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structure of membrane and some other physiological characteristics
(Figure 1). Te discovery of diverse types helped us to further study of
methane-utilizing bacteria and has led to the belief that natural
environment is more suitable for them [5,7].

Figure 1. All known methanotrophs showing phylogenetic link
created with the help of 16sRNA gene sequence using MEGAA4 [8].

Types: Type | is the type of methanotrophs that dominants in
environments where methane is present in a limited quantity and
relatively high levels of combined nitrogen and copper are present.
Type Il bacteria on the other hand favors environment with high
concentration of methane, as well as the environment where dissolved
oxygen level is low, and restrictive combined concentration of nitrogen
and/or copper. Type | strains can also be characterized on the basis of
having other apart from condition characteristics i.e., they have
intracytoplasmic membranes throughout the cell in the form vascular
disk present in bundles, for carbon absorption they use ribulose
monophosphate (RUMP) pathway. T ey also have phospholipid fatty
acids which consist of carbon length of 14 and 16. Tey can be
characterized in a similar comparative way i.e., they too have an
intracytoplasmic membranes but unlike Type | it is aligned along the
periphery of the cell, with the help of serine pathway they assimilate
carbons and they have phospholipid fatty acids with 18 carbon length
[5,9].

Type X: T e best of both strains: Type X strains are a combination of
Type | and 1l strains i.e., they have phospholipid fatty acids of 16
carbon, a RuMP pathway along with possessing ribulose-1,5-
bisphosphate, and ability to grow at a temperatures which is higher
than Type | or Il strains [5]. Type X methanotrophs though are quite
similar to Type | they are distinguished from type | methanotrophs on
the basis that they have enzyme of serine pathway which are lower in
levels named as ribulosebisphosphate carboxylase. Tis enzyme is
present in the Calvin Benson cycle. Type X have a DNA, with a
distinctive property that it contains G1C content with high moles
percentage as compared to type | methanotrophs. Type X have the
property that they can grow at higher temperature which isn't present
in any other type [10,11].

Proteobacteria defined types: T e main diference between the types
is the pathway they utilize. For the assimilation of carbon type I
methanotrophs utilize RuMP pathway, as they are Gammaproteo
bacteria (Figure 2). As type Il methanotrophs uses Serine pathway for
carbon absorption, so they are Alphaproteo bacteria [12].

Figure 2: Diagrammatic representation of characteristics of three
types of Metahnotrophs.

Ecology

Majority of methane-oxidixzing species of bacteria isolated from a
wide range of environments suggest that they are mostly aerobic and
obligate in nature. However, it cannot be established as a fact due to
two main reasons. Firstly, for a fact methane is continuously generated
in anaerobic environments, and there is good evidence for its
anaerobic oxidation linked which is linked to sulfate reduction by
uncharacterized microorganisms present in sediments. Secondly, there
is no surety as to if this is the true refection of relative abundance or
just an artifact due to isolation procedures. A thing for ecology for sure
is that aerobic environment e.g., soils, surface layers of sediments and
natural waters where methane is difusing, have diversity in aerobic
methanotrophs population [13,14].

MMO at Work

Methane  monooxygenase (MMO), all known aerobic
methanotrophs the frst step in oxidation is the methane converstion
into methanol by using MMO [15]. In the second step the methanol
further oxidized into formaldehyde, afer that it has two options, frst is
to convert into biomass and other is the further oxidation into formate
and then into CO,.

Two iso-enzymes of MMO is known: soluble MMO (sMMO), found
only as subset of known methanotrophs, and also membrane bound
(or particulate) MMO (pMMO). It is located in specialized internal
membrane structures, called ICMs [15,16]. SMMO and pMMO both
have mixed function of oxidation, that is one atom from O, goes to
methanol and the other to water, involving the input of 2 electrons and
2 protons. SMMO utilizes NADH, but it is still unknown that what is
the physiological electron donor to the MMO [15].

pMMO vs sMMo

pMMO is found in almost all known methanotrophs, it also shows
more aFnity towards methane when it is compared to cells which are
expressing SMMO (Figure 3). Further studies show that cells shows
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higher growth yield which are using pMMO for growth, which
signifes that oxidation of methane is more efectual by pMMO [17].
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Figure 3: A fowchart of methanotrophs and methanotrophic
metabolism for utilizing methane.

