimulatory effect on methane oxidation, whereas a higher 

concentration of 600 mgkg-1 has an inhibitory effect (Zhang et al., 2014). A previous study on 

subtropical paddies showed an increase in methanotrophic abundance by 3-6 times due to the 

addition of slag and biochar (Wang et al., 2020). Dimethyl sulfide (DMS) at the concentration of 
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0.1% - 0.2% has been demonstrated to have an inhibitory effect on methane oxidation activity 

(Wang et al., 2023). Due to the limited understanding of how the growth medium affects the 

methanotrophic abundance and community composition, it is crucial to conduct more studies that 

would allow us to cultivate novel and diverse methanotrophs. 

The media used to cultivate methanotrophs depends on the target methanotrophs and the 

environment it is being sampled/isolated from. A wide variety of neutrophilic methanotrophs 

have been isolated using Nitrate mineral salts (NMS) medium with minor modifications. Some 

of the methanotrophs isolated with NMS media are psychrophilic Methylobacter sp. from boreal 

lake (Khanongnuch et al., 2022), Type I marine methanotroph Methylomonas (NaCl added) 

(Lidstrom, 1988), Type II methanotroph Methylocystis hirsuta from a groundwater aquifer 

(Lindner et al., 2007), and endophytic methanotrophs Methylomonas and Methylosinus from 

peatland plants (Stępniewska et al., 2017). Modified dilute nitrate mineral salts (dNMS, NMS 

1:5) medium was used to isolate different groups of methanotrophs from Rice fields in India: 

Type Ia (Methylomonas, Methylomicrobium, and Methylocucumis), Type Ib (Methylocaldum and 

Methylomagnum), and Type II (Methylocystis, and Methylosinus) (Rahalkar et al., 2021). These 

studies indicate that an NMS medium with modifications can be used to cultivate a variety of 

methanotrophs in enrichment cultures. Although NMS medium has been used widely in isolating 

methanotrophs, other media types have also been used to isolate from environments that are not 

that common. Some of the methanotrophs isolated using different media types are Type Ib 

(Methylococcus) moderately thermophilic from a hot spring in Ethiopia using low-salt mineral 

medium (LMM) amended with KNO3 (Islam et al., 2020). Thermoacidophilic methanotroph 

Methylacidiphilum fumariolicum SolV from hot and acidic mud pool in Naples, Italy using 

assorted medium of Methanethiol (MgCl2·H2O (0.2 mM), CaCl2·H2O (0.2 mM), Na2SO4 (1 mM), 
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K2SO4 (2 mM), (NH4)2SO4 (2 mM), and NaH2PO4·H2O (50 µM)) (Schmitz et al., 2022, 2020). 

Methylocystis Bryophila S285 isolated from acidic peat soil in Russia using liquid mineral 

medium M2 (KNO3 (0.25 g), KH2PO4 (0.1g), MgSO4.7H2O (0.05g), CaCl2.2H2O (0.01g), NaCl 

(0.02g), distilled water (100 ml)) (pH 5) (Han et al., 2018; Meruvu et al., 2020). Methylobius 

crimeensis halophilic methanotroph from hypersaline lake in Crimea using Medium S (NH4NO3 

(0.5 g), Na2HPO4.2H2O (0.5 g), KH2PO4 (0.1 g), FeSO4.7H2O (0.005 g) (l-1) ) (5-10% NaCl) 

(Heyer et al., 2005). The type of media used to cultivate methanotrophs plays a crucial role in 

growing and isolating them from different environments. 

In this study, we took samples from two sites in Norman, Oklahoma, USA. A soil sample 

was collected from a decommissioned landfill, and air exposed sediment from a local pond. To 

examine the presence of methanotrophs in these sites, enrichment cultures were set up in 11 

different media types (Table 1). Most of our enrichment media were NMS based. Some 

modifications made to our different media types were pH, NMS dilution strength, NaHCO3, 

catalase, soil extract, and headspace oxygen concentrations. These modifications for the different 

media types were carefully selected based on their effect on methanotrophs. It has been found 

that some aerobic methanotrophs thrive under oxygen-limited conditions (Guerrero-Cruz et al., 

2021), NaHCO3 acts as a buffering agent (Valença et al., 2021), and soil extract was used to 

mimic the nutrient composition in the sampling environment. Under oxidative stress, 

methanotrophs have shown changes in the expression of genes encoding enzymes like catalase as 

a defense (Guerrero-Cruz et al., 2018; Kim et al., 2016). We expect to see the different media 

types affecting methane oxidation and the abundance of methanotrophs in the enrichment 

cultures. The abundance of methanotrophs was measured using 16S rRNA gene and functional 

marker gene pmoA. In the past, no study has looked extensively at how different media types 
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affect the abundance and diversity of the methanotrophic community. The goal of this study was 

to 1) determine the abundance of methanotrophs in these two sites. 2) what is the effect of the 

different media types on the methanotrophic community abundance and diversity? This study 

would allow us to have a better understanding of methanotrophic communities in landfill and 

wetland environments. It would also give us insight into the best media to use to grow abundant 

and diverse groups of methanotrophs from these environments.  
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METHODS AND MATERIALS 

Sample collection and initial methane enrichment setup 

Two soil samples were collected. One sample came from a decommissioned solid waste landfill 

in Norman, Oklahoma, USA. It has been designated as a research site by the U.S. Geological 

Survey (USGS) (Scott C. Christenson and Isabelle M. Cozzarelli, 2003). The soil sample was 

collected in a 50 ml sterile centrifuge tube from a shallow depth of 4 cm (35°10’3”N, 

97°26’44”W) on sunny day (29°C). On the same day, a sample was collected  from top sediment 

(~2 cm deep) in a 50 ml centrifuge tube from a duck pond located in Brandt Park, Norman, 

Oklahoma ( 35°12’21”N, 97°26’10”W). The samples were stored in a refrigerator at 4°C for 

around 24 hrs. To determine the presence of methanotrophs in the soil samples collected, an 

initial incubation was created in 160 ml sterile serum bottles. Soil (5 g) was added into the serum 

bottles with 2% (v/v) CH4 and 5% (v/v) O2 in the headspace, sealed with rubber stoppers and  

incubated at 28°C for 5 days. Methane oxidation by the methanotrophs in the soil samples was 

measured every day with a Shimadzu GC-14A FID gas chromatograph  having a Porapak Q 

column (Supelco, Bellefonte, US). Helium was used as the carrier gas. Methane oxidation by the 

methanotrophs was confirmed after observing the complete depletion of the methane from the 

headspace in the serum bottles. 

Media composition and methane enrichment cultures in the different media types 

After confirming that methanotrophs were actively oxidizing methane from the headspace of the 

soil and sediment samples, samples were serially diluted into 11 different sterile modified nitrate 

mineral salts (NMS) and ammonium mineral salts (AMS) media (Whittenbury et al., 1970). 

NMS medium included MgCl2 . 6H2O (4.4 mM), MgSO4 . 7H2O (0.4 mM), KNO3 (9.9 mM), 

CaCl2 . 2H2O (0.9 mM), KH2PO4 (2 mM), and  Na2HPO4 (2 mM),  Nitrilotriacetic acid (0.08 
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mM), Alkaline trace element solution (0.2 ml/L), Acidic trace elements solution (0.5 ml/L), 

vitamin solution (10 ml/L). Acidic trace element solution contained (per liter): FeSO4 . 7H2O 

(2g), ZnSO4 . 7H2O (0.07 g), MnCl2 . 4H2O (0.5 g), CoCl2 . 6H2O (0.12 g), NiCl2 . 6H2O (0.01 

g), CuSO4 (0.5 g), H3BO3 (0.01 g), LaNO3 (0.06 g), CeNO3 (0.06 g), and HCl (100 mM). 

Alkaline trace elements solution contained (per liter): Na2SeO4 (0.07 g), Na2NO4 (0.05 g), 

Na2WO4(0.2 g), and NaOH (0.04 g). 100x vitamin solution had the following components (per 

liter): 4-Aminobenzoic Acid (5 mg), D-Biotin (2 mg), Folic Acid (2 mg), Pyridoxine-HCl (10 

mg), Riboflavin (5 mg), Thiamine-HCl x 2H2O (5 mg), Nicotinic Acid (5 mg), Calcium D-

Pantothenate (5 mg), Thioctic Acid (α-Lipoic acid) (5 mg), and Vitamin B12 (0.10 mg).  

Eleven different media types were tested for the enrichment cultures, as shown in Table 

1. Most of the media used were NMS based.  For the 1/5 NMS medium (NMS 1:5), the first 6 

components (above primary minerals) were used at 1/5 concentration. The AMS medium was 

changed by using ammonium (9.35 mM NH4Cl) instead of KNO3.  Individual media had either 

NaHCO3 (8.3 mM), Catalase (50 µg/ml) or soil extract (20% v/v) added (Table 1). Soil extract 

was made by making a sterile mixture of soil (30 g) and water (150 ml). The sterile soil mixture 

was centrifuged for 20 min at 5950 g (JLA, Avanti J-25, Beckam Coulter) and supernatant was 

collected into a sterile serum bottle. The pH of the different media types was adjusted using HCl 

and NaOH solutions. To create enrichment cultures in different media types, 1.5 g of soil sample 

from the initial incubation was put into 10 ml NMS (1:20) and a standard 1:10 serial dilution was 

performed (10 tubes). Each sterile enrichment media tube (15 ml) was inoculated (0.15 ml) from 

the same serially diluted tubes. Enrichment cultures were prepared at 5 dilutions (10-4 – 10-8) for 

each media. For each dilution triplicates were made. Headspace of cultures were first flushed 

with N2, then pressure was adjusted to ambient levels and the headspace was amended with 
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methane  (2% v/v)  and oxygen 5% (v/v) (except, where indicated otherwise, see Table 1). The 

enrichment cultures were incubated at 28 °C for around 47 days. During the  incubation period, 

methane depletion from the enrichment tube was monitored every 2-4 days. Tubes were 

replenished with methane and oxygen 2-3 times after methane depletion.   

