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Methanotrophic bacteria are entities with innate biocatalytic potential to biofilter and oxidize methane into
simpler compounds concomitantly conserving energy, which can contribute to copious industrial applications.
The future and efficacy of such industrial applications relies upon acquiring and/or securing robust methano-
trophs with taxonomic and phenotypic diversity. Despite several dramatic advances, isolation of robust me-
thanotrophs is still a long-way challenging task with several lacunae to be filled in sequentially. Methanotrophs
with high tolerance to methane can be isolated and cultivated by mimicking natural environs, and adopting

strategies like adaptive metabolic evolution. This review summarizes existent and innovative methods for me-
thanotrophic isolation and purification, and their respective applications. A comprehensive description of new
insights shedding light upon how to isolate and concomitantly augment robust methanotrophic metabolism in an

orchestrated fashion follows.

1. Introduction

Since ages, greenhouse gases like carbon dioxide (CO,), methane
(CHy), nitrous oxide (N,O) and chlorofluorocarbons are perpetually
being formed and fragmented apart through an interplay of chemical
and biological processes. A balanced presence of these greenhouse gases
is conducive to the earth's environment to mitigate global warming and
other climatic extremities [1,2]. CH, emissions have been reckoned
from natural wetlands, rice paddies, animal husbandry, biomass
burning, landfills, permafrost carbons of arctic lakes and fossils [3,4].
Human induced emissions in pretext of industrialized urbanization led
to an augmented accumulation of atmospheric methane [5,6]. CHy is a
notorious greenhouse gas which leads to a substantial increase in ra-
diative forcing with global warming potential of 80 over 20 years re-
lative to CO, [7-9]. Methanotrophs can oxidize and considerably mi-
tigate environmental CH, emissions and aerobic methanotrophic
bacteria contributes to up to 10-20% of global CH4 obliteration
[10-12].