Mthanotroph “T e Degrader”

In the prevailing twenty fve years, study shows that methane-
oxidizing bacteria have the ability to degrade wide ranges of
halogenated hydrocarbons. Methanotrophic enrichments are capable
of degrading priority pollutants e.g., chlorinated hydrocarbons [18], in
US and various other countries they are present in aquifers, landflls,






it binds and reduce copper at high aFnity. Tis high binding aFnity
catch interest of biotechnologists, for using them in biotechnological
application including controlling of copper homeostasis in Wilson's
disease patient by working as a therapeutic agent [50].

Interestingly, mb can also bind other metals like binding and
reduction of both trivalent gold and bivalent mercury ions, their
mechanism of binding is very much similar to that of copper ion
binding. Tis can lead to the using of methanotrophs in the feld of
biobleaching with mining and environmental remediation. Gold
nanoparticles and uniform copper can also be produced by
Methanobactin [36,49].

Conclusions and Future Prospects

In this review, we try our best to summarize current knowledge on
morphology and application of methanotrophs in environmental
bioremediation, mainly for removal of methane from atmosphere.
Tese interesting microorganisms were merely discovered not more
than a century ago and attracting great interest. T ere are plenty more
possibilities then discussed in the literature above to make methane-
oxidizing bacteria become important and universal microorganism
industries. Role of methanotrophs in biogeochemical carbon cycle and
also in controlling of global climate change can't be neglected. T ere is
still too much to discover about these organisms like how can unique
Methanotrophic structures such as acidophilic, thermoacidophilic, and
nitrite-utilizing methanotrophs be best used for the purpose of
pollutant degradation? How prevalent are these types of
methanotrophs? Can they be with little efort stimulated in situ?
Answers to all the above issues will not only guides us to the use of
methanotrophs for pollutant degradation but will also help act as a
gateway to other interesting issues in methanotrophy. We believe that
mighty progress in basic research, together with novel and cutting-
edge biotechnological methods eventually will enable the engineering
applications of methanotrophs to be realized.

Acknowledgment

I am highly grateful to my teacher and mentor Dr. Bushra Uzair, for
helping and guiding me in writing this review article.

References

1.  Lelieveld J, Crutzen P, Brihl C (1993) Climate efects of atmospheric
methane. Chemosphere 26: 739-768.

2.  Etheridge DM, Steele L, Francey RJ, Langenfelds RL (1998) Atmospheric
methane between 1000 AD and present: Evidence of anthropogenic
emissions and climatic variability. Journal of Geophysical Research:
Atmospheres 103: 15979-15993.