Table 1. Media types used for methanotrophic enrichment cultures. 

NMS Dilutions Additions  pH O2 % 

1:5  7 5 

1:5  6 5 

1:5  8 5 

Undiluted  7 5 

1:5 NaHCO3 8 5 

1:5 Catalase 7 5 

1:5 Soil extract 7 5 

1:20  7 5 

1:5  7 1 

1:5  7 20 

AMS   7 5 

 

DNA extraction, PCR amplification, and Illumina sequencing 

After the incubation, cells were immediately harvested from the highest two dilutions in each medium 

that showed complete methane depletion. Cells were harvested by centrifugation at 4347 g for 25 

minutes. The pellet collected was recentrifuged at 9700 g for 10 min in a 1.5 ml centrifuge tube and 

stored at – 80 °C . DNA was extracted from the frozen cell pellets using the DNeasy Blood and 

Tissue DNA extraction kit (Qiagen GmbH, Hilden, Germany) according to the instruction 

provided in the kit. 

Extracted DNA was used for the amplification of 16S rRNA gene and pmoA gene. 16S 

rRNA was amplified using M13F – Bac341F (5’ CCTACGGGNGGCWGCAG 3’) and Bac 

785R (5’ GACTACHVGGGTATCTAATCC 3’) (Li et al., 2021) primers using Dream TaqTM  

Green PCR  Master Mix (2x) (K1082, Thermo Fisher Scientific, USA). PCR cycling conditions 
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for 16S rRNA gene amplification were as follows: initial denaturation 94 °C for 3 min; 28 cycles 

of 94 °C for 30 sec, 56°C for 60 sec, and 72°C for 75 sec; followed by final extension for 10 min 

at 72°C (Eppendorf AG, Hamburg, Germany). pmoA genes were amplified using methanotroph 

targeted primers M13F-A189F (5’ GGNGACTGGGACTTCTGG 3’) and Mb661R (5’ 

CCGGMGCAACGTCYTTACC 3’) (Li et al., 2021). The cycling conditions for pmoA were 

identical to 16S rRNA apart from annealing temperature being 55 °C instead of 56°C. The 

template DNA used for the PCR was 5 ng for each sample. PCR products were examined using 

gel electrophoresis. Samples with correct PCR products were purified and prepared for 

sequencing using bead purification (Seramag) using the ‘Sera-Mag™ Select Size Selection and 

PCR Clean-up reagent’ protocols along with the ‘NEBNext Ultra II DNA library Prep Kit for 

Illumina’. The bead purified PCR product (5µl) was used as a template DNA for the second 

round of PCR using appropriate index primers for both 16S  rRNA and pmoA gene (Li et al., 

2021). The cycling conditions were identical to round 1 apart from that 8 cycles were used. This 

step allowed us to assign unique barcodes to each sample to be used during the demultiplexing 

(Li et al., 2021). Samples obtained from the same primer set were combined and gel purified. Gel 

purified products were combined into one tube for Illumina MiSeq Sequencing at Oklahoma 

Medical Research Foundation. 

Sequence and phylogenetic analysis 

Paired-end demultiplexed reads from Illumina MiSeq sequencing platform were analyzed using 

QIIME2 (qiime2-2022.2). For 16S rRNA and pmoA amplicon analysis, primers were trimmed 

from their paired end reads. Denoising of the sequences was performed using DADA2 (qiime2-

2022.2) with a quality score >20. Denoising parameters used for the pmoA sequences were trunc-

f = 260 and trunc-r = 250 base. 16S rRNA sequences were denoised using parameters trunc-f = 
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345 and trunc-r = 200 base. After the denoising process, a feature table was generated that was 

used for the downstream taxonomic and phylogenetic analysis. For taxonomic annotation, Silva 

128 SEPP reference database (qiime2-2022.2) was used for 16S rRNA amplicon analysis. For 

pmoA taxonomic annotation, the qiime classifier was trained using pmoA gene reference 

database from GFZ data services (Yang et al., 2016) along with the primer set (A189F and 

Mb661R) . For taxonomic analysis of methanotroph OTUs in the enrichment cultures, OTUs 

were filtered out for the following classes Gammaproteobacteria, Alphaproteobacteria, and 

phylum Verrucomicrobiota as per recent classification of methanotrophs (Guerrero-Cruz et al., 

2021). Methanotrophic OTUs with a relative abundance greater than 0.01% were included in the 

analysis for 16S rRNA and pmoA genes. Representative OTU sequences were compared to the 

NCBI BLAST database to determine their taxonomy. Phylogenetic analysis of the 

methanotrophic OTUs was done using representative sequences obtained during feature table 

formation. Reference 16S rRNA and pmoA sequences were obtained from NCBI database. 

FASTA sequences of the methanotrophic OTUs were aligned for constructing maximum 

likelihood phylogenetic tree for 16S rRNA(nucleotide) and pmoA (amino acid) using MEGA 

version X (Kumar et al., 2018).  
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RESULTS 

Methane oxidation by methanotrophs in the enrichment cultures 

Enrichment cultures were prepared for methanotrophs from Norman landfill soil and OU 

duckpond sediment samples. Methane oxidation by the methanotrophs in these samples was 

determined in 11 different NMS based enrichment media (Table 1). In each enrichment culture, 

the time taken by the methanotrophs to oxidize 2% methane from the headspace was measured 

using gas chromatography (supplemental data, Figure 1.1, 1.2). In landfill cultures, 

methanotrophs were able to oxidize the initial 2% methane in all the enrichment media tested 

except for the enrichment with a high O2 concentration of 20% (supplement data Figure 1.1). 

Methane was oxidized in all other enrichment cultures in 9 – 28 days at dilution 10-7 

(supplemental data Figure 1.1). In the duckpond enrichment cultures, methane oxidation 

occurred in all the enrichment cultures. The initial methane was oxidized by the methanotrophs 

in the duckpond enrichment cultures in 5 – 15 days at dilution 10-6 (supplement data, Figure 1.2). 

In landfill enrichment cultures, methanotrophs from NaHCO3, NMS (1:5) pH 6 and 1% O2 

oxidized the methane significantly faster (p < 0.05) than soil extract and AMS cultures 

(supplemental data Figure 1.1). In duckpond cultures, methanotrophs from 20% O2, catalase, 

NMS pH 7, soil extract, NMS (1:5) pH 8, and NaHCO3 oxidized methane significantly faster 

than AMS pH 7 and 1% O2 (supplemental data, Figure 1.2). In both systems, AMS pH 7 took the 

longest to oxidize initial methane and NaHCO3 was significantly faster than other media types. 

We found that landfill cultures oxidized methane in lower oxygen concentrations (1-5%), and 

duckpond cultures oxidized methane faster at higher oxygen concentration of 20% and slower at 

1% oxygen concentration (supplemental data, Figure 1.1, 1.2).  
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Relative diversity of methanotrophs in the enrichment cultures 

Methanotrophic communities were studied in the landfill and duckpond enrichment cultures with 

different media using pmoA (Figure 1) and 16S rRNA sequence analysis (Figure 2) from all 

active enrichment cultures. Cells were harvested from the highest two dilutions that showed 

methane oxidation in each medium type. For most enrichment cultures, the highest two dilutions 

in which methane oxidation occurred were 10-6 and 10-7. The three most abundant 

methanotrophic OTUs found during pmoA sequence analysis in Norman landfill soil were 

Methylocystis LF-P1, Methylobacter LF-P2, and Methylomicrobium LF-P3 (Figure 1).  

Methylocystis LF-P1 was also the most abundant cultivable methanotrophic OTU in the landfill 

soil during pmoA sequence analysis with a relative abundance of 87.9% of the cultivable 

community (Figure 1). Relative abundance of Methylocystis LF-P1 pmoA reads was very high in 

all the tested media types at both dilutions (Figure 1). This suggests that Methylocystis LF-P1 

grows rapidly in different NMS based enrichment media and can outcompete other 

methanotrophs in these enrichment cultures. 

To examine the abundance of methanotrophs as well as other genera relative to the whole 

community, 16S rRNA sequences were analyzed from all the enrichment cultures. 16s rRNA 

sequence analysis compares the relative abundance of methanotrophic OTUs with the abundance 

of the total bacterial community present in the enrichment cultures (Figure 2). The results 

revealed similar methanotrophic OTUs to the pmoA analysis. There were 5 abundant 

methanotrophic OTUs found in the landfill enrichment cultures (Figure 2). The most abundant 

methanotrophic OTU was Methylocystis LF-1 (4.5% at 10-6, and 8.3% at 10-7) (Figure 2). The 

relative abundance of total methanotrophic OTUs (16S rRNA sequences) in landfill soil sample 

was around 12.2% of the total bacterial community (Figure 2,5). Methylobacter LF4 and LF5 
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combined (1.6%) were more abundant in landfill soil than Methylocystis LF1 (0.7%) (Figure 2). 