Isolation, screening and cultivation of robust and/or unexplored
methanotrophs from natural habitats is an attractive perspective to
resolve global warming in the long-term [13,14]. Methanotrophs are
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generally resistant to laboratory cultivation, with typically diverse ha-
bitat preferences, including boiling acidic springs, alkaline lakes, per-
mafrost thaw, volcanic geothermal/hydrothermal vents, seeps, farm-
lands, forest marshes, rice paddies, landfills, animal husbandry wastes,
burned biomass, and effluent sludge from factories [4,15-17]. General
cultivation techniques mimic natural habitat conditions in vitro, and
include methanotroph culture in growth media within gas-tight vials or
seal-tanked plates with provision of CH4 supply (20-50%) [18,19].
Apart from CH, and air, incubation with supplementary gases like CO,,
oxygen (0O5), nitrogen (N») and hydrogen (H,) could stimulate primary
and intermediary metabolisms in methanotrophs like Methylocaldum,
Methylococcus, Methylocella, Methyloferula, Methylocapsa, Candidatus
Methylomirabilis oxyfera, Methylacidiphilum sp. and Verrucomicrobial
species [20-22]. The compositions of various methanotrophic growth
media like nitrate mineral salts (NMS), ammonium mineral salts (AMS),
and other improvised/assorted media for inducing specific growth were
briefly outlined in the compendium (Table 1). The compendium de-
scribes specific cultivation methods particularly designed for target
methanotrophs of variable environs/habitats, which dictate acid-
ophilic, neutrophilic, thermophilic or hydrothermophilic cultivation
conditions [23-26].
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Table 1
Compositions of various growth media and the relevant target methanotrophs.
Medium Major Components (g/L) Target methanotrophs Ref
Nitrate mineral salts (NMS) KNO3 1g; MgSO,4 7H,0 1g; Na,HPO,.12 H,0 0.717g; KH,PO,4 0.272g; CaCl,.6H,O  Neutrophilic methanotrophs from freshwater and  [24,97]
medium 0.2g, ferric ammonium EDTA 0.004g; distilled water 1000 ml, pH 6.8 marine environments
Dilute nitrate mineral salts NMS medium diluted 1:5 using distilled water containing 1 mM of Mild acidophiles and neutrophiles from [98]
(DNMS) medium NaH,PO,-Na,HPO, buffer, pH 5.5-7.0. freshwater and salt-free terrestrial environments
Ammonium mineral salts NH,4Cl 0.5g; MgSO,4 7H,0 1g; Na,HPO,.12 H,0 0.717g; KH,PO, 0.272g; Neutrophilic methanotrophs from freshwater [97]
(AMS) medium CaCl,.6H,0 0.2g; ferric ammonium EDTA 0.005g; 1000 ml distilled water, pH 6.8  environments
Fortified ANMS media NH,CI 0.5g; MgSO,4 7H,01g; Na,HPO,4.12 H,0 0.717g; KH,PO,4 0.272g; Marine methanotrophs found in lanthanide rich [25]
CaCl,.6H,0 0.2g; ferric ammonium EDTA 0.005g; 1000 ml distilled water, 30 ml environments
NaCl, 1 mM KH,PO,, 500 uM NH,Cl, 500 uM KNOs, 1 uM CuSO,.5H,0, 40 M
FeNaEDTA, 100 nM lanthanides (LaClz, CeCl3.7H>0/NdCl5.6H,0/PrCls), pH 7.8.
Low-salt mineral medium KNO3 0.1g; MgSO4 0.1g; CaCl,.2H,0 0.02g; KBr 0.01g, 100 ml distilled water, Thermophilic methanotrophs of alkaline hot [99]
(LMM) 100 pL iron stock solution (Fe-Na-EDTA 4.5 g/L), optional supplements [NH,4Cl springs
(LMM-AC) or (NHg4)2 SO4]
Assorted medium 0.2 mM MgCl,.6 H,0; 0.2 mM CaCl,.2 H,0; 1 mM Na,SOy4; 2 mM K,SO,4; 2 mM Acidophilic methanotrophs of volcanic [100]
(NH4)»SO4, 1 mM NaH,PO,4.H,O, pH 3.0 environments
Medium 3.9C10.2 NH,4CI 0.2g; KH,PO,4 0.05g; MgS0,4.7H20 0.02g; CaCl,.6H,0 0.01g; Fe-EDTA Acidophiles from geothermal soils [59]
powder 0.005g; 1000 ml distilled water, pH 3.9
Medium M2 KNO;3 0.25g; KH,PO4 0.1g; MgS04.7H,0 0.05g; CaCl,.2H,0 0.01g; NaCl 0.02g; Methanotrophs from freshwater wetlands and [101]
1000 ml distilled water, pH 5.5 mildly acidic soils
Medium N KH,PO, 0.002g; KNO3 0.001g; NH,4Cl 0.008g; NaCl 0.003g; CaCl,.2H,0 0.018g; Mild acidophiles from ombrotrophic wetlands [102]
MgS0,4 7H,0 0.010g; Na,SiO3 0.002g; AICl; 0.001g; 1000 ml distilled water, pH 5-
7
Medium S NH4NO; 0.58; Na,HPO,4.2H,0 0.5g; KH,PO4 0.1g; FeS0,4.7H,0 0.005g; NaCl 66.0g;  Neutrophilic halophiles [103]
NaySO4 10.45g; Na,CO5 0.10g; NaHCO3 0.06g; NaBr 0.28g; MgCl, 20.89g; CaCl,
2.21g; 1000 ml distilled water; pH 7.5
MJmet medium 30 g NaCl, 0.14 g K,HPO,, 0.8 g CaCl,, 3.4 g MgSO47H,0, 4.18 g MgCl,-6H,0, Hydrothermophilic methanotrophs [104]

0.33 g KCl, 0.25 g NH,4CI, 0.25 g NaNOj3, 0.5 mg NiCl,.6H,0, 0.5 mg Na,SeO3-5H,0,