3. Brosius LS (2010) Investigating controls over methane production and


https://www.sciencedirect.com/science/article/pii/004565359390458H
https://www.sciencedirect.com/science/article/pii/004565359390458H
http://onlinelibrary.wiley.com/doi/10.1029/98JD00923/full
http://onlinelibrary.wiley.com/doi/10.1029/98JD00923/full
http://onlinelibrary.wiley.com/doi/10.1029/98JD00923/full
http://onlinelibrary.wiley.com/doi/10.1029/98JD00923/full
http://pubs.acs.org/doi/abs/10.1021/cr050362v
http://pubs.acs.org/doi/abs/10.1021/cr050362v
http://mmbr.asm.org/content/60/2/439.short
http://mmbr.asm.org/content/60/2/439.short
http://mmbr.asm.org/content/60/4/609.short
http://mmbr.asm.org/content/60/4/609.short
http://mmbr.asm.org/content/60/4/609.short
https://www.frontiersin.org/articles/10.3389/fmicb.2015.01346
https://www.frontiersin.org/articles/10.3389/fmicb.2015.01346
https://www.frontiersin.org/articles/10.3389/fmicb.2015.01346
https://academic.oup.com/mbe/article-abstract/24/8/1596/1105236
https://academic.oup.com/mbe/article-abstract/24/8/1596/1105236
https://academic.oup.com/mbe/article-abstract/24/8/1596/1105236
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-143-4-1451
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-143-4-1451
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-143-4-1451
http://aem.asm.org/content/58/6/1886.short
http://aem.asm.org/content/58/6/1886.short
http://aem.asm.org/content/58/6/1886.short
http://aem.asm.org/content/58/6/1886.short
http://onlinelibrary.wiley.com/doi/10.1002/dmrr.213/full
http://onlinelibrary.wiley.com/doi/10.1002/dmrr.213/full
http://onlinelibrary.wiley.com/doi/10.1002/dmrr.213/full
http://onlinelibrary.wiley.com/doi/10.1002/dmrr.213/full
https://elibrary.ru/item.asp?id=5880788
https://elibrary.ru/item.asp?id=5880788
https://elibrary.ru/item.asp?id=5880788
https://academic.oup.com/femsre/article-abstract/34/4/496/540219
https://academic.oup.com/femsre/article-abstract/34/4/496/540219
http://agris.fao.org/agris-search/search.do?recordID=US201300411029
http://agris.fao.org/agris-search/search.do?recordID=US201300411029
https://link.springer.com/article/10.1007/BF02346063
https://link.springer.com/article/10.1007/BF02346063
https://link.springer.com/article/10.1007/BF02346063
https://www.ncbi.nlm.nih.gov/pmc/articles/pmc238380/
https://www.ncbi.nlm.nih.gov/pmc/articles/pmc238380/
http://www.jstor.org/stable/41273119?seq=1
http://www.jstor.org/stable/41273119?seq=1
http://aem.asm.org/content/55/11/2819.short
http://aem.asm.org/content/55/11/2819.short
http://aem.asm.org/content/55/11/2819.short
http://aem.asm.org/content/55/11/2819.short
https://link.springer.com/article/10.1007/BF00124489
https://link.springer.com/article/10.1007/BF00124489
https://link.springer.com/article/10.1007/BF00124489
https://link.springer.com/article/10.1007/BF00124489
http://care.diabetesjournals.org/content/27/6/1439.short
http://care.diabetesjournals.org/content/27/6/1439.short
http://care.diabetesjournals.org/content/27/6/1439.short
http://care.diabetesjournals.org/content/27/6/1439.short
http://care.diabetesjournals.org/content/27/6/1439.short
http://aem.asm.org/content/64/3/1106.short
http://aem.asm.org/content/64/3/1106.short
http://aem.asm.org/content/64/3/1106.short
http://aem.asm.org/content/64/3/1106.short
https://www.nature.com/articles/ismej200821
https://www.nature.com/articles/ismej200821
https://www.nature.com/articles/ismej200821
http://online.liebertpub.com/doi/abs/10.1089/ees.2005.22.177
http://online.liebertpub.com/doi/abs/10.1089/ees.2005.22.177
http://online.liebertpub.com/doi/abs/10.1089/ees.2005.22.177
http://online.liebertpub.com/doi/abs/10.1089/ees.2005.22.177
http://aem.asm.org/content/72/12/7503.short
http://aem.asm.org/content/72/12/7503.short
http://aem.asm.org/content/72/12/7503.short
http://aem.asm.org/content/72/12/7503.short

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yoon S, Semrau JD (2008) Measurement and modeling of multiple
substrate oxidation by methanotrophs at 20 C. FEMS Microbiology
Letters 287: 156-162.

Dalton H (2005) Te Leeuwenhoek Lecture 2000 the natural and
unnatural history of methane-oxidizing bacteria. Philosophical
Transactions of the Royal Society B: Biological Sciences 360: 1207-1222.
Scott D, Brannan J, Higgins | (1981) Te efect of growth conditions on
intracytoplasmic membranes and methane mono-oxygenase activities in
Methylosinus trichosporium OB3b. Microbiology 125: 63-72.

