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Abstract

Methane (CHa4) plays a critical role in the global carbon cycle, being a significant greenhouse
gas with negative environmental impacts. This study investigates the ecological and metabolic
characteristics of methanotrophs, bacteria capable of utilizing CH4 as their sole energy and
carbon source. The families Methylococcaceae, Methylocystaceae, and Beijerinckiaceae are

discussed, along with their distinct characteristics and habitats.

The study also delves into cytoplasmic soluble methane monooxygenase (SMMO), an enzyme
responsible for CH4 oxidation. Bioinformatic tools and approaches, including the NCBI
database, sequence alignment, phylogenetic trees, primer design, and HMM models, are
employed to analyse genetic relationships and design specific primers for mmoX genes in
methanotrophs with sMMO. The study reveals the genetic diversity of mmoX genes within

bacterial families, providing valuable insights for future ecological studies.

Comparative analysis of genomes retrieved from the Metagenome-Assembled Genomes
(MAGs) catalogue and the NCBI database shows discrepancies in database size and phyla
representation. The occurrence of SMMO in individual datasets is estimated. Due to its
cultivation-independent character, the MAGs catalogue offers a more diverse range of
methanotrophic taxa. At the same time, the NCBI database is comprehensive but may possess

biased representation due to well-studied model organisms.

Overall, this research enhances our understanding of the diversity of methanotrophs, and the
potential use of bioinformatic tools to analyse genetic data, contributing to a broader

knowledge of methanotrophs' diversity and ecological importance.
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1. Introduction

1.1. Methane and its Relevance in the Ecosystem
Playing a fundamental role in the global carbon cycle, methane (CH4) is an essential energy
source for several microbial taxa and an important greenhouse gas. The production of CH41s
achieved by methanogenesis, a microbial process that occurs in wetlands, rice paddies, the
digestive tracts of termites and other animals, and other anoxic systems. In these habitats it is
produced by specialized microbes called methanogens and represents the end-product of the
anaerobic decomposition of organic matter. Methanotrophs oxidize CHg, they are bacteria able
to use CH4 as an energy and carbon source. Despite its significance, accurately determining

the global CH4 budget remains challenging due to uncertainties surrounding its sources and

sinks (Lee, 2019).

Increased CHy4 levels, for example, cannot fully be explained by increased emissions from
wetlands. Warmer weather conditions leading to reduced hydroxyl radical (OH)
concentrations in the atmosphere also contribute to a higher CH4 concentration (Peng et al.,
2022). Another study suggests that CH4 emissions from beech trees are likely due to CHa
production in stem tissues, not soil (Machacova et al., 2023). Including CH4 emissions from
beech trees in forest greenhouse gas inventories is crucial, as excluding them may overestimate

the CHy4 sink capacity of forest systems (Machacova et al., 2023).

By acting as a greenhouse gas, CH4 adds to climate change by trapping heat in the atmosphere
via radiative forcing. Since CH4 has an 84 times greater warming potential than CO> within

20 years, little changes in its concentration have dramatic effects (Zhang et al., 2023).

Wetlands, such as rice paddies, are known for their carbon-rich anoxic soils, making them the
primary source of atmospheric CHs. They emit a significant amount of CH4, ranging from
142-284 Tg annually. Methanotrophs can consume up to 50% of the CH4 produced in some
soils, and their activity helps to prevent CH4 from accumulating in the atmosphere (Kirschke

et al., 2013).

Marine ecosystems cover almost 70% of the Earth's surface, but only contribute a small
amount of CH4 to the atmosphere, with an average of 12 Tg CH4 per year (Lee, 2019). The
release of CH4 from aquatic systems involves various processes, such as diffusion, seepage,

resuspension, or bioturbation of the sediments. The production of CHgy typically occurs in



deposits or anoxic bottom water layers. Even oxic waters can be supersaturated with CH4 (Lee,

2019).

In contrast, freshwater ecosystems, which comprise about 4% of the Earth's surface, can
contribute up to 100 Tg CH4 per year (Lee, 2019). Lakes specifically have a significant impact
on the global CH4 budget, contributing 6-16% to the total. As a result, they have been the

subject of extensive research on CHs4 dynamics among freshwater systems (Tang et al., 2016).

Understanding the sources and sinks of CH4 and developing strategies to reduce their
emissions is crucial to mitigate the negative impacts of this vital gas on the environment (Lee,

2019).

1.2. Methanotroph Ecology and Metabolism
Methanotrophs are a unique group of bacteria that can use CHy as their only energy and carbon
source (Op den Camp et al., 2009). Aerobic methanotrophs are found in habitats where CH4
and oxygen are available. They belong to the bacterial phyla Proteobacteria,
Verrucomicrobia, and Methylomirabilota, formerly candidate division NC10, and
Actinobacteria. Notably, the first description of an aerobic methanotroph of the phylum
Actinobacteria was published after the work for this thesis had been conducted (van Spanning
et al., 2022). Therefore, the approach used in this thesis did not consider actinobacterial
methanotrophs. Most cultivated methanotrophs belong to the proteobacterial classes

Gammaproteobacteria and Alphaproteobacteria (Dedysh & Knief, 2018).

The oxidation of CH4 in methanotrophs begins with the conversion of CHs into methanol by
the methane monooxygenase (MMO) enzyme. Methanotrophs can express two types of
MMO: the soluble methane monooxygenase (sMMO), found within the cytoplasm, and the
particulate methane monooxygenase (pMMO), which is connected with the membrane. In the
next step, CH4 is oxidized to formaldehyde, which can be assimilated or oxidized to carbon

dioxide by different pathways.

Methanotrophs can fix carbon using either the ribulose monophosphate (RuMP) cycle or the
serine cycle, dividing them into type I and type II methanotrophs. Methanotrophs of type I
(Gammaproteobacteria) use the RuMP cycle, while type II methanotrophs
(Alphaproteobacteria) utilize the serine cycle. There is also an independent group called type
X, which combines characteristics of types I and II (Ggsicka et al., 2021). Methanotrophs

exhibit variations in the location of the intracytoplasmic membrane, the ability to fix nitrogen,



and significant phospholipid fatty acids, contributing to their classification and diversity

(Knief, 2015).

1.2.1. Family Methylococcaceae
The family Methylococcaceae belongs to the Gammaproteobacteria class. Methylococcaceae
methanotrophs, especially those of the genera Methylococcus and Methylocaldum, are
commonly found in habitats characterized by high CH4 concentrations and low oxygen levels.
These two genera also contain type X methanotrophs that prefer higher temperatures for
growth. Their habitats include peatlands, rice fields, and sediments of oxygen-limited marine

or freshwater ecosystems (Dedysh & Knief, 2018).