0.1 mg Na,WO,, 20 mg Fe(NH4)»(SO4),.6H,0, 1000 ml distilled water, 1 ml

vitamin solution, 6 mM NaHCO3,1 uM CuSOy, pH 3-7

Identification of optimal growth conditions, cultivation media and/
or choosing resilient strains can induce superior methanotrophy and
curb undesirable bottlenecks [27]. The notion of robust methanotrophy
refers to enhanced valorisation of methane (methane-oxidation capa-
city), which can refer to ‘innate robustness’ through natural selection or
‘induced robustness’ through biological alternations made in genetic,
metabolic and synthetic pathways of methanotrophs [28,29]. More-
over, it is quintessential to develop efficient tools and strategies to
culture and catalogue diverse novel methanotrophs, for harnessing
and/or stimulating their metabolic dynamics of CH, consumption.
Traditional and novel techniques for isolation, cultivation and pur-
ification techniques, metabolic evolution methodologies, and their
perspectives are comprehensively described in this review. Moreover,
adaptive evolution techniques coupled with atmospheric and room-
temperature plasma mutagenesis (ARTP) and microbial microdroplet
culture system (MMC) are also reviewed as advanced systems to isolate
robust methanotrophic strains by inducing tolerance to inhibitors or
desired products within limited time frames.

2. Traditional isolation techniques for methanotrophs

Bacterial isolation steps commonly include specimen sample col-
lection from chosen environment, its microscopic examination and di-
luting/enriching samples before streaking or pour-plating upon agar
plates for spatial segregation [30,31]. Enrichment of collected samples
in fluids is done to activate the constricted growth of requisite bacteria
[32]. Physical isolation of bacteria from their natural abodes and la-
boratory cultivation can be done providing optimal growth conditions,
and methanotrophs require the most finicky cultivation requisites [33].
Since many decades extensive pioneering researches based on metha-
notroph isolation, characterization, classification and taxonomic fra-
meworks have been carried out by various scientists [34,35]. Isolation
of methanotrophs can be done by collecting selective environmental
samples and enriching them in supporting growth media [18,36].

Enrichment technique, which is superior to stereotypic direct agar
plating (for isolation) involves sequential transfers into fresh medium

periodically inducing methanotrophy and inhibiting methylotrophy
[37]. A spirillar microaerophilic Candidatus Methylospira mobilis sourced
from peat soil was isolated through long periods of enrichment. Such
spirillar methanotrophs normally elude isolation owing to their peculiar
micro-oxic growth requirements. Hence prominence in isolating such
kind is that, their helical cellular shape enables rapid motility in wa-
terlogged heterogeneous environments leading to fast cell positioning
at desirably high methane and low oxygen settings [38]. Methylocapsa
gorgona was sourced from landfill soil and isolated through enrichment.
It was found to grow aerobically by utilizing methane (as carbon and
energy source) in meagre concentrations of atmospheric traces. More-
over, it could also co-metabolize CH,4, CO,, CO, H,, N,, and O,; thence
isolation/discovery of such methanotrophs with metabolic versatility is
quintessential to study and comprehend biological methane sinks of the
natural ecosystems [39]. A compendium briefing enrichment isolation
techniques of various methanotrophic strains from diverse sampling
sources, using suitable media and their respective purity testing
methods is presented (Table 2).

Large-scale isolation of methanotrophs through enrichment tech-
nique can be done in well-equipped bioreactors [40]. A previously
uncultured mixture of ‘aerobic methanotrophs and associated deni-
trifying methanotrophs’ was isolated through 53-week enrichment of
marine water-sample in nitrate rich medium sparged (10 ml/min) with
CH4:CO, (95:5 v/v) at 25 °C, 250 rpm in dark using 5.2 L bioreactor
[41]. In another study, sourced from volcanic mud, anaerobic metha-
notrophic archaea (Methylophaga sp., Methylobacter sp.) and sulphate
reducing bacteria (Deltaproteobacteria) were 286-days enriched and
isolated in a SR-AOM bioreactor supplied with sulphate and pressurized
methane (8 MPa) [42]. Enrichment of freshwater lake sediment samples
using a membrane biofilm bioreactor operated for 13 months
(10-25 °C) led to isolation of Candidatus Methylomirabilis oxyfera fea-
turing methanotrophy and coupled denitrification [43].

Apart from aiding methanotrophic growth, enrichment can also be
done to induce, co-production of ectoines [44], co-metabolism of tri-
choloroethene along with methane [45], and improving temperature
tolerance (from 25 °C to 30/37 °C) for accumulation of



173-178
5 (2020)

ic and Systems Biotechnology

Synthetic

et al.