The increase in relative abundance of Methylocystis in enrichments further supports the argument 

that Methylocystis methanotrophic OTUs can outcompete the growth of other methanotrophic 

OTUs in NMS based enrichment medium. 

A  

 
 

B 

 
Figure 1. Relative abundance of methanotrophic pmoA sequences from Norman landfill in 10 

different enrichment media types. Relative abundance of the methanotrophic OTUs was 

measured using the pmoA sequence analysis at dilution 10-6 and 10-7. Note - OTUs presented 

above the dashed line (….) are cultivable. A. The relative abundance of methanotrophic OTUs at 
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dilution 10-6 in 7 different media types and the soil sample. (-) Cells not harvested from these 

enrichment media types as they were only harvested from the highest two dilutions. B. The 

relative abundance of methanotrophic OTUs at dilution 10-7 in 10 media types and the soil 

sample.  
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Figure 2. Relative abundance of methanotrophic 16S rRNA sequences from Norman landfill in 

10 different enrichment media types. Relative abundance of the methanotrophic OTUs was 

measured using the 16S rRNA sequence analysis at dilution 10-6 and 10-7. Note - OTUs 

presented above the dashed line (….) are cultivable. A. The relative abundance of 

methanotrophic OTUs at dilution 10-6 in 7 different media types and the soil sample. (-) Cells not 

harvested from these enrichment media types as they were only harvested from the highest two 
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dilutions. B. The relative abundance of methanotrophic OTUs at dilution 10-7 in 10 media types 

and the soil sample. 

 

 pmoA sequence analysis of duckpond enrichment cultures revealed that the most 

abundant methanotrophic OTUs on average were Methylomonas DP-P1 (72.3% at 10-6 and 

49.5% at 10-7), Methylomicrobium DP-P2 (17.6% at 10-6 and 25.3% at 10-7), Methylobacter DP-

P3 (2.12% at 10-6 and 7.64%), Methylocystis DP-P4 (6.08% at 10-6 and 10.9% at 10-7), and 

Methylocystis DP-P5 (1.25% at 10-6 and 6.60% at 10-7) (Figure 3). Methylomonas DP-P1 was the 

most abundant cultivable methanotrophic OTUs at both dilutions. The relative abundance of 

Methylomonas DP-P1 was 17.8% in duckpond soil, which was lower than the most abundant 

methanotrophic OTU Methylobacter DP-P3 (59.27%) (Figure 3). It appears that Methylomonas 

DP-P1 grows better compared to the other methanotrophic OTUs in the 11 different NMS media 

used. 

Our analysis of 16S rRNA sequences also included methylotrophic OTUs because of the 

relatively high abundance of methylotrophs in the duckpond enrichment cultures. Certain 

methylotrophs like Methylotenera sp. are known to utilize methane-derived carbon from 

methanotrophs (Van Grinsven et al., 2021). There were total of 9 methanotrophic and 3 

methylotrophic OTUs (Methylotenera DP2, Methyloversatilis DP8, and Methyloradius DP12) 

found during 16S rRNA sequence analysis of enrichments (Figure 4). Methylotrophic OTUs 

were not found in landfill enrichment cultures (Figure1, 2).16S rRNA analysis produced similar 

results to pmoA sequence analysis. The most abundant cultivable methanotrophic OTU in the 

duckpond enrichment culture was Methylomonas DP1 (18% at 10-6 and 10.23% at 10-7). 

Methylomicrobium DP3 was also present at high abundance with 5.85% at 10-6 and 4.70% at 10-

7. The rest of the methanotrophic OTUs had an average relative abundance of  0.07% - 3.61% at 
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10-6 and 0.001-4.73% % at 10-7 (Figure 4). The most abundant methylotrophic OTU found was 

Methylotenera DP2 (10.24% at 10-6 and 11.19% at 10-7) (Figure 4). The relative abundance of 

total methanotrophic and methylotrophic OTUs in duckpond soil was much lower than landfill 

with 2.6% of the total bacterial community (Figure 6). Methylomonas DP1 was present at 0.26%, 

and Methylotenera DP2 at 0.15% in the duckpond soil sample (Figure 4). Based on the 16S 

rRNA analysis and pmoA sequence analysis, Methylomonas DP1 seems abundant in all the 

different enrichment media tested. It should also be noted that methylotroph like Methylotenera 

DP2 is in fairly high abundance in the methanotrophic enrichment cultures possibly due to their 

ability to utilize methane-derived carbon from the methanotrophs (Van Grinsven et al., 2021). 



17 
 

A. 

 

B 

 

Figure 3. Relative abundance of methanotrophic pmoA sequences from OU duckpond in 11 

different enrichment media types. Relative abundance of the methanotrophic OTUs was 

measured using the pmoA sequence analysis at dilutions 10-6 and 10-7. Note – OTUs presented 

above the dashed line (….) are cultivable. A. The relative abundance of methanotrophic OTUs at 

dilution 10-6 in 10 different media types and the soil sample. (-) Cells were not harvested from 

these enrichment media types as they were only harvested from the highest two dilutions.  B. The 
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relative abundance of methanotrophic OTUs at dilution 10-7 in 10 media types and the soil 

sample. 
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Figure 4. Relative abundance of methanotrophic and methylotrophic 16S rRNA sequences from 

OU duckpond in 11 different enrichment media types. Relative abundance of the methanotrophic 

and methylotrophic OTUs was measured using the 16S rRNA sequence analysis at dilution 10-6 

and 10-7. There were a total of 3 methylotrophic OTUs (Methylotenera DP2, Methyloversatilis 

DP8, and Methyloradius DP12). (-) Cells were not harvested from these enrichment media types 

as they were only harvested from the highest two dilutions. Note – Only cultivable OTUs are 

presented (refer to Figure 6 for uncultivable OTUs). A. The relative abundance of 

methanotrophic and methylotrophic OTUs at dilution 10-6 in 11 different media types and the 

soil sample. B. The relative abundance of methanotrophic and methylotrophic OTUs at dilution 

10-7 in 11 media types and the soil sample. 

 

Figure 5. Abundance of methanotrophic OTUs in the Norman landfill soil sample. The relative 

abundance of total methanotrophic OTUs (16S rRNA sequences) was around 12.2% of the 

bacterial community. 

 

 
Figure 6. Abundance of methanotrophic OTUs in the OU duckpond soil sample. Relative 

abundance of methanotrophic and Methylotrophic OTUs (2.6%) in the total bacterial community 
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was determined using 16S rRNA sequences. The only methylotrophic OTU found in was 

Methylotenera DP2. 

 

Effect of enrichment media type on methanotrophs 

16s rRNA and pmoA sequence analysis at  10-6 and 10-7 dilutions were used to measure the 

abundance of methanotrophic OTUs in different enrichment media cultures (Figure 1,2,3,4). The 

most abundant cultivable methanotrophic OTUs found in landfill and duckpond enrichment 

cultures were Methylocystis and Methylomonas respectively (Figure 1,2,3,4). They were 

abundant in all the enrichment media tested (Figure 1,2,3,4). In duckpond enrichment cultures, 

the media types that led to growth of  the greatest number of methanotrophic OTUs were 

NaHCO3, 1% O2, NMS pH 7 and NMS 1:5 pH 7 (Figure 3,4). These enrichment cultures had 

11/12 OTUs (16S rRNA) and 4-5/5 OTUs (pmoA) (Figure 3,4). Most of these enrichment 

cultures favored the growth of all the cultivable methanotrophic OTUs except NaHCO3 which 

had Methylocystis OTU as the least abundant (Figure 3,4). The media type that led to the growth 

of lowest number of methanotrophic OTUs in duckpond enrichment culture was catalase, 3/12 

OTUs (16S rRNA), and 1/5 OTU (pmoA), where Methylomonas was the only methanotrophic 

OTU present (Figure 3,4). In Landfill samples, the media types that supported the growth of 

most methanotrophic OTUs were NMS pH 7, NMS (1:5) pH 7, NMS (1:20), NMS (1:5) pH 6. 

These enrichment cultures had 5/5 OTUs (16S rRNA) and 2-3/3 OTUs (pmoA) (Figure 1,2). All 

these enrichment cultures had a very high abundance of Methylocystis OTU. They had a low 

abundance of Methylomicrobium OTU (NMS (1:5) pH 6, 7) and Methylobacter OTU (NMS 

1:20) (Figure 1,2). 

 The most dilute medium (NMS 1:20) did not support growth of Methylobacter  as there 

was no Methylobacter OTU in duckpond cultures and it was at lower abundance in landfill 
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cultures (Figure 1,2,3,4). In duckpond cultures, there was  a higher number of methanotrophic 

OTUs at lower oxygen concentrations(11/12 and 4/5) than at higher oxygen concentrations (7/12 

and 3/5) (Figure 3,4) . Higher oxygen concentrations showed a lower abundance of 

Methylobacter OTU  (Figure 3,4). In both systems, AMS and soil extract media  led to growth of 

a higher number of methanotrophic OTUs (Figure 1,2,3,4). The effect of pH was seen slightly in 

NMS (1:5) pH 6 and pH 8 in duckpond cultures where fewer methanotrophic OTUs (6/12 OTUs, 

16S rRNA) were present compared to NMS (1:5) Ph7 (11/12 OTUs, 16S rRNA) (Figure 3,4).  