The genus Methylococcus contains a species called Methylococcus capsulatus, a round-shaped
bacterium lacking flagella and capable of forming cysts (Bowman, 2006). M. capsulatus
possesses a Gram-negative cell envelope coated with a capsule made of exopolysaccharide,
leading to the aggregation of cells. Certain Methylococcus strains can utilize methylamine,
formate, or formamide as their sole carbon and energy sources. M. capsulatus has an oxygen-
sensitive nitrogenase enzyme, which enables it to assimilate atmospheric nitrogen. The
predominant fatty acids discovered in the Methylococcus species were identified as 16:0. The
primary coenzyme involved in respiration is 18-methylene-ubiquinone-8, also known as MQ-

8. They can tolerate higher temperatures, ranging from 40-50°C (Bowman, 2006).

Methylocaldum is a bacterial genus characterized by its ability to form motile, rod-like
coccoidal cells (Bowman, 2006). Some species of Methylocaldum can develop spherical cells
with Azotobacter-type cysts, and certain other species can form heat-resistant cysts
(Whittenbury et al., 1970). They possess Gram-negative cell walls. Members of the genus
Methylocaldum utilize nitrate or ammonia as nitrogen sources. Their fatty acid composition is
primarily composed of 16:0, 16:1w7c. Additionally, the primary respiratory quinone is MQ-
8. Methylocaldum strains display a wide range of growth temperatures, from mesophilic to

thermophilic, with optimal conditions varying between 20°C-55°C. (Bowman, 2006).

Methylomagnum ishizawai is the only cultured species in the genus Methylomagnum. Its cells
are motile rods with a single polar flagellum and exhibit the typical intracytoplasmic
membrane systems found in type I methanotrophs, forming bundles of membrane vesicles.
These bacteria rely exclusively on CH4 or methanol as their carbon and energy source and can

utilize various nitrogen sources except nitrogen gas. The prominent fatty acids in the cells are



C16:1v7c, C16:0, and C14:0. The primary respiratory quinone detected is MQ-8. M. ishizawai
is classified as neutrophilic, non-thermotolerant, and mesophilic. It thrives optimally at

temperatures between 31-33°C and in a pH range of 6.8—7.4. (Khalifa et al., 2015).

Members of the genus Methylomicrobium are short rods that can exist singly or in pairs
(Bowman, 2006). These organisms are capable of movement and possess one polar flagellum.
They have a Gram-negative cell wall enclosed by a slimy capsule. Although
Methylomicrobium strains cannot form cysts to overcome harsh conditions, they contain the
energy storage compounds poly-B-hydroxybutyrate and polyphosphate granules, which aid in
surviving during substrate limitation. They primarily utilize CH4 or methanol as their carbon
and energy sources. They can use nitrate and ammonia salts, casamino acids, yeast extract,
and various amino acids as nitrogen sources. The most prevalent fatty acids of the
Methylomicrobium species are 16:1m5¢, 16:1w5t, 16:1®w8¢, 16:1w7c, and 16:0. The primary
respiratory quinone identified in these species is MQ-8. Methylomicrobium species prefer
mesophilic conditions, with optimal growth temperatures ranging from 10-30°C. Their growth

thrives within a pH range of 6.0-9.0 (Bowman, 2006).

The genus Methylovulum contains aerobic members, which are nonmotile coccoids or short
rods (Iguchi et al., 2016). Their colonies have a pale brown colour, a convex and smooth
appearance, and lack cyst formation. They possess distinctive disk-shaped membrane vesicles
and are classified as type I methanotrophs. These bacteria are obligate methanotrophs, relying
solely on CH4 and methanol as their carbon and energy sources, unable to utilize multicarbon
compounds. Nitrate, ammonium salts, and glutamine are nitrogen sources for Methylovulum
species (Iguchi et al., 2016). The fatty acid composition of Methylovulum miyakonense cells
includes 14:0, 16:1w8c, 17:0, and 17:1w6¢ (Bussmann et al., 2021). Ubiquinone Q8 is the only
quinone in the respiratory system (Deutzmann et al., 2014). They thrive in neutral pH
conditions, with optimal growth at 25-30°C. They also tolerate lower temperatures, down to

5°C (Iguchi et al., 2016).

1.2.2. Family Methylocystaceae
Methylocystaceae bacteria belong to the phylum Alphaproteobacteria. They are often found
in environments with moderate CH4 concentrations and higher oxygen levels than other

methanotrophs, such as forests, highlands, and agricultural systems (Dedysh & Knief, 2018).



The cells of Methylocystis strains are small, immotile, and have either a kidney bean or rod
shape (Bowman, 2006). Methylocystis strains depend exclusively on CH4 or methanol as their
carbon and energy source. These strains possess catalase, cytochrome c oxidase, and an
oxygen-sensitive nitrogenase enzyme for nitrogen fixation but thrive only under strict aerobic
conditions. Methylocystis species exhibit a fatty acid composition mainly composed of
18:1w8c, 18:1w7c, and 18:0. The predominant quinone is Q-8. Methylocystis strains prefer
mesophilic and neutrophilic environments, with optimal growth occurring at temperatures

between 25-35°C and pH levels ranging from 6.5-7.5 (Bowman, 2006).

The genus Methylosinus comprises two primary species: Methylosinus trichosporium and
Methylosinus sporium (Bowman, 2006). Both species share similar dimensions, ranging from
0.5-1.5 pm in width and 1.5-3 pym in length. However, they differ in shape, with M.
trichosporium exhibiting a pear-shaped rod-like morphology, while M. sporium has a curved
morphology. Methylosinus strains synthesize poly-B-hydroxybutyrate as a carbon reserve and
possess standard Gram-negative cell walls. These strains are strictly aerobic methanotrophs,
relying exclusively on CH4 or methanol as carbon and energy sources. They can perform
nitrogen fixation using an oxygen-sensitive nitrogenase enzyme. Methylosinus species have
phospholipid fatty acids predominantly composed of 18:1w8c, 18:1w7c, and 16:1w7c. The
primary quinone observed is Q-8. Methylosinus strains are mesophilic and neutrophilic, with

optimal growth at approximately 30°C and pH 6.5-7.0 (Bowman, 2006).

1.2.3. Family Beijerinckiaceae
The Beijerinckiaceae family of the phylum Alphaproteobacteria consists of Gram-negative
aerobic bacteria with a tolerance to moderate acidity (Dedysh et al., 2016). These bacteria
exhibit a wide range of metabolic capabilities. Methanotrophic members of this family are

found in acidic soil environments such as Sphagnum bogs, tundra wetlands, and forest soils

(Dedysh & Knief, 2018).

Methylocella bacteria are bipolar straight or curved rods that lack motility. Some species can
form cysts. They utilize various carbon energy sources, including acetate, pyruvate, succinate,
malate, propionate, and ethanol. Additionally, they possess the ability to fix nitrogen. The
primary fatty acid composition of Methylocella species includes 18:1w7c (Dedysh et al.,
2016). Methylocella palustris exhibits optimal growth within a pH range of 5.0-5.5, with an
optimal range of 15-20°C (Dedysh et al., 2000), similar to other species in this genus (Dedysh
et al., 2004).