H. Meruvu,

. Sp.
dant Methylosinus sp.
ide dependa . d by en
Lanthanide . t was isolate ted
ates [46]. d sedimen supplemen
lkano e pon . ltures d
droxya anes m cu . able:
polyhy ced from a Jap d mineral-mediu hanide chloride erti r
our lie lanthan ced sur-
Ce-a6, s hane supp cy on la d enhan
f met] dependen y i ides an
— T —_ - ichment o ide. Its ep ide ox
< S ¥ T1C . chloride. lanthan .
T - = 285 . rium insoluble . ixed mi
28 £ 8 & & o, wiilisation " conditions 1 method of diluting m vielding
— @ ) = owth, al co . is a me ingle cells
ol = e 2 =) 8r . ircumneutr: 1turlng 18 ining single iso-
@ | 2 = ival in circ inction’ cu ly retaining troph is
= viva ion-to-extine f merely ick methano
E % E ‘Dilution- xtent o . quic inction culture
z g Di ntoe ed for ction
g g g §E g ZE robial cultures d]o “;nd has been apg]h Miniaturized eIXttl'n n of 11 me-
£ 98 =‘>‘EE$ crobia s [48], res [49]. irect isolatio n-
5 28 ESS5E38 isolate: iched cultu d direc from 4 e
> é s 8 2 g 852 pure m pre-enriche 11 plates allowe thylosinus sps.) omi-
& ERC I E g g &3 lation fro in 96 microwell p hylomonas, Methy idophilic verruc d
5 < g & = ] med in s (Methy rmoaci isolate
g g g gz 2Ejg E perfor noculture: 50]. The were also
- g % 5 ? ¢ E g thanotroph .mzmental Samplsls l(EcidimiCmbium Sps.t)-on culturing [51].
o e E 85 €5 § ) nviro . Methy . -extinction- incubation
a = s EE S g g = iched e idiphilum, ilution-to-e: . ic incu
5 5 8 Eg S8 55 riche thylacidip d by dilu n isotop: hylo-
2. £ . Eg %588 & bia (Me - ollowe carbo s (Methyi
5 & % g ks § 2 g o ;c 2 fll;oough enrlchl'ﬂer{t }flments followed bgic methanotrolzh m methane
g © 5 Eg g5 &8 5 r h enric ion of ‘aero > sourced fro . S
55 £ Eogw < & E Several-mont led to isolation trophic archaea Sotinction experlme]“t
88 2 % E R 2 00 g iments : ethano ilution-to-ex . [52].
131 £ S L E 3 885 experi obic m dilution diments
£ E s 3 s & £ d anaer Here face se . d to
°g £ g 8 §oEE€E ales) an diments. of surfa bjecte
=g £ s SREN] %338 > cocc afloor se 11 volumes e were sul i
sg = = Eafgozag tes of se ling sma ich in methan ith unin
<5 o = g5 2= 9 _2\7) % 9 hydra for sampling . s rich in lied wi .
8¢ % g g%% EZYTES dopted fo environs rict ctors supp. ise) in-
%o g £ g ‘f,: ;O 282 ;g 5 E g wer;3 ?n ples collected frolflfsl stir tank blc?rea gradually (step-wulted o
8| s R £ E§5 EEE88S a in continuo ions, using e. This res ;
g1 88 ¢ £ ABEAS enrichment mhane-air Concocnoho’ld wash-out Stagh and preferential
SEL terrupted met rates up to thres] ommunity grOth tion community.
£ : n . ial ¢ ;
creasing dlll;:u)in overall m1crob1athanotroph1c pol;\:; ?hylomonas a}rll‘d
ifts me e this
= tual shi of the of ough
s & even covery trophs inantly thr
- 4 = X ion and re . methano redomina; firmed
5§ =& isolatio terial ered p as con
g & bac ecov ilution rates ;
= oteo be r tion ; is a
5f 2 Gamn;aprrcina genera coulld ing increased dilu hment technique pon
9 > thylosa . oy Enric dlng u
8 - Methy tion emp ing [53]. imits depen; .
0 ® = . r opera . encing in time limits with
_EE’ .i g . ; bloreagto A amplicon se.(ﬁi variations in tll?ie and can be used d re-
T2 2 » £ 16SrRN SS Wi h isolate, : id an
© 2 2 = PR by . roce: notrop inction is rap ..
% E‘ g '§\ E % s § 2 time'consumlr;gtl?e targeted methz.lution—to-extlnctlo? quickly thrlvln]g
TE : . S % & ) - ies o h di . ion o 50].
. £ = . logie thoug latio [18,
% s 3= = g B &g hysio ever, ard iso lumes
4 = 3% £ 4 B Eg5 P les; how ightforw f small vo isolation