Prior SD, Leak DJ, Stanley SH (1984) Regulation and control of methane
monooxygenase. Microbial growth on C1 compounds. American Society
for Microbiology, Washington, USA, pp: 75-82.

Morton JD, Hayes KF, Semrau JD (2000) Bioavailability of chelated and
soil-adsorbed  copper to  Methylosinus  trichosporium  OB3b.
Environmental Science & Technology 34: 4917-4922.

Hakemian AS, Rosenzweig AC (2007) Te biochemistry of methane
oxidation. Annu Rev Biochem 76: 223-241.

Kim HJ, Graham DW, DiSpirito AA, Alterman MA, Galeva N, et al.
(2004) Methanobactin, a copper-acquisition compound from methane-
oxidizing bacteria. Science 305: 612-1615.

Behling LA, Hartsel SC, Lewis DE, DiSpirito AA, Choi DW, et al. (2008)
NMR, mass spectrometry and chemical evidence reveal a diferent
chemical structure for methanobactin that contains oxazolone rings.
Journal of the American Chemical Society 130: 12604-12605.

Choi DW, Zea CJ, Do YS, Semrau JD, Antholine WE, et al. (2006)
Spectral, kinetic, and thermodynamic properties of Cu (I) and Cu (lI)
binding by methanobactin from Methylosinus trichosporium OB3b.
Biochemistry 45: 1442-1453.

De Visscher A, Boeckx P, Van Cleemput O (2007) 12 Artifcial Methane
Sinks. Greenhouse gas sinks, p: 184.

Boeckx P, Van Cleemput O, Villaralvo | (1996) Methane emission from a
landfll and the methane oxidising capacity of its covering soil. Soil
Biology and Biochemistry 28: 1397-1405.

Barlaz MA, Green RB, Chanton JP, Goldsmith CD, Hater GR (2004)
Evaluation of a biologically active cover for mitigation of landfll gas
emissions. Environmental Science & Technology 38: 4891-4899.