Methyloferula spp. are rod-shaped bacteria that can be straight or curved, forming rosettes
(Dedysh et al., 2016). They lack mobility and do not produce cysts. These organisms rely
exclusively on CH4 or methanol as their carbon and energy sources. Additionally, they can fix
nitrogen (Dedysh et al., 2016). The primary fatty acids in Methyloferula species, like
Methyloferula stellata, consist of 18:1w7c, and their major quinone is Q-10. These organisms
are moderately acidophilic and mesophilic, capable of growth with an optimal pH of 4.8-5.2
and an optimum temperature of 20-23°C (Vorobeyv et al., 2011).

1.2.4. Family Mycobacteriaceae
Within the Actinobacteria genus, the Mycobacteriaceae family broadens the recognized scope
of methanotrophic growth, surpassing the boundaries of Proteobacteria and Verrucomicrobia.
Mycobacterium methanotrophicum was recognized as a CH4 consumer within this family
highlights its skill in utilizing CH4 aerobically and suggests the occurrence of similar species

in environments abundant in both CH4 and acidity (van Spanning et al., 2022).

1.3. Methane Monooxygenase and its Variants

As mentioned, the primary function of MMO is the selective oxidation of CH4 into methanol

(Samanta et al., 2022).

1.3.1. pMMO

The enzyme pMMO is membrane-bound and found in almost all aerobic methanotrophic
species except in strains from Methyloferula stellata (Haque et al., 2020) and the genus

Methylocella. These specific strains only contain sSMMO (Dedysh & Knief, 2018).

The functional pMMO enzyme comprises three subunits, in particular, PmoA, PmoB, and
PmoC. These subunits are designated as a, B, and y based on their decreasing molecular
weights. PmoB has a molecular weight of 45 kDa, PmoA has a molecular weight of 27 kDa,
and PmoC has a molecular weight of 23 kDa. While its primary substrate is CHs, pMMO

exhibits activity toward certain straight-chain hydrocarbons and linear alkenes (Lee, 2019).

The active sites within the pMMO enzyme are specific to the radius of the substrate, and there
is evidence of multiple binding sites within the monomeric subunits. The functional protein

pMMO requires binding three copper ions at the A, B, and C sites and one zinc ion at the C



site (Lee, 2019). The availability of copper ions plays a fundamental role in determining the
expression and use of pMMO or sMMO in methanotrophs that contain both enzymes. These
methanotrophs typically switch to sMMO under low copper availability. Additionally, the X-
ray structure of pMMO reveals an empty hydrophilic cavity referred to as the D site. This
cavity consists of specific amino acids from the PmoA and PmoC subunits and may have

functional implications which are not fully understood yet (Lee, 2019).

1.3.2. sMMO

The sMMO is a metalloenzyme in the cytoplasm (Gesicka et al., 2021) that utilizes a diiron
cluster in its active site to transform CH4 into methanol (Srinivas et al., 2020). The presence
of the sMMO enzyme has been confirmed in several methanotroph species. Methylococcus,
Methylovulum, Methylocaldum, Methylomicrobium, Methylomagnum, Methylocystis, and
Methylosinus are among the species that possess the sSMMO and pMMO enzymes. Notably,
the genus Methylocella and the species Methyloferula stellata exclusively rely on the sMMO
enzyme (Lee, 2019).

The sSsMMO enzyme relies on three vital components: the large hydroxylase (MMOH) with a
molecular weight of 251 kDa, the small regulatory protein (MMOB), with 15.9 kDa, and the
reductase (MMOR), with 37.8 kDa, which facilitates the catalytic activity. The relative
amounts of MMOB and MMOR bound to MMOH directly impact the enzyme's catalytic
efficiency and product distribution. MM OH and MMOB/MMOR interaction involves multiple

binding sites characterized by different dissociation constants (Lee, 2019).

MMOH, the most substantial constituent of sMMO, forms a homodimer that comprises a, [,
and y subunits. MMOB is encoded by the mmoB gene and MMOR by the mmoC gene (Lee,
2019). The genes coding for the sSMMO proteins are arranged in an operon, including mmoX,
mmoY, mmoB, mmoZ, and orfY, also called MMOD and mmoC (Dalton, 2005). The
transcription of sSMMO genes is regulated by specific promoters and can be influenced by the

availability of copper (Lee, 2019).

1.4. Bioinformatic Tools — NCBI, Phylogenetic Trees, Primer Design,

HM Models, Genomes versus MAGs

Bioinformatic tools enable practical analysis and modelling of biological phenomena.

Bioinformatics plays a crucial role in nucleic acid sequence analysis and the design of



oligonucleotide primers for PCR experiments (Singh & Kumar, 2001). Below is a summary

of selected bioinformatic tools and their applications in microbial ecology research.

The National Center for Biotechnology Information (NCBI) is a part of the United States
National Institutes of Health and hosts databases that are important resources for bioinformatic
analyses. One of the major databases is GenBank for DNA sequences. It encompasses a wide
range of information, including literature, health, genomes, genes, proteins, and chemicals.
Through the Entrez system, users can perform search and retrieval functions across these

databases (Agarwala et al., 2016).

MAFFT is an online tool for multiple sequence alignment (MSA) of amino acid or nucleotide
sequences. It offers various options and additional functions for preprocessing and
postprocessing MSA, including interactive sequence selection and phylogenetic inference

(Katoh et al., 2018).

Phylogenetic trees are crucial in biology for understanding species relationships, evolutionary
transitions, gene origins, adaptation, morphological evolution, and demographic changes.
Building accurate trees involves addressing challenges, using reliable data analysis methods,
and mitigating errors (Kapli et al., 2020). IQ-TREE is a fast and efficient maximum-likelihood
tree inference method that explores tree space effectively, often finding high likelihoods
(Nguyen et al., 2015a). The interactive Tree Of Life (iTOL) platform is an online service
designed to showcase, manipulate, and interactively annotate phylogenetic trees (Letunic &

Bork, 2021).

Primer-BLAST is a bioinformatic tool provided by NCBI for designing PCR primers specific
to a given template sequence (Ye et al., 2012). Optimizing the design of synthetic
oligonucleotide primers is vital for the success of PCR experiments, enabling accurate and
specific amplification of desired sequences, by considering factors such as sequence, length,

and melting temperature (Delghandi et al., 2022).

The accelerated HMMER3 software package, which utilizes profile Hidden Markov Models
(HMMs) and probabilistic inference methods, dramatically enhances the speed and sensitivity
of homology searches in sequence databases. It achieves a rate comparable to the Basic Local
Alignment Search Tool (BLAST), a commonly used tool to find regions of similarity between

sequences while maintaining a negligible loss in sensitivity (Eddy, 2011).