3 e 2 £ = E Z<% bulk samples; 1 le for stra ples o h iso
= E &1 s g s 7 E & it is suitable n for sam ethanotrop uld
g R e 5 g 28X iable, it is licable eve atural m lating, co
£ g ff 2% EREEE . hs, app se two natur d agar-p
0 g i s =8 E 2 5 ethanotrop ination of the ial dilution an .
o £ g - 5 E - m binatio erial R merits.
£ - £,8 3 28z com . ular s lying de
2 38 BE, v % £ 5%% Hence a with reg ing underly:
8 3 g L3 E =1 5 =) S 3 & iques alOng Its Curblng
” @ 5 E Q@ = 2 < A hnlqu > ite resu
2l 8 g5 ££E S z = tec hieve apposite otrophs
gl 5 T g 23 help ac . for methan .
g E 2 5 lation techniques and cultiVatlori
k] © S isola isolation . el
= g 2 g2 Modern i ern isola ies, single c
e ~ 5 2 § £ 3. doption of mod ut techHOIOgleSf olution
8 SE & 25 t and adop igh throughp tabolic ev
g 8 g o 2 E Developmen TP, MMCG, hlg d adaptive me es and meta-
8 £ § 2 © 8 E 2 chniques like AR . spectroscopy a(rll xploit bioprocess sing the in-
X g <) 323 te ing, mass- d and e increa
g I - = 3 =S isotope imaging, rehen ion, thereby ity and
£ P g = g EE= isotop Ip to compre Itivation, The pur
= 8§58 £ ER S 58 ¢ ther help hic culti 3-56]. de-
4 S5 3 % £ = >= § uld fur notrop: . tion [5 sly be
g §5 E E- E §s co he metha h isola imultaneou 6S
= S = @ g s 5 ] = lites of t hanotrop can sim . like 1
B 35 3 g g -5 § 58 boli ovel met hanotroph . techniques 13
@ SE 3 S 3 g 8&8% idence of n . f a met . ification te in CH,4
) g 3 T & § §58., cide ic identity o identi R cloning,
| :E’: é g 2 § 3 3 2 25 i taxonomic 1derllabt(?\’rate moleclﬂa? pmoA/mmoX ]PCSome uncultured
15 £3 8% = B T 8% S ined by e nalysis, is [57-60]. t be
B =2es¥ g 5 s S-S mine . -RFLP a is [5 canno
IR £5% T 8§ 8 = te};rN A Sequenclng’bT,}; and FISH anal}’ﬂlsermal ecOSYstemIf] A sequences
S|z mwﬁgm T robin: ized geo ith 16S rR £
Sl 5133 5 isotope p nized g ing with 1 ) sms o
5| & E stable-i of unrecog omparing t microco
g 5 trophs idisers by c richmen rms of
s b ethano e-oxi es, e in the te
@ £ b g m . ethan ch cases, luated in
g g 2 a B ; ified as m hs. In su be evalu ratures
3 E = s £ identi trophs. can tempe
= Bl < 15) no les e .
g g £ g E g f known metha othermal samp ivity at extrem -transcripts).
s €5 2 2 0 idizing geothert and activity a f mRNA e
kS 2 B g B methane-ox dizing capacity tivity (detection o detecting stress-r
@ =) < g E 3 oxidiz iptional activi ics for iron-
8 E 8 25 E E ethane riptiona iptomics ion to env:
=] 5 £ 55 = T EE m N d transc transcrip tation .
E 2 & g T TEE C) an . f meta adap bolic
= Bl e ] 3 g = _75 o for . metal
=) ] < =] 3 9 S 95T (37 hnlque icrocosms Clpher
£ E £ == E E8% is a novel tec in micr and de ic ap-
5 =] 5] E g his a n essed hend enomi
Q = QE) T8 E 9] ] %) T €S expr compre Metag N ion
= 5] g o E T g ive gen helps us hy [61]. ¢ Itivatio
= g = JCR = 2= spons and otrophy hic cu .
5] gEE X 252 = g2z hanges, ilic methan hanotrop bolic
g E 8 = £ g o0 60 ntal ¢ hilic . el met] . d meta
=1 k= £ z 2 SIS = me. in thermop ide nov nies an
g T % SR g EE g thways in used to gu ic phyloge hways [62].
2 g2 2 £5 5 5 373 > pa also be hanotrophic nes/pat io-
= S 253 ° & 50 & hes can . metha levant ge by radio
0 X i=! 52 g g ac n e ele .
é E g g v ; % % g g = G"’ pr;)thods by unearthi bge quantlﬁed byﬁ- mutations 1ndluceda (}Lelium'
00 S 0°35 EEETY m ich can ce ; asm
S £E Z £ E T 3373 < diversities, Whlchl featuring whole d atmospheric p
2l g 2E 3 838 S o= g% TP is a too erature an
sl £ 22 g ol - E g8¢ S AR d ‘room-temp
HEIRE § gy £ 258 frequency an
2l 8| § g g 2 § HEg
k=N e = o=
ZE| 5|25
£38