Huber-


https://academic.oup.com/femsle/article-abstract/287/2/156/526709
https://academic.oup.com/femsle/article-abstract/287/2/156/526709
https://academic.oup.com/femsle/article-abstract/287/2/156/526709
http://rstb.royalsocietypublishing.org/content/360/1458/1207.short
http://rstb.royalsocietypublishing.org/content/360/1458/1207.short
http://rstb.royalsocietypublishing.org/content/360/1458/1207.short
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-125-1-63
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-125-1-63
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-125-1-63
http://pubs.acs.org/doi/abs/10.1021/es001330m
http://pubs.acs.org/doi/abs/10.1021/es001330m
http://pubs.acs.org/doi/abs/10.1021/es001330m
http://www.annualreviews.org/doi/abs/10.1146/annurev.biochem.76.061505.175355
http://www.annualreviews.org/doi/abs/10.1146/annurev.biochem.76.061505.175355
http://science.sciencemag.org/content/305/5690/1612.short
http://science.sciencemag.org/content/305/5690/1612.short
http://science.sciencemag.org/content/305/5690/1612.short
http://pubs.acs.org/doi/abs/10.1021/ja804747d
http://pubs.acs.org/doi/abs/10.1021/ja804747d
http://pubs.acs.org/doi/abs/10.1021/ja804747d
http://pubs.acs.org/doi/abs/10.1021/ja804747d
http://pubs.acs.org/doi/abs/10.1021/bi051815t
http://pubs.acs.org/doi/abs/10.1021/bi051815t
http://pubs.acs.org/doi/abs/10.1021/bi051815t
http://pubs.acs.org/doi/abs/10.1021/bi051815t
https://books.google.co.in/books?hl=en&lr=&id=bkkYptillC8C&oi=fnd&pg=PA184&dq=12+Artificial+Methane+Sinks&ots=QFc-ulow7y&sig=qae-RZjQxKrmlxZAVXGdEcjZGvc
https://books.google.co.in/books?hl=en&lr=&id=bkkYptillC8C&oi=fnd&pg=PA184&dq=12+Artificial+Methane+Sinks&ots=QFc-ulow7y&sig=qae-RZjQxKrmlxZAVXGdEcjZGvc
https://www.sciencedirect.com/science/article/pii/S0038071796001472
https://www.sciencedirect.com/science/article/pii/S0038071796001472
https://www.sciencedirect.com/science/article/pii/S0038071796001472
http://pubs.acs.org/doi/abs/10.1021/es049605b
http://pubs.acs.org/doi/abs/10.1021/es049605b
http://pubs.acs.org/doi/abs/10.1021/es049605b
http://journals.sagepub.com/doi/abs/10.1177/0734242X07087977
http://journals.sagepub.com/doi/abs/10.1177/0734242X07087977
http://journals.sagepub.com/doi/abs/10.1177/0734242x09339325
http://journals.sagepub.com/doi/abs/10.1177/0734242x09339325
http://journals.sagepub.com/doi/abs/10.1177/0734242x09339325
http://onlinelibrary.wiley.com/doi/10.1111/j.1462-2920.2005.00814.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1462-2920.2005.00814.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1462-2920.2005.00814.x/full
http://www.pnas.org/content/105/29/10203.short
http://www.pnas.org/content/105/29/10203.short
http://www.pnas.org/content/105/29/10203.short
http://www.pnas.org/content/105/29/10203.short
https://link.springer.com/article/10.1007/s00253-002-0964-1
https://link.springer.com/article/10.1007/s00253-002-0964-1
https://link.springer.com/article/10.1007/s00253-002-0964-1
https://link.springer.com/article/10.1007/s00253-002-0964-1
http://www.tandfonline.com/doi/abs/10.3109/02652049509015289
http://www.tandfonline.com/doi/abs/10.3109/02652049509015289
http://www.tandfonline.com/doi/abs/10.3109/02652049509015289
http://www.tandfonline.com/doi/abs/10.3109/02652049509015289
https://link.springer.com/article/10.1007/s002849900249
https://link.springer.com/article/10.1007/s002849900249
https://link.springer.com/article/10.1007/s002849900249
https://link.springer.com/article/10.1007/s002849900249
https://www.sciencedirect.com/science/article/pii/S0723202004700211
https://www.sciencedirect.com/science/article/pii/S0723202004700211
https://www.sciencedirect.com/science/article/pii/S0723202004700211
https://www.sciencedirect.com/science/article/pii/S0723202004700211
https://www.sciencedirect.com/science/article/pii/S0723202004700211
http://science.sciencemag.org/content/343/6171/621.short
http://science.sciencemag.org/content/343/6171/621.short
https://academic.oup.com/femsle/article-abstract/323/1/1/450530
https://academic.oup.com/femsle/article-abstract/323/1/1/450530
https://academic.oup.com/femsle/article-abstract/323/1/1/450530
https://www.jci.org/articles/view/45401
https://www.jci.org/articles/view/45401
https://www.jci.org/articles/view/45401
https://www.jci.org/articles/view/45401

	Contents
	Methanotrophs: The Natural Way to Tackle Greenhouse Effect
	Abstract
	Keywords:
	Introduction
	Diversity of Methanogens: A Taxonomic and Phylogenetic overview
	Classification
	Ecology

	MMO at Work
	pMMO vs sMMo

	Mthanotroph “The Degrader”
	pMMO: The main degrader MMO

	Unique Cu-Specific Uptake Systems Present in Methanotrophs
	Methanobactins: The copper binding molecules

	Application of Methanotrophs in Greenhouse Gas Removal
	CH4 sink
	Engineered strategies for methane removal
	Strain discovery (pMMO2)

	Biotechnology Meets Methanotrophs
	MB an asset for biotechnologist

	Conclusions and Future Prospects
	Acknowledgment
	References