The term genomes refers to the entire genetic information of an organism (Mahner & Kary,

1997), whereas the term Metagenome-assembled genomes (MAGs) refers to the genetic



information of a single (micro) organism that has been reconstructed from metagenomic data
(Setubal, 2021a). MAGs extend the knowledge of bacterial and archaeal diversity, enabling
comparative analyses, metabolic modelling, and the exploration of genomic characteristics of
uncultivated microorganisms with implications for ecosystem processes (Nayfach et al.,

2021).



2. Aims

This study aims to achieve several objectives. The first objective involves gathering existing
sequences of mmoX genes sourced from methanotrophs containing sMMO. These collected
sequences will then be aligned, and an HMM will be constructed. Furthermore, the diversity
of the mmoX gene will be clarified by creating a similarity tree. By utilizing the mmoX genes’
information, the study designs primers that are specific to sMMO. Lastly, the research will

extend to explore the diversity of methanotrophs across various databases.
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3. Materials and Methods

In this study, the research was focused solely on utilizing bioinformatic tools.

3.1. Multiple Alignment Construction
In the context of this investigation, the method of multiple alignments was employed to
analyse the genetic sequences of methanotrophs with genes for sMMO in their genomes. A
list of methanotrophs available in Dedysh 2018 was used to retrieve the names of individual

taxa with sMMO (Table 1).

Table 1: SMMO-containing methanotrophs. Taxa marked by an asterisk were used for BLAST and to construct a
phylogenetic tree.

Species Taxonomy (Class: Order: Family)

Methylomicrobium japanense

Methylocaldum marinum
Gammaproteobacteria: Methylococcales:

Methylococcus capsulatus
Methylococcaceae

Methylomagnum ishizawai*

Methylovulum miyakonense*

Methylosinus trichosporium

Methylosinus sporium*
Alphaproteobacteria: Rhizobiales:

Methylocystis heyeri*
Methylocystaceae

Methylocystis hirsuta

Methylocystis bryophila

Methylocella palustris*

Methylocella silvestris*

Alphaproteobacteria: Rhizobiales: Beijerinckiaceae
Methylocella tundrae*

Methyloferula stellata

The NCBI GenBank database (https://www.ncbi.nlm.nih.gov) was accessed to download

either the partial or complete nucleotide and amino acid sequences of the mmoX genes for the
specific species listed in Table 1. The downloaded sequences were merged into a single
FASTA file to facilitate further analysis. This FASTA file was then uploaded to the MAFFT
online service for a multiple sequence alignment with default settings (Katoh et al., 2018).
MAFFT employs the F-INS-i technique, an iterative refinement method that integrates

pairwise alignment data into the process of forming a multiple alignment. This approach

11
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involves a customized version of the fasta34 program, with the Smith-Waterman optimization

turned off, to gather local alignment information during the process. (Katoh et al., 2005)

The resulting aligned sequences from MAFFT were saved as a FASTA file, which was
subsequently uploaded to the online version of IQ-TREE for phylogenetic tree construction
using the maximum likelihood algorithm. The integrated Model Finder algorithm found the
best-fit model to be a "LG4m" mixture model and the phylogenetic tree was calculated with
1,000 bootstraps iterations (Nguyen et al., 2015b). The corresponding TREEFILE was
downloaded and uploaded to the interactive Tree of Life (iTOL) platform for visualization and
analysis (Letunic & Bork, 2021). The resulting tree allowed for the identification of outliers

and optimization of the multiple alignments.

3.2. Phylogenetic Tree Construction

To  construct the  phylogenetic tree, a tBLASTn search on  NCBI

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was performed with the MmoX amino acid

sequences of the species in Table 1 that are marked with an asterisk and which were selected
as representative species for each order. TBLASTn is a specific mode of the BLAST tool
hosted by NCBI that performs alignments between protein sequences and a nucleotide query
that has been translated (Gerts et al., 2006). Amino acid sequences from bacterial organisms
were used as the target database, and sequences from uncultured/environmental samples were
excluded. The search parameters were set to a percentage identity above 95%, except for a

single hit above 90%. Additionally, a query coverage above 90% of its length was required.

All aligned sequences of methanotrophs with a mmoX gene that met these parameters were
downloaded. The nucleotide sequences were then converted into their corresponding amino
acid sequences through translation using the online tool Sequence Manipulation Suite

(https://www.bioinformatics.org/sms2/translate.html). Protein and DNA sequences were

analysed and formatted using the Sequence Manipulation Suite, a collection of JavaScript

programs (Stothard, 2000).

Next, the downloaded sequences from BLAST and the original amino acid sequences were
merged into a single FASTA file. The approach from chapter 3.1. was repeated with this larger

dataset (n=42) to obtain a phylogenetic tree of all found MmoX amino acid sequences (Figure

).

12
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3.3. Primer Design

In the primer design process, the following steps were undertaken. Firstly, the Primer-BLAST
tool available on NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/index.cgi?GROUP_TARGET=0n) was utilized for primer design (Ye et al., 2012). The

sequences from the phylogenetic tree were grouped according to tree clusters to find primers
working for multiple strains and species with highly similar mmoX genes. In Primer-BLAST
the default parameters were employed except that the primer melting temperature range was
set to be between 45°C to 65°C, that the database used for Primer-BLAST was RefSeq RNA,
and that the appropriate family, either Methylococcaceae, Methylocystaceae or
Beijerinckiaceae, of organisms was selected. Following these steps, 21 primers were designed.

Afterward, the In Silico PCR software (http://insilico.ehu.es/PCR/) was used for primer

evaluation and problem prevention by ensuring specificity, identifying potential mismatches
in binding sites, and avoiding amplification of unwanted amplicons (Yu et al., 2011). The
parameters were maintained at the default settings, and the available genetic sequences of

interest were utilized to evaluate the primer pair's specificity.

3.4. HMM Design
An HMM for amino acid sequences of all mmoX genes from section 3.2. was built using the
software HMMER v3.3.1. (Eddy, 2011). A custom script was developed to match the
sequences listed in section 3.5. against the created HMM profile, identify homologous
sequences, and predict functional similarities using the “hmmsearch” function (Eddy, 2011).

The script is deposited at Zuser, 2023.