Phylogenetic analysis of the methanotrophs  

Phylogenetic analysis was done for the methanotrophic OTUs found in the enrichment cultures 

and soil sample from Norman landfill and OU duckpond using 16S rRNA sequences (Figure 8) 

and pmoA sequences (Figure 7). The three common OTUs identified in the landfill enrichment 

cultures using 16S rRNA and pmoA were Methylocystis, Methylomicrobium, and Methylobacter 

(Blue squares in Figure 7,8). There were additional OTUs of methanotrophs from genera 

(Methylococcus, Methyloparacoccus, and f_Methylocystaceae) which were identified in the soil 

but were not detectable in the enrichment cultures (yellow circles in Figure 7,8). Phylogenetic 

analysis of methanotrophic OTUs in the duckpond enrichment cultures revealed similar 

methanotrophic communities to landfill cultures (Figure 7,8,9,10).  There were 4 common  

methanotrophic OTUs (Methylocystis, Methylomonas, Methylobacter and Methylomicrobium) 

found in duckpond cultures during 16S rRNA and pmoA analysis (blue squares, Figure 9,10). 

The Methylomonas OTU was only present in the duckpond enrichment cultures and not in the 

landfill cultures (Figure 7,8,9,10).  There were methanotrophic OTUs in duckpond soil that were 

not detected in the enrichment cultures like Methylococcus, Methyloparacoccus, 

Methylomagnum and Methylocaldum (Figure 9,10).  Methylocaldum and Methylomagnum OTUs 



22 
 

were only detected in the duckpond soil and not in the landfill (Figure 7,8,9,10). The overall 

phylogenetic analysis of duckpond and landfill samples using 16S rRNA and pmoA sequences 

suggests that methanotrophs like Methylocystis, Methylomonas, Methylobacter, and 

Methylomicrobium grew well in the NMS based enrichment cultures. The media did not support 

the growth of members of the Methylococcaceae including genera Methyloparacoccus and 

Methylococcus observed here.   

Figure 7. Maximum likelihood phylogenetic tree for methanotrophic OTUs from Norman 
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landfill based on partially aligned amino-acid sequences of pmoA gene. Evolutionary analysis 

was conducted using MEGA X with 100 bootstrap iterations (Kumar et al., 2018). The tree is 

drawn to scale, with branch lengths measured in the number of substitutions per site. This 

analysis involved 23 amino acid sequences, and there were a total of 299 positions in the final 

dataset. Blue colored squares show the methanotrophic OTUs found in enrichment culture 

whereas yellow circles represent the methanotrophic OTUs found in soil but not in the 

enrichment culture. Nitrosomonas europaea was used as an outgroup. 

 

 

Figure 8. Maximum likelihood phylogenetic tree for methanotrophic OTUs from Norman 

landfill based on partially aligned 16S rRNA gene. Evolutionary analysis was conducted using 

MEGA X with 100 bootstrap iterations (Kumar et al., 2018). The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. This analysis involves 29 

nucleotide sequences, and there were a total of 1555 positions in the final dataset. Blue colored 

squares show the methanotrophic OTUs found in the enrichment culture, whereas yellow circles 

represent the methanotrophic OTUs found in soil but not in the enrichment culture. 

Desulfurispirillum alakaliphilum SR1 was used as an outgroup. 
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Figure 9. Maximum likelihood phylogenetic tree for methanotrophic OTUs from OU duckpond 

based on partially aligned amino-acid sequences of pmoA gene. Evolutionary analysis was 

conducted using MEGA X with 100 bootstrap iterations (Kumar et al., 2018). The tree is drawn 

to scale, with branch lengths measured in the number of substitutions per site. This analysis 

involved 29 amino acid sequences and there were a total of 301 positions in the final dataset. 

Blue colored squares show the methanotrophic OTUs found in the enrichment culture, whereas 
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yellow circles represent the methanotrophic OTUs found in soil but not in the enrichment 

culture. Nitrosomonas europaea was used as an outgroup. 

 
Figure 10. Maximum likelihood phylogenetic tree for methanotrophic and Methylotrophic 

OTUs from OU duckpond based on partially aligned 16S rRNA gene. Evolutionary analysis was 

conducted using MEGA X with 100 bootstrap iterations (Kumar et al., 2018). The tree is drawn 

to scale, with branch lengths measured in the number of substitutions per site. This analysis 

involves 38 nucleotide sequences. There were a total of 1491 positions in the final dataset. Blue 

colored squares show the methanotrophic OTUs found in the enrichment culture, whereas yellow 

circles represent the methanotrophic OTUs found in soil but not in the enrichment culture. There 

were 3 Methylotrophic OTUs (Methylotenera DP2, Methyloversatilis DP8, and Methyloradius 
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DP12) present in enrichment cultures. Desulfurispirillum alakaliphilum SR1 was used as an 

outgroup. 

 

Phylogenetic diversity of methanotrophs in the enrichment cultures 

Phylogenetic diversity of the methanotrophs growing in the different enrichment cultures was 

determined using Faith’s phylogenetic diversity (PD) index. Two dilutions (10-6 and 10-7) from 

Norman landfill enrichment cultures were used for each media type except for AMS pH 7, 

NaHCO3, and catalase, for which diversity was measured only at dilution 10-7(Figure 11). To 

measure the phylogenetic diversity of methanotrophs in each enrichment media culture, pmoA 

sequences were used as they are functional marker genes specifically for methanotrophs. The 

median value for Faith’s PD ranged from 0.86 – 3.77 (solid blue line) (Figure 11). It appears 

from the box plot results that AMS pH 7 (0.86) has lower phylogenetic diversity compared to 

catalase (3.77). However, a Kruskal Wallis test was performed (H = 11.414, test priori = 0.8113) 

to determine the significance of the phylogenetic diversity difference between the enrichment 

cultures, and it was found that it was not significant (p = 0.2484). Phylogenetic diversity of the 

duckpond enrichment cultures were studied using two dilutions (10-6 and 10-7) of  each media 

type except for NMS 1:5 pH 6 (only 10-6) and catalase (only 10-7) (Figure 12). The median value 

of Faith’s PD for duckpond enrichment cultures ranged from 0.88 (catalase) to 2.49 (NMS (1:5) 

pH 7). phylogenetic diversity between the methanotrophs present in different duckpond 

enrichment cultures (H = 14.46, test priori = 0.9629) was also found to be non-significant (p = 

0.153). However, duckpond had lower p value than landfill. This suggests that the phylogenetic 

diversity between the methanotrophs in duckpond enrichment might be higher than the 

methanotrophs in landfill enrichment cultures. 
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Figure 11. Faith’s phylogenetic diversity (PD) for the methanotrophic OTUs from Norman 

landfill in 10 different enrichment media types using pmoA sequence analysis. 

 

Figure 12. Faith’s phylogenetic diversity (PD) for the methanotrophic OTUs from OU duckpond 

in 11 different enrichment media types using pmoA sequence analysis.  
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DISCUSSION 

Methane oxidation in the enrichment cultures 

In this study, methane enrichment cultures were prepared for duckpond sediment and landfill soil 

samples. Methane consumption from the headspace was observed in each enrichment culture 

except for the enrichment from a landfill with a high O2 concentration of 20% in the headspace 

(supplemental data, Figure 1.1,1.2). These results align with another study that looked at 

methane oxidation at different oxygen levels in soil and they found that methane oxidation at 

20% oxygen was lower than at lower oxygen concentration of 2% – 10% (Walkiewicz et al., 

2018). Our study also supports the argument that methane oxidation is inhibited for some 

methanotrophs at higher oxygen concentrations. In both the enrichment systems, the initial time 

taken by the methanotrophs to consume 2% of methane from the headspace was 9-12 days and 5-

15 days in landfill and duckpond enrichments, respectively (supplemental data, Figure 1.1,1.2).  

It was noted that in both the enrichment systems, AMS at pH 7 took the longest to 

oxidize the initial 2% of the methane from the headspace (supplemental data, Figure 1.1,1.2). 

These results suggest that AMS might have an inhibitory effect on the methanotrophs. Many 

studies have looked into the effect of ammonium on methane oxidation by methanotrophs (King 

and Schnell, 1994; Yang et al., 2020; Zhang et al., 2014). A study on landfill cover soil found out 

that the addition of high level of ammonium (600 mgkg-1) had an inhibitory effect on initial 

methane oxidation(Zhang et al., 2014). 500 µM of ammonium had an inhibitory effect on the 

Methylobacter albus BG8 (King and Schnell, 1994). One of the main reasons for the inhibitory 

effect of ammonium presented in these studies is the substrate competition between methane and 

ammonium for the active site of enzyme methane monooxygenase (MMO), responsible for 
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methane oxidation (Zhang et al., 2014). Our study further supports the present body of work 

showing the inhibitory effect of ammonium on methane oxidation. 