175



H. Meruvu, et al.

based) discharges’ to enhance medium/nutrient tolerance promoting
cellular growth/metabolism [63-66]. ARTP can be combined with
supplementary mutational methods like y-ray and CRISPR/Cas9 for
delimiting industrial drawbacks in methanotrophs like Methylococcus
capsulatus [67,68]. ARTP technique using pressured glow discharges
induced genomic mutational breeding in Methylosinus trichosporium
OB3b [69]. Measurements of intracellular copper uptake inducing
mutations in Methylococcus capsulatus were done through inductively
coupled plasma mass spectroscopy (ICP-MS). It was also deciphered
that when grown in copper-limited conditions the organism secretes
‘MopE’ protein which can bind with both oxidised and reduced copper,
based upon ‘X-ray near edge absorption spectroscopy’ and ‘Electron
Paramagnetic Resonance’ analyses [70,71].

MMC is an automated platform integrating adaptive evolution with
high—throughput microbial cultivation [72,73]. Here microorganisms
can be grown in droplets with gaseous exchange facility allowing
continuous sub-cultivation and improving robust strain construction
under induced stress conditions [72]. Likewise, MMC can be applied for
methanotroph growth and cultivation studies also as fluorinated oil-
phase micro-droplets can support CH, exchange along with O, [74].
Methanotrophic strain MeSV2.2 and Methylobacterium extroquens AM1
were found to exhibit good growth in MMC. Adaptive evolution ex-
periments of MeSV2.2 by cultivation for 18 days in MMC resulted in a
mutant with improved growth rate and high final cell density was de-
sired [72,75].

Uncultivable methanotrophic gamma-proteobacteria like Crenothrix
sp., which have been evading isolations previously are now being iso-
lated and catalogued taxonomically applying cumulative technologies
like Raman-Microspectroscopy, and Microfluidics [54]. Single-cell iso-
topic imaging is a novel technique featuring stable isotope probing, and
application of single-cell-level imaging tools using Raman spectra of
individual cells to yield bands for modelling cellular profiles and me-
tabolites with higher throughputs and lower costs [76]. Metagenomic
analysis using coupled techniques of stable-isotope-labelling and single-
cell-imaging mass spectrometry could elucidate isolation and identifi-
cation of Crenothrix population (major methane metabolisers of strati-
fied lakes), which could grow potentially with and without oxygen
supply due to possession of genes encoding typical gamma-proteo-
bacterial ‘PmoA’ [77]. Mass spectroscopy or gas chromatography can be
used for the analysis of fatty acids of whole-cell methanotrophs like
Methylogaea oryzae, Methylococcus capsulatus Bath, Methyloparacoccus
murrellii, Methylocaldum gracile [78]. In cold adapted methanotroph
Methylovulum psychrotolerans, analysis of fatty acid methyl esters was
done using gas chromatography-mass spectrometry, and intact polar-
lipid analysis of biomass was done by ultra-high pressure liquid chro-
matography-high resolution mass spectrometry [79].