3.5. High-Quality Genome Database
Several steps were undertaken to describe the distribution of mmoX genes in cultivated and
uncultivated  bacterial genomes. A local copy of the RefSeq database

(https://www.ncbi.nlm.nih.gov/genome) obtained from NCBI by colleagues at ISBB was used

to predict genes in 24,959 curated genomes, as available in February 2022, using Prodigal
(Hyatt et al., 2010). The “hmmsearch” function of the software HMMER v3.3.1 (Eddy, 2011)
was then used together with the mmoX HMM, from section 3.4., to find mmoX genes in the
list of predicted genes. The resulting hits were filtered at E-value 1E-10 and compiled into a

single text file for further analysis (Zuser, 2023).
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In addition to the RefSeq database, a MAGs database was utilized in this study to represent
uncultivated bacterial diversity. The MAGs dataset was obtained from the supplementary table
of the publication "A genomic catalog of Earth’s Microbiomes," which provided 9,143 high-
quality MAGs with predicted genes (Nayfach et al., 2021, p. 13). As described above, the
“hmmsearch” function was used together with the mmoX HMM to identify possible mmoX
genes in the MAGs. A script was written in R (R Core Team, 2022) using RStudio (RStudio
Team 2020) to process the output. The script enabled identifying the gene hits, filtering them
at E-value 1E-15, and saving them in an Excel file (Zuser, 2023).

Furthermore, to gain insights from the gene hits obtained from both databases, various plots
were generated using the R-language and packages “readxl” (Wickham et al., 2023) and
“ggplot2” (Wickham, 2016). These analyses allowed for a comprehensive exploration and
interpretation of the data, facilitating a deeper understanding of the characteristics and
relationships of the identified mmoX genes within the high-quality genome and MAGs

database.

14



4. Results

4.1. A reference MmoX Phylogenetic Tree

A phylogenetic tree was constructed with the MmoX sequences of the cultured strains and the
sequences identified via BLAST (Figure 1). The strains without an accession number contain
mmoX gene sequences from table 1, whereas those strains with an accession number are those

with mmoX sequences obtained through BLAST searches.

g s
L
P a
T sz §F 2
Tree scale: 0.1 2 = 3 g X
5 £ §F F & &
o a ) ";'11 o &
2, = =3 o 2 o ¥ P
- 2] =
“a, s, %%, 3 i f i E S &©
2 3 o = 3 S =] & & 2 5
3 %, g R = 2 £ 5§ g - 3¢ W
a %, % R i §FF ¢ 58 3
s, %, % T % g 3 8 § § & N ve&@
Ry, B, % X % 58 5 & & F &
356, s b, % T = 2 s 0y & FF €
7 ., 5, 2 = 2 0 2 2 oy o @"’! o o
Yy, Ty g, Y 3 % § 230 g o ¥ & A
8055 %4 i, B £ 2 £ 2P Séﬁ .§’ b & oo
0z S % 3 3 TEOIEP S WY A
Mgy, ) o o = 3 % A @ o e
e ] = o o al
Horn, e E3 %3 g & & Shino” (psy10®
ABp3, 2 ENE = I @9 o . al &
5022.1 ps - ksp, % %Y 2 0! oo™ ishizoW!
. ‘._,HM%O i -3 = [« dnq'l thylomm
(LI ME .M
Sy poLY
CPO70454,1, Methplmonas sp, EEPC1
> e
-y ¥
Gammaproteobacteria
Methylococeales
Methylococeaceae
I Alphaproteobacteria
Alphaproteobacteria | Rhizobiales
Rhizobiales /f Methylocystaceae
o .
/ ; iH2T
/ AM283545 1. Methylocystis heyerl W2
o~ e .
<apo W C‘p%;hwb(ysﬁs heyeri partial
FRE8347.1. Methyloferula:stelors ° i, AN Mewy, o
o % s
erulo lla 10{_0‘-}:{& 6’%‘3 & m""')'en;g
M thylof ot 8 {’q\s.éb/ i, 2
er! \olu e o iy Uity
vof 1 EIE L B, Bap,
ot 3 A0 @, d Tigy
W o o ¢n\“ Q'B{o 6?}7&“.,13 Ty 0 % 'é:,o i'd,, “,
s ool §0° g° @"f Ful 3 2% % T, Coryy,,
& 2
.,,n S R %, s,
B A - ] = % E
! A o gL e iy wa s % da:
@(’Jg’- v*\oa &os ’5 £ = e aa%‘ “
S R 18 7 O
& FF Fs 1 z 2 5 %,
& T F 38 T 2%
¢ & 7 £ 5 3§ 203 % 4
A = T %
S ~ - & 5 = e
ég- I & ] n - =
o NS = = 2
= ] - 3 %
| = 5 %
= 3 -

Figure 1: Unrooted maximum likelihood tree of MmoX protein sequences. MmoX in Methylococcaceae strains (red), MmoX
in Methylocystaceae strains (violet), and MmoX in Beijerinckiaceae strains (green). Strains without an accession number are
from the mmoX gene sequences of table 1 with an asterisk. Strains with the accession numbers are the sequences obtained
through BLAST searches. The scale bar shows an estimation of 0.1 substitutions per amino acid site.

The unrooted tree revealed distinct clusters corresponding to the phylogeny of the mmoX-

hosting species, with those belonging to the families Methylococcaceae, Methylocystaceae,
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and Beijerinckiaceae branching distinctly. The branches connecting these families appeared

relatively long, indicating substantial genetic divergence between them.

The different strains of a species cluster near one another in the phylogenetic tree. Notably,
the sequences of Methylosinus sporium strains showed an interesting pattern, with two forms
of MmoX clustering relatively further from other M. sporium strains and with a high sequence

similarity to other taxa.

4.2. Multiplex Primers
This section presents the investigation results for multiplex primers for seven groups of mmoX
genes in methanotroph strains according to clusters in the phylogenetic tree. The strains were

grouped into groups A to G based on their genetic relatedness (Figure 2).

Tree scale: 0.1 CP070494.1. Methylmonas sp. EEPC1

AB025022.1. Methylomonas sp. KSWIII
AB025021.1. Methylomonas sp. KSPIII
CP033381.1. Methylomonas sp. LW13 Grou P A
CP002738.1. Methylomonas methanica MC09
Methylovulum miyakonense partial
— Methylotuvimicrobium japanense complete
Methylocaldum marinum complete Grou P B
AP017928.1. Methylocaldum marinum S8
— MN531710.1. Methylococcus capsulatus GDS24
Methylococcus capsulatus complete
CP079097.1. Methylococcus capsulatus KN2
AE017282.2. Methylococcus capsulatus Bath
M90050.3. Methylococcus capsulatus
CP079096.1. Methylococcus capsulatus BH Grou P C
CP079098.1. Methylococcus capsulatus 101
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AP019783.1. Methylomagnum ishizawai RS11D-Pr
CP046565.1. Methylococcus geothermalis IM1
CP079097.1. Methylococcus sp. IM1
AM283545.1. Methylocystis heyeri H2T
Methylocystis heyeri partial
CP046052.1. Methylocystis heyeri H2
Methylocystis hirsuta partial
Methylosinus sporium partial
AJA58528.1. Methylosinus sporium SC8
Methylosinus trichosporium complete Grou p D
Methylocystis bryophila partial
Methylosinus sporium mmoX2 complete
DQ386733.1. Methylosinus sporium mmoX2
CP073764.1. Methylovirgula sp. HY1
Methylocella tundrae complete
AJS555245.1. Methylocella tundrae T4
AMO72757.1. Methylocella silvestris Grou p E
Methylocella silvestris partial
Al491848.1. Methylocella silvestris BL2
Methylocella palustris partial
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FR68346.1. Methyloferula.stellata AR4
FR68348.1. Methyloferula.stellata LAY
Methyloferula stellata partial G rou p G
FR68347.1. Methyloferula.stellata SOPS