Methanotrophic abundance  

There is a very high abundance of methanotrophs (12%) in the landfill soil sample (Figure 2) 

relative to the methanotrophic community in the duckpond sample (2.5%) (Figure 6). The 

methanotrophic OTUs found in landfill soil were predominantly from the genera Methylocystis, 

Methylobacter, Methylococcus and Methylomicrobium (Figure 1,2). Type I methanotrophs 

Methylobacter and Methylomicrobium and Type II methanotroph Methylocystis together, have 

abundance of around 9% in landfill soil (Gebert et al., 2009). We and others have also observed 

type I methanotrophs Methylococcus and Methyloparacoccus (Figure 3,4,5) (Su et al., 2014). 

Some of the abundant methanotrophic OTUs found in the duckpond sediment were similar to the 

landfill community and included Methylobacter, Methylomicrobium, Methylocystis, 

Methyloparacoccus, and Methylococcus. Other methanotrophic OTUs like Methylomonas, 

Methylocaldum, and Methylomagnum were only present in the duckpond samples (Figure 3, 4, 6) 

(Rahalkar et al., 2021). Methylomonas is often abundant in aquatic sediments (lakes, wetlands, 

wastewater) (Bowman, 2016). Some species of Methylomonas have polysaccharide-containing 

cysts that are sensitive to desiccation. These polysaccharides cysts may help them to regulate 

methanol transport (Sandford and Laskin, 1977).  

The most abundant cultivable methanotrophic OTU found in the enrichment cultures 

were the Type II methanotrophs Methylocystis from the landfill and Type I methanotroph 

Methylomonas from the duckpond (Figure 1,2,3,4). Their relative abundance was supported by 

both pmoA and 16S rRNA analysis. These most abundant methanotrophic OTUs grew well in all 

the media types we tested. The cultivable methanotrophs found in both landfill and duckpond 
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enrichment cultures were from the genera Methylomicrobium, Methylobacter, and Methylocystis 

(Figure 7,8,9,10). These methanotrophic genera have been previously isolated using NMS media 

from similar environments (Rahalkar et al., 2021; Lindner et al., 2007; Lee, 2011).  

 There were certain methanotrophic OTUs that were relatively abundant in soil samples 

but were not detected in the NMS based enrichment cultures (Figure 7,8,9,10 ). No single 

methanotrophic OTU was present in any of the enrichment cultures from the genera 

Methyloparacoccus, Methylococcus, Methylocaldum, and Methylomagnum (Figure7,8,9,10). All 

these methanotrophs are Type Ib methanotrophs (Knief, 2015). 16S rRNA and pmoA gene 

analysis did not detect any of the type 1b methanotrophs in the enrichment cultures (Figures 6,8) 

indicating that this group was truly not present. Previously these member of type Ib have been 

isolated using NMS media (Hoefman et al., 2014; Lieberman et al., 2003; Rahalkar et al., 2021). 

The absence of Type Ib methanotrophs might be due to the competition between the different 

methanotrophs for resources in the enrichment cultures (Graham et al., 1993; Hršak and Begonja, 

2000).  

Abundance of methylotrophic bacteria in methanotrophic enrichment cultures 

Three Methylotrophic OTUs (Methylotenera, Methyloversatilis, and Methyloradius) were found 

to be present on average at 0.4% to 10.7% in the duckpond methanotrophic enrichment cultures 

based on 16S rRNA analysis (Figure 4). Methylotrophs can obtain energy from C1 compounds 

like methane and methanol (Anthony, 1982). Co-occurrence of methanotroph Methylobacter and 

non-methane oxidizing methylotroph Methylotenera has been shown in Lake Washington 

sediment samples (Krause et al., 2017). In the co-culture, a cross-feeding took place between 

Methylobacter and Methylotenera where MxaF-type methanol dehydrogenase (MDH) gene was 

over expressed by methanotroph that led to methanol production. The methylotrophs used this 
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methanol (Krause et al., 2017). Another study on lake samples showed the incorporation of  13C-

labeled carbon from 13CH4 into the methanotroph Methylobacter and also into the methylotroph 

Methylotenera in a co-culture study (Van Grinsven et al., 2021). These studies argue for the 

transfer of carbon from methanotrophs to methylotrophs. Our study where enrichment cultures 

have methanotrophs like Methylobacter along with methylotrophs Methylotenera and 

Methyloradius (Figure 4) provides strong support for this type of interaction (Miyadera et al., 

2021) as the only known carbon source in these enrichment cultures is methane in the headspace. 

Therefore, the energy and carbon source for non-methane oxidizing methylotrophs is likely the 

methanol produced by the methanotrophs (Ho et al., 2014; Krause et al., 2017; Takeuchi et al., 

2019).  

Effect of media type on growth of different methanotrophs 

Some of the media types that led to the growth of the largest number of  methanotrophic OTUs 

in the enrichment cultures of landfill and duckpond were NMS and NMS (1:5) at pH 7 (Figure 

1,2,3,4). NMS and diluted NMS (1:5) have been used previously to cultivate neutrophilic 

methanotrophs from different environments like rice fields, boreal lakes, freshwater lake 

sediment, and landfill soils (Auman et al., 2000; Ghashghavi et al., 2019; Khanongnuch et al., 

2022; Lee, 2011; Rahalkar et al., 2021). Some of the methanotrophs cultivated included genera 

observed in our enrichment cultures including Methylomonas, Methylobacter, Methylocystis, and 

Methylomicrobium (Auman et al., 2000; Khanongnuch et al., 2022; Lee, 2011; Rahalkar et al., 

2021). Our study also found that certain media types favored a greater number of methanotrophs 

in only one enrichment culture. NMS (1:20) and NMS (1:5) pH 6 were effective in landfill 

enrichments, whereas NaHCO3  and 1% O2 were effective in duckpond enrichments (Figures 

1,2,3,4).  Almost all the cultivable methanotrophic OTUs were present in NaHCO3 media 
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possibly due to its pH buffering effect in the enrichment media (Valença et al., 2021). pH buffers 

like phosphate and HEPES buffers are used in the enrichment media while cultivating 

methanotrophs (Rahalkar et al., 2021). NaHCO3 could also be a potential source of CO2 which 

might be utilized by the aerobic methanotrophs in the enrichment cultures (Acha et al., 2002). 

Optimum pH is important for the growth of methanotrophs in enrichment cultures. NMS (1:5) 

media at a lower pH of 4.8 has been used to isolate type I and II methanotrophs from landfill soil 

(Wise et al., 1999). We have also observed a higher number of type I and II methanotrophic 

OTUs at pH 6-7 in landfill enrichments relative to pH 8 (Figure 1,2). In duckpond samples as 

well, we have observed the influence of pH on the number of methanotrophic OTUs where 

methanotrophs are more in pH 7 (11/12 OTUs) compared to pH 6 and 8 (6/12 OTUs) (Figures 

2,4). Multiple studies have isolated various methanotrophs from lake water/sediment and 

wetland environments using NMS at pH 6.8 (Auman et al., 2000; Rahalkar et al., 2021; 

Stępniewska et al., 2017; Whittenbury et al., 1970).  

 Here, we observed that the addition of catalase had a big effect on the composition of the 

methanotrophic community in the enrichment cultures. Catalase media had the lowest number of 

methanotrophic OTUs in duckpond cultures, with Methylomonas being the only methanotrophic 

OTU present (Figure 3,4). Catalase is used as a defense mechanism by bacteria to overcome 

oxidative stress (Zámocký et al., 2012). Catalase has been previously observed in a range of 

methanotrophs and methylotrophs (Nguyen et al., 2019; Waturangi et al., 2011). Work in our lab 

observed an increased methane oxidation rate by Methylomonas in the presence of 20µg/mL 

catalase compared to no catalase (unpublished data). In duckpond cultures, Methylomonas was 

the only methanotroph shown to be growing with two methylotrophs (Figure 3, 4). This suggests 



33 
 

that Methylomonas in the presence of catalase outcompetes other methanotrophs in enrichment 

culture, perhaps with accompanied nutrient sharing.   

 AMS media had the lowest initial methane oxidation rate in the enrichments cultures 

(supplement Figure 1.1, 1.2). Although it appeared to have the slowest growth rate, it did not 

affect the composition of the methanotrophic community in the enrichment cultures much (all 

five methanotrophic genera were present) (Figure 1,2,3,4). In the past  AMS media has been 

used to cultivate methanotrophs (Whittenbury et al., 1970). Methanotrophs like Methylocystis, 

Methylosinus, Methylomicrobium, and Methylomonas have been shown to oxidize methane while 

using ammonium as their nitrogen source (Tays et al., 2018).  

 Soil extract enrichment medium was prepared to grow methanotrophs found in the 

natural habitats by providing them with the necessary growth factors and micronutrients present 

in the soil (Atlas, 2010). Soil extract medium has been used to study the composition of 

methanogenic and methanotrophic communities in the rhizosphere (Rzehak et al., 2022) and the 

bacterial community composition in alpine soil (Lipson and Schmidt, 2004). Soil extract was 

used to cultivate soil bacteria that preferred oligotrophic conditions and soil-borne micronutrients 

which led to a relatively higher abundance of cultivable microbes compared to other media used 

(Rzehak et al., 2022). We were able to see the presence of all the cultivated methanotrophic 

OTUs from different genera (Figure 1,2,3,4).  