High throughput technologies like Omics for molecular analysis of
DNA/RNA, proteins and metabolites of methanotrophs can help of
comprehend geochemical and communal functions/links of methano-
trophy [80,81]. High-throughput cultivation technique applies the di-
lution-to-extinction-culturing to partition cells singly into tubes/micro-
wells with low nutrient media [50,82]. Due to the immense tax-
onomical and physiological diversity of methanotrophs isolation dis-
coveries expanding their nomenclatural groups, their identification or
cataloguing can be done by the application of high-throughput meta-
genomic screening/sequencing [83-85]. High-throughput sequencing
of 16sRNA gene amplicon regions has been used for identifying dif-
ferences between methanotrophic family clusters of Methylococcaceae
and Methylocystaceae isolated from diverse ecosystems by multiplex
sequencing [86]. Similarly methanotrophic biodiversity of two soil
habitats was distinguished and reported using high-throughput se-
quencing of their pmoA genes [87]. Global methanotrophic diversity of
thermoacidiphilic verrucomicrobial species of common ancestral ori-
gins are caused by allopatric evolution caused by geographical habitat
distances [51].

Adaptive laboratory evolution techniques are methods which
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promote the growth of methanotrophs by inducing gradual adaptive
changes at laboratory level thereby metabolically engineering micro-
bial cells to suit industrial conditions [88,89]. Metabolic adaption is not
just phenotypic but genetically stable in methanotrophs as tested in
Methylomicrobium album BG8 [88]. They are simpler than stereotypic
genetic engineering experiments, and use metabolic responses like
nutrient limitation and/or induced stress factors to incorporate evolu-
tionary changes [90]. As putrescine is inhibitive for methanotrophy,
adaptive evolution was conducted to induce tolerance of Methylomi-
crobium alcaliphilum 20Z to putrescine dihydrochloride (400 mM) [91].
In lactate-tolerant Methylomonas sp. DH-1, efficient p-lactate production
from CH, was induced by adaptive laboratory evolution [92]. Evi-
dently, adaptive laboratory evolution has also been reported for iso-
lating mutants of Methylobacterium extorquens AM1 exhibiting stress
tolerance to 1-butanol with augmented survival/growth rates, and was
confirmed by metabolomics analysis and whole genome sequencing
[93]. Adaptive laboratory evolution can also be carried out to induce
higher methane degradation rates [56], by incubating the methano-
trophic strains of interest at gradually increasing methane contents.

4. Perspectives

Isolation of novel methanotrophs with biotechnological potentials
and devising strategies which could address the same, is the need of
essence due to their unique metabolisms to devour harmful greenhouse
gases like methane. Increasing methane content supply gradually was
proven to be a novel technique to amplify innate methanotrophic me-
tabolism and concomitantly free them from unwanted associated het-
erotrophic methanotrophs/methylotrophs that feed upon methane de-
rivatives like acetate, formate, methanol, succinate or organic acids
[94]. Co-occupant satellite species that associate with methanotrophs
form functional communities together. Experimental community dy-
namics reveal that manipulated synthetic environments could be de-
signed more realistically to represent natural processes in laboratory,
by studying their proteins, metabolites, transcripts and mutative ma-
nipulations [95]. It was within the context of this review to demon-
strate that simple isolation methods could be coupled with adaptive
evolution techniques to isolate robust high-methane tolerant pure me-
thanotrophic isolates within limited time periods [56]. To summarize,
bringing methanotrophs from their natural habitats and nurturing them
in our laboratory conditions requires perseverant skill and knowledge
of novel reproducible techniques which can be adopted at economic
feasibility. Harnessing methanotroph biotechnology for the greater
good and welfare of the human society could include pollution control
contributing to balanced biogeochemical cycles through bioremedia-
tion of xenobiotically contaminated soil/aquatic environments. Appli-
cation of diverse methanotrophic biofilters for bioconversion of me-
thane-rich abundances like biogas, natural gas, landfill gas and gaseous
exhausts from animal husbandry gas, into simpler marketable and
transportable commodities, contributes to mitigating green-house gas
effects [40,96]. This review paper serves an introductory guide to a
researcher wanting to isolate and purify robust methanotrophs in a
mediocre laboratory environment with minimal scientific equipment.
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