1

Figure 2: Unrooted maximum likelihood tree of MmoX protein sequences. MmoX in Methylococcaceae strains (red), MmoX
in Methylocystaceae strains (violet), and MmoX in Beijerinckiaceae strains (green). Strains without an accession number are
from the mmoX gene sequences of table 1 with an asterisk. Strains with the accession numbers are the sequences obtained
through BLAST searches. The scale bar shows an estimation of 0.1 substitutions per amino acid site. Groups on the right
indicate the different target groups identified for primer generation. This figure represents the same phylogenetic tree as
depicted in figure 1 but with a rectangular format.

Tables 2 to 8 provide a comprehensive list of the primers identified for each group.
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For Methylococcaceae, multiple primer pairs were found for the following three groups:
Group A comprises strains from the genera Methylomonas and Methylovulum. The three

primers found pairs exhibit remarkable similarity in both the forward and backward primer

sites and the melting temperatures from 58.79-60.18°C (Table 2).

Table 2: Group A identified primers for mmoX in Methylomonas and Methylovulum.

Group A-Primers | Sequences (5'->3") Length | Start | Stop | Tm/°C
1-Forward TGGAAAGGCATGAAACGGGT 20| 541 | 560 | 60.18
1-Reverse GCCGTACTCGAACATCATGC 20| 879 | 860 | 59.42
2-Forward GTGGAAAGGCATGAAACGGG 20| 540 | 559 | 59.76
2-Reverse CGTACTCGAACATCATGCCC 20| 877 | 858 | 58.79
3-Forward TGTGGAAAGGCATGAAACGG 20| 539 | 558 | 59.04
3-Reverse CCGTACTCGAACATCATGCC 20| 878 | 859 | 58.79

Group B comprises strains from the genera Methylocaldum and Methylotuvimicrobium, which
exhibit notable genetic divergence, as evidenced by their positioning in the phylogenetic tree
(Figure 2). Despite this genetic dissimilarity, primer pairs targeting these strains were
successfully identified. Notably, the three primer pairs identified for group B shared
significant similarities concerning both the forward and backward primer sequences and their

respective melting temperatures, mirroring the characteristics observed for group A (Table 3).

Table 3: Group B identified primers for mmoX in Methylocaldum and Methylotuvimicrobium.

Group B-Primers | Sequences (5'->3') Length | Start | Stop | Tm/°C
1-Forward CCAACGGCGACGAAATCAC 19| 677| 695| 59.87
1-Reverse AAGTCGTGATGCGCCCAGTA 20 | 1037 | 1018 | 61.88
2-Forward GCCAACGGCGACGAAATC 18| 676 | 693 | 59.90
2-Reverse GTCGTGATGCGCCCAGTA 18 | 1035 | 1018 | 59.82
3-Forward GCCAACGGCGACGAAATCA 19| 676 | 694 | 61.67
3-Reverse AACAAGTCGTGATGCGCCC 19 | 1040 | 1022 | 61.33
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Group C encompasses nine strains affiliated with the genus Methylococcus and with strains
from Methylomagnum ishizawai. The multiplex primer analysis revealed notable differences
in the melting temperatures among the three determined primer pairs, with the highest
observed melting temperature of 62.7°C recorded for the third forward primer, as seen in table
4. Additionally, it is worth noting that the first and third primer pairs exhibited strikingly
similar start- and endpoints. In contrast, the second primer pair featured a forward primer
located approximately at position 431 and a corresponding backward primer around 783

(Table 4).

Table 4: Group C identified primers for mmoX genes in Methylococcus and Methylomagnum ishizawai.

Group C-Primers | Sequences (5'->3") Length | Start | Stop | Tm/°C
1-Forward GAATACAACGCCATCGCCG 19| 340 | 358 | 59.72
1-Reverse GGTGGGTGTGGCGGATTT 18| 448 | 431 | 60.28
2-Forward AAATCCGCCACACCCACC 18 | 431 | 448 | 60.28
2-Reverse CGGATCGTTGGCGATGGA 18| 783 | 766 | 59.89
3-Forward GAATACAACGCCATCGCCGC 20| 340| 359 | 62.70
3-Reverse GGTGGGTGTGGCGGATTTC 19| 448 | 430| 61.34

Group D encompasses all found strains belonging to the family Methylocystaceae from Figure
2. Notably, the three primer pairs identified for this group exhibit distinct melting temperatures
compared to those identified for the other groups. The melting temperatures for these primer
pairs range from 55.69-57.90°C. Furthermore, the second and third primer pairs share
strikingly similar starting and endpoint positions. In contrast, the first primer pair consists of
a forward primer around position 550 and a backward primer around position 690.
Furthermore, the primer pairs were relatively short, consisting of a length of 16 or 17

nucleotides (Table 5).

Table 5: Group D identified primers for mmoX in Methylocystaceae.

Group D-Primers | Sequences (5'->3'") Length | Start | Stop | Tm/°C
1-Forward TGGAAGGGCATGAAGCG 17| 541 | 557| 57.18
1-Reverse GCGTGATCTCGTCGCC 16| 697 | 682| 57.81
2-Forward CTCGAGGTCGGCGAATA 17| 328| 344| 55.69
2-Reverse CGCTTCATGCCCTTCCA 17| 557 | 541 57.18
3-Forward CTCGAGGTCGGCGAAT 16 | 328 | 343 | 55.75
3-Reverse CGCGCTTCATGCCCTT 16| 559 | 544 | 5790

Group E consists of a single Methylovirgula strain and strains belonging to the genus

Methylocella. The three determined primer pairs for this group exhibit comparable melting
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temperatures. Additionally, these primer pairs demonstrate remarkable similarity in their

starting and end points (Table 6).

Table 6: Group E identified primers for mmoX in Methylovirgula and Methylocella spp.

Group E-Primers | Sequences (5'->3") Length | Start | Stop | Tm/°C
1-Forward ATCGGACCGCTTTGGAAGG 19| 529 | 547 | 60.08
1-Reverse TGTCTTCTTCATCCGGCAGC 20 | 1105 | 1086 | 60.39
2-Forward TCGGACCGCTTTGGAAGG 18| 530| 547 | 59.65
2-Reverse TCCATGTCTTCTTCATCCGGC 21| 1109 | 1089 | 60.13
3-Forward ATCGGACCGCTTTGGAAGGG 20| 529 | 548 | 62.54
3-Reverse CTTCTTCATCCGGCAGCGA 19| 1102 | 1084 | 60.15

Group F and group G represent closely related strains of the Beijerinckiaceae family.
However, despite extensive efforts, no suitable primer was identified to amplify targets
common to both groups. Only primers appropriate for amplifying mmoX genes of different
strains within the same species were found. Regarding the Methylocella palustris species,
which comprise group F, it was observed that all three primer pairs exhibited melting

temperatures close to approximately 60°C. Notably, the third primer pair displayed markedly

different start and stop positions than the first two (Table 7).