In duckpond cultures, there was a higher number of methanotrophic OTUs in lower 

oxygen concentrations. Similar preferences for microaerobic environments (3-5% O2) by 

methanotrophs were observed in a study done on groundwater methanotrophic-heterotrophic 

community (Hršak and Begonja, 2000). There was suppressed growth of heterotrophs and a 

significantly higher proportion of methanotrophs (90%) in microaerobic environments 
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suggesting that there might be competition for oxygen between heterotrophs and methanotrophs 

(Hršak and Begonja, 2000). Methanotrophs have been cultivated and isolated widely in 

microaerobic conditions from soil and aquatic environments (Kalyuzhnaya et al., 2013; Knief, 

2015; Rissanen et al., 2021; Walkiewicz et al., 2018). It has been argued that some 

methanotrophs (Methylobacter) possess a high affinity cytochrome which allows them to oxidize 

methane at very low oxygen levels (Skennerton et al., 2015; Smith et al., 2018).  

 The Faith’s Phylogenetic diversity (PD) of methanotrophs was determined in the 

enrichment cultures using pmoA gene analysis. There was no significant difference found in the 

PD between the different enrichment media (Figure 11,12). It has been observed that the 

phylogenetic diversity of cultivable methanotrophs measured using pmoA gene is limited to just 

less than 3% of the total pmoA sequences in the Genbank database. Apart from around 20 

sequences, the rest of them are mostly attributed to the known genera Methylocystis, 

Methylosinus, Methylomonas, Methylobacter, Methylocaldum, or Methylomicrobium (Knief, 

2015). Due to the limited reference sequences available, the methanotrophic OTUs in the 

different media types used here were assigned to just two families of methanotrophs 

(Methylococcaceae and Methylocystaceae)  divided into 3 main groups in the phylogenetic tree ( 

Figure 7, 9). This resulted in similar branch length of the methanotrophic OTUs, leading to a less 

phylogenetic difference between the groups as Faith’s PD is calculated using the sum of branch 

length (Faith, 1992).  

The methanotrophic OTUs found in both sets of cultures were phylogenetically similar 

except for the fact that the Methylomonas OTU was only present in duckpond cultures (Figure 

9,10). This might have resulted in duckpond cultures being slightly more diverse (lower p value) 

than landfill cultures (Figure 11,12). Some of the PD data supports our methanotrophic OTU  
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abundance analysis in different media. We see relatively higher PD value in duckpond cultures 

for NMS (1:5) – NMS pH 7, 1% O2, and NaHCO3 compared to media with less abundant OTUs 

like catalase and 20% O2 (Figure 12). We see a similar pattern with landfill data as there is 

relatively less difference in PD values, just like the methanotrophic OTU abundance analysis 

(Figure 11).  

 In conclusion, our study found that the use of different media types has an effect on the 

methane oxidate activity of the methanotrophs and their relative abundance in the enrichment 

cultures. This study encourages further investigation into the influence of media type on the 

enrichment of diverse methanotrophs. Further study should be done to understand better the 

relationship between the cultivable methanotrophs (Type Ia and II) and non-cultivable (Type Ib). 

More enrichment studies should be done to examine the relationship between methanotrophs and 

heterotrophs. 

 

 

 

 

 

 

 



36 
 

REFERENCES 

Acha, V., Alba, J., Thalasso, F., 2002. The absolute requirement for carbon dioxide for aerobic 

methane oxidation by a methanotrophic-heterotrophic soil community of bacteria. 

Biotechnology Letters 24, 675–679. https://doi.org/10.1023/A:1015265530501 

Anthony, C., 1982. The biochemistry of methylotrophs. Academic Press, London ; New York. 

Atlas, R.M., 2010. Handbook of microbiological media, 4th ed. ed. ASM Press ; CRC 

Press/Taylor & Francis, Washington, D.C. : Boca Raton, FL. 

Auman, A.J., Stolyar, S., Costello, A.M., Lidstrom, M.E., 2000. Molecular Characterization of 

Methanotrophic Isolates from Freshwater Lake Sediment. Appl Environ Microbiol 66, 

5259–5266. https://doi.org/10.1128/AEM.66.12.5259-5266.2000 

Bowman, J.P., 2016. Methylomonas, in: Whitman, W.B., Rainey, F., Kämpfer, P., Trujillo, M., 

Chun, J., DeVos, P., Hedlund, B., Dedysh, S. (Eds.), Bergey’s Manual of Systematics of 

Archaea and Bacteria. John Wiley & Sons, Ltd, Chichester, UK, pp. 1–11. 

https://doi.org/10.1002/9781118960608.gbm01183.pub2 

Bussmann, I., Pester, M., Brune, A., Schink, B., 2004. Preferential cultivation of type II 

methanotrophic bacteria from littoral sediments (Lake Constance). FEMS Microbiology 

Ecology 47, 179–189. https://doi.org/10.1016/S0168-6496(03)00260-5 

Chen, S., Chen, J., Chang, S., Yi, H., Huang, D., Xie, S., Guo, Q., 2018. Aerobic and anaerobic 

methanotrophic communities in urban landscape wetland. Appl Microbiol Biotechnol 

102, 433–445. https://doi.org/10.1007/s00253-017-8592-y 

Conrad, R., 2009. The global methane cycle: recent advances in understanding the microbial 

processes involved: Global methane cycle. Environmental Microbiology Reports 1, 285–

292. https://doi.org/10.1111/j.1758-2229.2009.00038.x 

Danilova, O.V., Dedysh, S.N., 2014. Abundance and diversity of methanotrophic 

Gammaproteobacteria in northern wetlands. Microbiology 83, 67–76. 

https://doi.org/10.1134/S0026261714020040 

Dedysh, S.N., Knief, C., 2018. Diversity and Phylogeny of Described Aerobic Methanotrophs, 

in: Kalyuzhnaya, M.G., Xing, X.-H. (Eds.), Methane Biocatalysis: Paving the Way to 

Sustainability. Springer International Publishing, Cham, pp. 17–42. 

https://doi.org/10.1007/978-3-319-74866-5_2 

Faith, D.P., 1992. Conservation evaluation and phylogenetic diversity. Biological Conservation 

61, 1–10. https://doi.org/10.1016/0006-3207(92)91201-3 

Gebert, J., Singh, B.K., Pan, Y., Bodrossy, L., 2009. Activity and structure of methanotrophic 

communities in landfill cover soils: Activity and structure of methanotrophic 

communities. Environmental Microbiology Reports 1, 414–423. 

https://doi.org/10.1111/j.1758-2229.2009.00061.x 



37 
 

Gęsicka, A., Oleskowicz-Popiel, P., Łężyk, M., 2021. Recent trends in methane to bioproduct 

conversion by methanotrophs. Biotechnology Advances 53, 107861. 

https://doi.org/10.1016/j.biotechadv.2021.107861 

Ghashghavi, M., Belova, S.E., Bodelier, P.L.E., Dedysh, S.N., Kox, M.A.R., Speth, D.R., 

Frenzel, P., Jetten, M.S.M., Lücker, S., Lüke, C., 2019. Methylotetracoccus oryzae Strain 

C50C1 Is a Novel Type Ib Gammaproteobacterial Methanotroph Adapted to Freshwater 

Environments. mSphere 4, e00631-18. https://doi.org/10.1128/mSphere.00631-18 

Graham, DavidW., Chaudhary, JayeshA., Hanson, RichardS., Arnold, RobertG., 1993. Factors 

affecting competition between type I and type II methanotrophs in two-organism, 

continuous-flow reactors. Microb Ecol 25. https://doi.org/10.1007/BF00182126 

Guerrero-Cruz, S., Cremers, G., Van Alen, T.A., Op Den Camp, H.J.M., Jetten, M.S.M., 

Rasigraf, O., Vaksmaa, A., 2018. Response of the Anaerobic Methanotroph “ Candidatus 

Methanoperedens nitroreducens” to Oxygen Stress. Appl Environ Microbiol 84, e01832-

18. https://doi.org/10.1128/AEM.01832-18 

Guerrero-Cruz, S., Vaksmaa, A., Horn, M.A., Niemann, H., Pijuan, M., Ho, A., 2021. 

Methanotrophs: Discoveries, Environmental Relevance, and a Perspective on Current and 

Future Applications. Front. Microbiol. 12, 678057. 

https://doi.org/10.3389/fmicb.2021.678057 

Han, D., Dedysh, S.N., Liesack, W., 2018. Unusual Genomic Traits Suggest Methylocystis 

bryophila S285 to Be Well Adapted for Life in Peatlands. Genome Biology and 

Evolution 10, 623–628. https://doi.org/10.1093/gbe/evy025 

Hanson, R.S., Hanson, T.E., 1996. Methanotrophic bacteria. Microbiol Rev 60, 439–471. 

https://doi.org/10.1128/mr.60.2.439-471.1996 

Heyer, J., Berger, U., Hardt, M., Dunfield, P.F., 2005. Methylohalobius crimeensis gen. nov., sp. 

nov., a moderately halophilic, methanotrophic bacterium isolated from hypersaline lakes 

of Crimea. International Journal of Systematic and Evolutionary Microbiology 55, 1817–

1826. https://doi.org/10.1099/ijs.0.63213-0 

Ho, A., De Roy, K., Thas, O., De Neve, J., Hoefman, S., Vandamme, P., Heylen, K., Boon, N., 

2014. The more, the merrier: heterotroph richness stimulates methanotrophic activity. 

ISME J 8, 1945–1948. https://doi.org/10.1038/ismej.2014.74 

Hoefman, S., Van Der Ha, D., Iguchi, H., Yurimoto, H., Sakai, Y., Boon, N., Vandamme, P., 

Heylen, K., De Vos, P., 2014. Methyloparacoccus murrellii gen. nov., sp. nov., a 

methanotroph isolated from pond water. International Journal of Systematic and 

Evolutionary Microbiology 64, 2100–2107. https://doi.org/10.1099/ijs.0.057760-0 

Hršak, D., Begonja, A., 2000. Possible Interactions within a Methanotrophic-Heterotrophic 

Groundwater Community Able To Transform Linear Alkylbenzenesulfonates. Appl 

Environ Microbiol 66, 4433–4439. https://doi.org/10.1128/AEM.66.10.4433-4439.2000 



38 
 

Islam, T., Gessesse, A., Garcia-Moyano, A., Murrell, J.C., Øvreås, L., 2020. A Novel 

Moderately Thermophilic Type Ib Methanotroph Isolated from an Alkaline Thermal 

Spring in the Ethiopian Rift Valley. Microorganisms 8, 250. 

https://doi.org/10.3390/microorganisms8020250 

Kalyuzhnaya, M.G., Yang, S., Rozova, O.N., Smalley, N.E., Clubb, J., Lamb, A., Gowda, 

G.A.N., Raftery, D., Fu, Y., Bringel, F., Vuilleumier, S., Beck, D.A.C., Trotsenko, Y.A., 

Khmelenina, V.N., Lidstrom, M.E., 2013. Highly efficient methane biocatalysis revealed 

in a methanotrophic bacterium. Nat Commun 4, 2785. 

https://doi.org/10.1038/ncomms3785 

Khanongnuch, R., Mangayil, R., Svenning, M.M., Rissanen, A.J., 2022. Characterization and 

genome analysis of a psychrophilic methanotroph representing a ubiquitous 

Methylobacter spp. cluster in boreal lake ecosystems. ISME COMMUN. 2, 85. 

https://doi.org/10.1038/s43705-022-00172-x 

Kim, J.-G., Park, S.-J., Sinninghe Damsté, J.S., Schouten, S., Rijpstra, W.I.C., Jung, M.-Y., Kim, 

S.-J., Gwak, J.-H., Hong, H., Si, O.-J., Lee, S., Madsen, E.L., Rhee, S.-K., 2016. 

Hydrogen peroxide detoxification is a key mechanism for growth of ammonia-oxidizing 

archaea. Proc. Natl. Acad. Sci. U.S.A. 113, 7888–7893. 

https://doi.org/10.1073/pnas.1605501113 

King, G.M., Schnell, S., 1994. Ammonium and Nitrite Inhibition of Methane Oxidation by 

Methylobacter albus BG8 and Methylosinus trichosporium OB3b at Low Methane 

Concentrations. Appl Environ Microbiol 60, 3508–3513. 

https://doi.org/10.1128/aem.60.10.3508-3513.1994 

Knief, C., 2015. Diversity and Habitat Preferences of Cultivated and Uncultivated Aerobic 

Methanotrophic Bacteria Evaluated Based on pmoA as Molecular Marker. Front. 

Microbiol. 6. https://doi.org/10.3389/fmicb.2015.01346 

Kong, J.-Y., Su, Y., Zhang, Q.-Q., Bai, Y., Xia, F.-F., Fang, C.-R., He, R., 2013. Vertical 

profiles of community and activity of methanotrophs in landfill cover soils of different 

age. J Appl Microbiol 115, 756–765. https://doi.org/10.1111/jam.12263 

Krause, S.M.B., Johnson, T., Samadhi Karunaratne, Y., Fu, Y., Beck, D.A.C., Chistoserdova, L., 

Lidstrom, M.E., 2017. Lanthanide-dependent cross-feeding of methane-derived carbon is 

linked by microbial community interactions. Proc Natl Acad Sci U S A 114, 358–363. 

https://doi.org/10.1073/pnas.1619871114 

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: Molecular Evolutionary 

Genetics Analysis across Computing Platforms. Molecular Biology and Evolution 35, 

1547–1549. https://doi.org/10.1093/molbev/msy096 

Lee, E.-H., 2011. Characterization of Methane Oxidation by a Methanotroph Isolated from a 

Landfill Cover Soil, South Korea. J. Microbiol. Biotechnol. 21, 753–756. 

https://doi.org/10.4014/jmb.1102.01055 



39 
 

Li, C., Hambright, K.D., Bowen, H.G., Trammell, M.A., Grossart, H., Burford, M.A., Hamilton, 

D.P., Jiang, H., Latour, D., Meyer, E.I., Padisák, J., Zamor, R.M., Krumholz, L.R., 2021. 

Global co‐occurrence of methanogenic archaea and methanotrophic bacteria in 

Microcystis aggregates. Environmental Microbiology 23, 6503–6519. 

https://doi.org/10.1111/1462-2920.15691 

Lidstrom, M.E., 1988. Isolation and characterization of marine methanotrophs. Antonie van 

Leeuwenhoek 54, 189–199. https://doi.org/10.1007/BF00443577 

Lieberman, R.L., Shrestha, D.B., Doan, P.E., Hoffman, B.M., Stemmler, T.L., Rosenzweig, 

A.C., 2003. Purified particulate methane monooxygenase from Methylococcus capsulatus 

(Bath) is a dimer with both mononuclear copper and a copper-containing cluster. Proc. 

Natl. Acad. Sci. U.S.A. 100, 3820–3825. https://doi.org/10.1073/pnas.0536703100 

Lindner, A.S., Pacheco, A., Aldrich, H.C., Costello Staniec, A., Uz, I., Hodson, D.J., 2007. 

Methylocystis hirsuta sp. nov., a novel methanotroph isolated from a groundwater 

aquifer. International Journal of Systematic and Evolutionary Microbiology 57, 1891–

1900. https://doi.org/10.1099/ijs.0.64541-0 

Lipson, D.A., Schmidt, S.K., 2004. Seasonal Changes in an Alpine Soil Bacterial Community in 

the Colorado Rocky Mountains. Appl Environ Microbiol 70, 2867–2879. 

https://doi.org/10.1128/AEM.70.5.2867-2879.2004 

Meruvu, H., Wu, H., Jiao, Z., Wang, L., Fei, Q., 2020. From nature to nurture: Essence and 

methods to isolate robust methanotrophic bacteria. Synthetic and Systems Biotechnology 

5, 173–178. https://doi.org/10.1016/j.synbio.2020.06.007 

Miyadera, T., Kojima, H., Fukui, M., 2021. Methyloradius palustris gen. nov., sp. nov., a 

methanol-oxidizing bacterium isolated from snow. Arch Microbiol 203, 5715–5721. 

https://doi.org/10.1007/s00203-021-02559-1 

Mo, Y., Qi, X., Li, A., Zhang, X., Jia, Z., 2020. Active Methanotrophs in Suboxic Alpine Swamp 

Soils of the Qinghai–Tibetan Plateau. Front. Microbiol. 11, 580866. 

https://doi.org/10.3389/fmicb.2020.580866 

Nguyen, A.D., Kim, D., Lee, E.Y., 2019. A comparative transcriptome analysis of the novel 

obligate methanotroph Methylomonas sp. DH-1 reveals key differences in transcriptional 

responses in C1 and secondary metabolite pathways during growth on methane and 

methanol. BMC Genomics 20, 130. https://doi.org/10.1186/s12864-019-5487-6 

Rahalkar, M., Deutzmann, J., Schink, B., Bussmann, I., 2009. Abundance and Activity of 

Methanotrophic Bacteria in Littoral and Profundal Sediments of Lake Constance 

(Germany). Appl Environ Microbiol 75, 119–126. https://doi.org/10.1128/AEM.01350-

08 

Rahalkar, M.C., Khatri, K., Pandit, P., Bahulikar, R.A., Mohite, J.A., 2021. Cultivation of 

Important Methanotrophs From Indian Rice Fields. Front. Microbiol. 12, 669244. 

https://doi.org/10.3389/fmicb.2021.669244 



40 
 

Rissanen, A.J., Saarela, T., Jäntti, H., Buck, M., Peura, S., Aalto, S.L., Ojala, A., Pumpanen, J., 

Tiirola, M., Elvert, M., Nykänen, H., 2021. Vertical stratification patterns of 

methanotrophs and their genetic controllers in water columns of oxygen-stratified boreal 

lakes. FEMS Microbiology Ecology 97, fiaa252. https://doi.org/10.1093/femsec/fiaa252 

Rzehak, T., Praeg, N., Illmer, P., 2022. A standardized and miniaturized method to investigate 

rhizosphere microorganisms, with a focus on methanogenic archaea and methanotrophic 

bacteria. Pedobiologia 90, 150775. https://doi.org/10.1016/j.pedobi.2021.150775 

Sandford, P.A., Laskin, A. (Eds.), 1977. Extracellular Microbial Polysaccharides, ACS 

Symposium Series. AMERICAN CHEMICAL SOCIETY, WASHINGTON, D. C. 

https://doi.org/10.1021/bk-1977-0045 

Schmitz, R.A., Mohammadi, S.S., Van Erven, T., Berben, T., Jetten, M.S.M., Pol, A., Op Den 

Camp, H.J.M., 2022. Methanethiol Consumption and Hydrogen Sulfide Production by 

the Thermoacidophilic Methanotroph Methylacidiphilum fumariolicum SolV. Front. 