Table 7: Group F identified primers for mmoX in Methylocella palustris.

Group F-Primers | Sequences (5'->3") Length | Start | Stop | Tm/°C
1-Forward AATCCGCCACACCCATCAAT 20| 249 | 268 | 60.03
1-Reverse AAGGCGTTGTTGAGATCGGT 20| 641 | 622 | 59.97
2-Forward ATGAAATCCGCCACACCCAT 20| 245| 264 | 60.03
2-Reverse CAGGGCTCGACCTTGAACTT 201 719| 700 | 59.96
3-Forward TCAAGGACGAGCGTCAGTTC 20 35 54| 60.04
3-Reverse CGCGAGATAGCCGTTCTTCT 20| 234 | 215| 59.97
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In the context of group G, encompassing the Methyloferula stellata strains, it is noted that all
three primer pairs exhibited closely similar melting temperatures, approximately around 60°C.
However, it is crucial to highlight that despite the similarities in melting temperatures, these

primer pairs are localized at distinct genomic locations (Table 8).

Table 8: Group G identified primers for mmoX in Methyloferula stellata.

Group G-Primers | Sequences (5'->3") Length | Start | Stop | Tm/°C
1-Forward TACGAGGATTGGGGTGGGAT 20| 721 | 740 | 60.03
1-Reverse CATCCTTCTTTGCATCGCGG 20| 808 | 789 | 59.97
2-Forward TCGTCGCTATCACCGAATGG 20| 443 | 462 | 59.97
2-Reverse ATCCCACCCCAATCCTCGTA 20| 740 | 721 | 60.03
3-Forward TCGCGTCGAACTTCCTTGAA 20| 107 | 126 | 59.97
3-Reverse CTCGTAGACCCAGCGATTCC 20| 726 | 707 | 59.97

By in silico PCR analysis, the identified primers were assessed regarding their theoretical
functionality. The results consistently indicated the prediction of a single amplification band
for every primer pair, underscoring the specificity of the primers. An example of such in silico
PCR is depicted in Figure 3. A predicted single band for group A, specifically the genus

Methylomonas, derived from the use of primer pair 1, is displayed.

1 - Methylomonas methanica MC09

In silico PCR amplification

1

100 bp
DNA ladder

Input primers in fasta format

Primer1' 5. TGGAAAGGCATGAAACGGGT 3
Primer 2' 5-|GCCGTACTCGAACATCATGC gt

2000

1500

1000

800

Migroorganism
APPLY TO ALL Methylomonas  ~| o
L1 Include plasmids (if available) 400

Allow mismatches, but in nucleotides in 3' end

Maximum length of bands
‘ 3000 ‘ nucleotides

[T TEETTHITHI

200
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! Degenerated nucleotides are allowed:; A+T+G+C must be 10 or more.

Info No. Bands (1)

Figure 3: In silico PCR amplification of the first mmoX primer pair for group A.

20



4.3. Database Comparison

The outcomes yielded by the comparative analysis of genes retrieved from the MAGs database
are laid out in this section. A total of 9,143 MAGs were included in the database, with three
entries being unclassified and, therefore, not attributed to a specific phylum. The dataset

encompassed a diverse range of microbial taxa, with 105 identified phyla.

Figure 4 illustrates the phylum distribution in the MAGs dataset using a pie chart. Notably,
three dominant phyla emerged as the most prominent groups: Proteobacteria, Bacteroidota,

and Firmicutes A, accounting for 20.9%, 19.8%, and 14.3 % of the total entries, respectively.

MAGs: percentage
0.6% 3.5%

/

9.8%

other phyla
Proteobacteria

Bacteroidota

Firmicutes A
Actinobacteria

Firmicutes

Crenarchaeota

Figure 4: Pie chart representing phylum composition of MAGs database from Nayfach et al. (2021).
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In the subsequent stage, a mmoX HMM that had been custom-built using selected mmoX
sequences (see figure 2) was used to search among the MAGs for those containing a mmoX
gene. The outcomes of this search are presented in figure 5 (B), while 5 (A) illustrates the total
number of MAGs within each respective phylum. In total, 132 out of 9,143 genomes (1.4%)
showed the presence of the mmoX gene. Out of all MAGs affiliated with the phylum
Proteobacteria (1,915 MAGs), a mere 4.8% (93 MAGs) were found to contain mmoX genes.
Of all MAGs belonging to other phyla, between 8.7% and 0.5% were found to contain mmoX

genes.
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Figure 5: The overall number of MAGs in selected phyla (A) and MAGs with mmoX (B) of the MAGs database from Nayfach
etal (2021).
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A total of 24,959 genomes were included in the database generated from NCBIs RefSeq
entries, representing a comprehensive set of cultivated microbial taxa. In contrast to the MAGs
database, the genome dataset encompassed a narrower phylogenetic diversity of microbial
taxa, with 37 identified phyla (Figure 6). Notably, reflecting the reduced diversity of lower
abundant phyla as compared to the MAGs database, the cumulative percentage of less
prevalent phyla is considerably lower, with only 3.5%. Here, the three most abundant phyla
were Proteobacteria, Firmicutes, and Actinobacteria, accounting for 58.0%, 21.7%, and 9.8%

of the total genomes, respectively.
NCBI refseq: percentage
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21.7%

Cyanobacteria

Figure 6: Pie chart showing bacterial phylum composition of NCBI RefSeq database retrieved in February
2022.
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Next, a comparative search within the genomes from the NCBI RefSeq database, using the
mmoX HMM, was conducted (Figure 7 (B)). In total, 757 out of 24,959 genomes (3.0%)
showed the presence of the mmoX gene. The analysis revealed that out of the 14,529
proteobacterial genomes, 586 contained mmoX genes, which accounts for approximately 4%
of the total genomes affiliated with this particular phylum. Remarkably, genomes with mmoX
present were even rarer among other phyla, with none exceeding 7%.
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Figure 7: The overall number of genomes in selected phyla from the total NCBI RefSeq database (A) and from those
containing the mmoX gene (B).
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S. Discussion
The results obtained from the phylogenetic tree construction and the subsequent investigation

into multiplex primers provided valuable insights into the genetic relationships and potential
primer candidates for the mmoX genes in different bacterial species within the families
Methylococcaceae, Methylocystaceae, and Beijerinckiaceae. The unrooted phylogenetic tree
(Figure 1) clearly illustrated the distinct clustering of strains according to their respective

phylogenetic families, indicating substantial genetic divergence among them.

Within the same species, the phylogenetic tree revealed variations in the genetic relatedness
of different strains. The observation in Methylosinus sporium was particularly intriguing,
where the mmoX2 gene appeared more divergent from the mmoX gene in the same strain than
from mmoX genes of other strains within the same species (Ali, 2006). This finding suggests
the presence of distinct genotypic variations of target genes. Variations might be caused by
evolutionary processes, like horizontal gene transfer (Dougherty et al., 2014), which may have
led to a more significant divergence between these two gene variants within the same species.
Such processes were identified to influence also other mono oxygenase, such as pMMO and

ammonia monooxygenase (Khadka et al., 2018).

The investigation of possible mmoX primer pairs for specific groups of methanotrophs (Figure
2) successfully identified primer candidates for most groups. Even though it was impossible
to design primer pairs to cover broader groups, primer pairs in groups A (Methylomonas) and
B (Methylotuvimicrobium and Methylocaldum) exhibited significant similarity in their
sequences and melting temperatures, indicating their potential applicability in the
simultaneous amplification of multiple strains within these groups. Conversely, group F
(Methylocella palustris) and group G (Methyloferula stellata), representing closely related
species of the Beijerinckiaceae family, did not yield suitable primers to amplify targets
common to both groups. However, the primers identified specific targets within the same

species, but different strains were noteworthy.

The in-silico PCR analysis further validated the specificity of the identified primers, predicting
a single amplification band for each primer pair. This characteristic is crucial for accurate and

reliable amplification in subsequent laboratory experiments.

Overall, these results shed light on the genetic diversity and relatedness of mmoX genes in
various bacterial taxa within the Methylococcaceae, Methylocystaceae, and Beijerinckiaceae
families. The successful identification of multiplex primers for several groups opens

possibilities for simultaneous amplification and targeted analysis of multiple species using the
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FISH technique (Batani et al., 2019) or similar approaches. However, the inability to find
primers amplifying common targets in closely related strains emphasizes the need for further

exploration and optimization of primer design strategies.

The conclusions drawn from this study provide significant contributions to a better
understanding of the genetic landscape of mmoX genes in methanotrophic bacteria and lay the
groundwork for future investigations into their functional implications and ecological
significance. Further research could focus on experimental validation of the identified primers
and their application in environmental studies to unravel the diversity and dynamics of these

essential genes in natural habitats.

The results obtained from comparing the MAGs and NCBI RefSeq databases provided
valuable insights into their composition and scope differences. The MAGs database, despite
containing a smaller number of total entries, namely 9,143, encompassed a more diverse range
of microbial taxa with 105 identified phyla. In contrast, the NCBI RefSeq database included a
much larger number of entries of 24,959 but exhibited a narrower range of microbial taxa with
only 37 recognized phyla. This discrepancy in database size and phyla representation can be
attributed to several factors, precisely the cultivation-independent technique of resolving
MAGs and, in contrast to that, cultivation-biased genome collection at NCBI RefSeq with an

over-representation of medically relevant microbial taxa.

One of the main reasons for the MAGs database's smaller size compared to NCBI RefSeq is
the data generation technique. The MAGs database contains genomes assembled from
metagenomic data. Metagenomic studies involve the sequencing of DNA directly from
environmental samples, allowing for the exploration of diverse and uncultivable microbial
communities without a primer-based PCR bias (Parks et al., 2017). However, assembling
MAGs is complex and computationally intensive (Mattock & Watson, 2023), resulting in a
limited number of MAGs available compared to the vast amount of raw metagenomic data in
a single dataset. As a result, the MAGs database comprised of MAGs from numerous datasets
captures a broader snapshot of microbial diversity, encompassing novel and less prevalent

phyla that might need to be better represented in the NCBI database (Setubal, 2021b).

On the other hand, the NCBI database is a comprehensive repository that archives a wide array
of biological data, including genomes from cultured isolates, whole-genome shotgun
sequences, and metagenomic data. It is a centralized resource for researchers worldwide, and

data submission to NCBI is relatively straightforward. As a result, it accumulates many
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genomes from various studies, leading to a more significant total number of accessions.
Genomes are often complete and contain fewer errors and less contamination than MAGs
(Mattock & Watson, 2023). Additionally, the NCBI database includes a significant amount of
data from well-studied model organisms and medically relevant species, such as human-
associated bacteria, which might dominate the database and reduce the representation of less

prevalent phyla (https://www.ncbi.nlm.nih.gov).

The identification of mmoX genes yielded candidate sSMMO-containing genomes in 3% of
genomes from the NCBI RefSeq database and in 1.4% of genomes from the MAGs database.
Due to the character mentioned above in these datasets, the latter number most likely better
represents the natural occurrence of sMMO in the microbial tree of life. Notably, the
identification presented here was based on in silico sequence similarity comparison, and thus
the actual function of targeted genes might differ. The comparison unveiled sSMMO or sMMO-
like genes in taxa in which CHs4 monooxygenases are identified very rarely, Actinobacteria
(van Spanning et al., 2022) and Binatota (Murphy et al., 2021) or have not been identified yet,
for example in Bacteroidota, Chloroflexota, and others. It will be an exciting avenue for
further exploration to confirm or disprove the presence of a functional sSMMO in microbes of

these latter phyla.
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6. Conclusion

In conclusion, this study encapsulated the significance of CH4 in ecosystems, the ecology and
metabolism of methanotrophs, and the diversity of vital families within this group based on
various research papers. An overview of the involvement of MMO variants, pMMO and

sMMO, in CH4 oxidation was also provided.

The phylogenetic analysis revealed distinct clustering of MmoX in strains within families and
variations in genetic relatedness within species. Multiplex mmoX primers were successfully
identified for several methanotroph groups, offering the possibility of simultaneous
amplification and other analysis possibilities. However, challenges were encountered with
closely related strains. The study contributes to understanding the genetic landscape of mmoX

genes.

Database search for MmoX genes in available microbial genomes from both culture-
dependent and culture-independent genome repositories showed the presence of the gene in
numerous bacterial phyla, with the majority of genes present in Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidota. While methanotrophs from Proteobacteria are widely
recognized and Actinobacteria have been described only recently, other identified phyla
contain yet unknown methanotrophs or genomes with MmoX-like genes that serve for other
functions. Identification of the rest of the methanotrophic pathway is another step in the

unambiguous determination of methanotrophic abilities in these taxa.

Overall, this research emphasizes the importance of bioinformatic tools in microbial ecology
research and lays the groundwork for future investigations into CHas-related processes. Further
validation of identified primers and their application in environmental studies and continued
investigations on the presence of sSMMO in new microbial phyla will contribute to a better

understanding of methanotrophic bacteria's diversity and dynamics in natural habitats.
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