Microbiol. 13, 857442. https://doi.org/10.3389/fmicb.2022.857442 

Schmitz, R.A., Pol, A., Mohammadi, S.S., Hogendoorn, C., Van Gelder, A.H., Jetten, M.S.M., 

Daumann, L.J., Op Den Camp, H.J.M., 2020. The thermoacidophilic methanotroph 

Methylacidiphilum fumariolicum SolV oxidizes subatmospheric H2 with a high-affinity, 

membrane-associated [NiFe] hydrogenase. ISME J 14, 1223–1232. 

https://doi.org/10.1038/s41396-020-0609-3 

Scott C. Christenson, Isabelle M. Cozzarelli, 2003. THE NORMAN LANDFILL 

ENVIRONMENTAL RESEARCH SITE WHAT HAPPENS TO THE WASTE IN 

LANDFILLS? 

Skennerton, C.T., Ward, L.M., Michel, A., Metcalfe, K., Valiente, C., Mullin, S., Chan, K.Y., 

Gradinaru, V., Orphan, V.J., 2015. Genomic Reconstruction of an Uncultured 

Hydrothermal Vent Gammaproteobacterial Methanotroph (Family Methylothermaceae) 

Indicates Multiple Adaptations to Oxygen Limitation. Front. Microbiol. 6. 

https://doi.org/10.3389/fmicb.2015.01425 

Smith, G.J., Angle, J.C., Solden, L.M., Borton, M.A., Morin, T.H., Daly, R.A., Johnston, M.D., 

Stefanik, K.C., Wolfe, R., Gil, B., Wrighton, K.C., 2018. Members of the Genus 

Methylobacter Are Inferred To Account for the Majority of Aerobic Methane Oxidation 

in Oxic Soils from a Freshwater Wetland. mBio 9, e00815-18. 

https://doi.org/10.1128/mBio.00815-18 

Stępniewska, Z., Goraj, W., Kuźniar, A., Łopacka, N., Małysza, M., 2017. Enrichment culture 

and identification of endophytic methanotrophs isolated from peatland plants. Folia 

Microbiol 62, 381–391. https://doi.org/10.1007/s12223-017-0508-9 

Su, Y., Zhang, X., Xia, F.-F., Zhang, Q.-Q., Kong, J.-Y., Wang, J., He, R., 2014. Diversity and 

activity of methanotrophs in landfill cover soils with and without landfill gas recovery 

systems. Systematic and Applied Microbiology 37, 200–207. 

https://doi.org/10.1016/j.syapm.2013.10.005 



41 
 

Takeuchi, M., Ozaki, H., Hiraoka, S., Kamagata, Y., Sakata, S., Yoshioka, H., Iwasaki, W., 

2019. Possible cross-feeding pathway of facultative methylotroph Methyloceanibacter 

caenitepidi Gela4 on methanotroph Methylocaldum marinum S8. PLoS ONE 14, 

e0213535. https://doi.org/10.1371/journal.pone.0213535 

Tays, C., Guarnieri, M.T., Sauvageau, D., Stein, L.Y., 2018. Combined Effects of Carbon and 

Nitrogen Source to Optimize Growth of Proteobacterial Methanotrophs. Front. Microbiol. 

9, 2239. https://doi.org/10.3389/fmicb.2018.02239 

USEPA, 2021. Overview of Greenhouse Gases. United States Environmental Protection Agency. 

Valença, R.B., Santos, L.A.D., Firmo, A.L.B., Silva, L.C.S.D., Lucena, T.V.D., Santos, 

A.F.D.M.S., Jucá, J.F.T., 2021. Influence of sodium bicarbonate (NaHCO3) on the 

methane generation potential of organic food waste. Journal of Cleaner Production 317, 

128390. https://doi.org/10.1016/j.jclepro.2021.128390 

Van Grinsven, S., Sinninghe Damsté, J.S., Harrison, J., Polerecky, L., Villanueva, L., 2021. 

Nitrate promotes the transfer of methane‐derived carbon from the methanotroph 

Methylobacter sp. to the methylotroph Methylotenera sp. in eutrophic lake water. 

Limnology & Oceanography 66, 878–891. https://doi.org/10.1002/lno.11648 

Walkiewicz, A., Brzezińska, M., Bieganowski, A., 2018. Methanotrophs are favored under 

hypoxia in ammonium-fertilized soils. Biol Fertil Soils 54, 861–870. 

https://doi.org/10.1007/s00374-018-1302-9 

Wang, J., Wang, C., Chu, Y.-X., Tian, G., He, R., 2023. Characterization of methanotrophic 

community and activity in landfill cover soils under dimethyl sulfide stress. Waste 

Management 161, 263–274. https://doi.org/10.1016/j.wasman.2023.02.017 

Wang, J., Xia, F.-F., Bai, Y., Fang, C.-R., Shen, D.-S., He, R., 2011. Methane oxidation in 

landfill waste biocover soil: Kinetics and sensitivity to ambient conditions. Waste 

Management 31, 864–870. https://doi.org/10.1016/j.wasman.2011.01.026 

Wang, M., Wang, C., Lan, X., Abid, A.A., Xu, X., Singla, A., Sardans, J., Llusià, J., Peñuelas, J., 

Wang, W., 2020. Coupled steel slag and biochar amendment correlated with higher 

methanotrophic abundance and lower CH4 emission in subtropical paddies. Environ 

Geochem Health 42, 483–497. https://doi.org/10.1007/s10653-019-00378-4 

Waturangi, D.E., Nicholas, C.D., Susanto, C.O., Suhartono, M.T., 2011. Isolation and 

Identification of Methylotrophic Bacteria Producing Methanol Dehydrogenase from 

Human Feet and Mouth. HAYATI Journal of Biosciences 18, 11–15. 

https://doi.org/10.4308/hjb.18.1.11 

Whittenbury, R., Phillips, K.C., Wilkinson, J.F., 1970. Enrichment, Isolation and Some 

Properties of Methane-utilizing Bacteria. Journal of General Microbiology 61, 205–218. 

https://doi.org/10.1099/00221287-61-2-205 



42 
 

Wise, M.G., McArthur, J.V., Shimkets, L.J., 1999. Methanotroph Diversity in Landfill Soil: 

Isolation of Novel Type I and Type II Methanotrophs Whose Presence Was Suggested by 

Culture-Independent 16S Ribosomal DNA Analysis. Appl Environ Microbiol 65, 4887–

4897. https://doi.org/10.1128/AEM.65.11.4887-4897.1999 

Yang, S., Wen, X., Liebner, S., 2016. pmoA gene reference database (fasta-formatted sequences 

and taxonomy). https://doi.org/10.5880/GFZ.5.3.2016.001 

Yang, Y., Tong, T., Chen, J., Liu, Y., Xie, S., 2020. Ammonium Impacts Methane Oxidation and 

Methanotrophic Community in Freshwater Sediment. Front. Bioeng. Biotechnol. 8, 250. 

https://doi.org/10.3389/fbioe.2020.00250 

Yun, J., Zhang, H., Deng, Y., Wang, Y., 2015. Aerobic Methanotroph Diversity in Sanjiang 

Wetland, Northeast China. Microb Ecol 69, 567–576. https://doi.org/10.1007/s00248-

014-0506-2 

Zámocký, M., Gasselhuber, B., Furtmüller, P.G., Obinger, C., 2012. Molecular evolution of 

hydrogen peroxide degrading enzymes. Archives of Biochemistry and Biophysics 525, 

131–144. https://doi.org/10.1016/j.abb.2012.01.017 

Zhang, X., Kong, J.-Y., Xia, F.-F., Su, Y., He, R., 2014. Effects of ammonium on the activity 

and community of methanotrophs in landfill biocover soils. Systematic and Applied 

Microbiology 37, 296–304. https://doi.org/10.1016/j.syapm.2014.03.003 

 

 

 

 

 

 

 

 

 



43 
 

SUPPLEMENTAL DATA 

 

Figure 1.1 The initial time taken by the different Norman landfill enrichment cultures to deplete 

2% methane from the headspace. This methane oxidation data was taken from 10-7 dilution.  2 % 

methane was depleted from every enrichment culture apart from the 20% O2 (not shown) 

concentration in the headspace. Kruskal-Wallis test (multiple comparison) p = 0.002694, 

H=25.26, priori power = 0.7781(medium). 
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Figure 1.2 The initial time taken by the different OU duckpond enrichment cultures to deplete 

2% methane from the headspace. This methane oxidation data was taken from 10-6 dilution.  2 % 

methane was depleted from every enrichment culture. Kruskal-Wallis test (multiple comparison) 

p = 0.002492, H=27.12, priori power = 0.7781(medium). 

 

 

 


