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A novel cold-adapted methane-oxidizing bacterium, termed TFB, was isolated from the thermoglacial Arctic karst spring,
Trollosen, located in the South Spitsbergen National Park (Norway). The source water is cold and extremely low in
phosphate and nitrate. The isolate belongs to the Methylovulum genus of gammaproteobacterial methanotrophs, with the
closest phylogenetic affiliation with Methylovulum miyakonense and Methylovulum psychrotolerans (96.2 and 96.1% 16S
rRNA gene sequence similarities, respectively). TFB is a strict aerobe that only grows in the presence of methane or
methanol. It fixes atmospheric nitrogen and contains Type I intracellular membranes. The growth temperature range was 2—
22°C, with an optimum at 13—-18°C. The functional genes pmoA, mxaF, and nifH were identified by PCR, whereas mmoX
and chbL were not. C16:1w5¢c was identified as the major fatty acid constituent, at an amount (>49%) not previously found
in any methanotrophs, and is likely to play a major role in cold adaptation. Strain TFB may be regarded as a new
psychrotolerant or psychrophilic species within the genus Methylovulum. The recovery of this cold-adapted bacterium from
a neutral Arctic thermal spring increases our knowledge of the diversity and adaptation of extremophilic

gammaproteobacterial methanotrophs in the candidate family “Methylomonadaceae”.
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Aerobic methane oxidation is performed by a unique
group of methylotrophic bacteria found in various methane-
containing environments, e.g. soil, lake sediments, rice pad-
dies, landfills, tundra, and thermal and cold ecosystems
(Hanson and Hanson, 1996; Dunfield et al., 2007), in which
they play an important role in controlling the release of
methane into the atmosphere (Conrad, 1996; Reeburgh,
2007). Most methane in nature is formed through anaerobic
microbial processes by methanogenic archaea. However,
thermogenic methane, a non-microbial source, is generated
through the abiotic decomposition of buried organic materi-
als and geochemical processes. This geological methane is
freed to the atmosphere via seeps, mud volcanoes, gas
venting, and geothermal areas (Etiope and Klusman, 2002;
Fiebig et al., 2007; Nazaries et al., 2013).

Methane-oxidizing bacteria (MOB), or methanotrophs,
possess highly specialized metabolism and have the ability
to grow using only methane and a few other one-carbon
compounds as their source of carbon and energy. These
microorganisms  currently belong to the phyla
Proteobacteria, Verrucomicrobia, and Methylomirabilaeota
(the candidate phylum NC10) (Houghton ez al., 2019). A
reclassification of the phylum Proteobacteria has more
recently been recommended, which includes twenty-seven
genera of proteobacterial methanotrophs (five genera of the
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class Alphaproteobacteria and twenty-two genera of the
class Gammaproteobacteria) (Rahalkar et al, 2007;
Trotsenko and Murrell, 2008; Deutzmann et al., 2014;
Hirayama et al., 2014; Khalifa et al., 2015; Tavormina et
al., 2015), and two genera of the phylum Verrucomicrobia
were also suggested (Op Den Camp et al., 2009; Sharp et
al., 2014; Van Teeseling et al., 2014). The taxonomic struc-
ture at the family level, within the order Methylococcales of
gammaproteobacterial methanotrophs, was reconstructed
using genome-based phylogeny, and three family lineages
were proposed as Methylomonadaceae (Type la) (Parks et
al., 2018), Methylococcaceae (Type 1Ib) (Orata et al., 2018),
and Methylothermaceae (Type Ic) (Hirayama et al., 2014).

Several key functional genes, pmoA (encoding a subunit
of the particulate methane monooxygenase: pMMO), mmoX
(encoding a subunit of the soluble methane monooxygenase:
sMMO), and mxaF (encoding the large subunit of methanol
dehydrogenase: MDH), have been used to identify aerobic
gammaproteobacterial methanotrophs from various environ-
ments. The pmoA gene is often used as a phylogenetic
marker for the detection of aerobic methanotrophs in dis-
tinct habitats, including cold methane seeps in the flood-
plains of west Siberian rivers (Knief, 2015; Oshkin et al.,
2016). The alphaproteobacterial genera (Type IIb)
Methylocella (Dedysh et al., 2004) and Methyloferula
(Vorobev et al., 2011) were described as psychrotolerant and
acidophilic methanotrophs. They were isolated from cold
ecosystems (wetlands) and only contain sSMMO enzyme
systems.

Methanotrophs generally occur in relatively cold environ-
ments, e.g. tundra soil, ground waters, arctic wetland soil,
saline meromictic lakes, polar lakes, permafrost, and marine
sediments (Bowman et al, 1997; Trotsenko and
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Khmelenina, 2005; Wartiainen et al., 2006). Until now, only
two true psychrophilic species (optimal growth temperatures
between 3.5 and 13°C), Methylosphaera hansonii (Bowman
et al., 1997) and Methylobacter psychrophilus (Omelchenko
et al., 1996), have been described and isolated from the sur-
face sediments of an Antarctic meromictic lake and Russian
Arctic tundra soil, respectively. Msp. hansonii requires salt-
water for growth, whereas Mbc. psychrophilus does not
need NaCl for growth. Several psychrotolerant Type Ia
methanotrophs from various permanently cold habitats have
been reported as new genera and species, including

Methylovulum  psychrotolerans (Oshkin et al., 2016),
Methyloglobulus morosus (Deutzmann et al., 2014),
Methylovulum — miyakonense (Iguchi et al., 2010),

Methyloprofundus sedimenti WF1T (Tavormina et al., 2015),
Methylosoma difficile (Rahalkar et al., 2007), Methylobacter
tundripaludum (Wartiainen et al., 2006), and Methylomonas
scandinavica (Kalyuzhnaya et al., 1999). Three methanotro-
phic Type la bacteria, strain M200, Methylomonas strain M5
(Kip et al., 2011), and Methylomonas paludis strain MG30
(Danilova et al., 2013), were recently isolated from peat
ecosystems. They were reported as being acid-tolerant
(growth below a pH of 4.5). Furthermore, two sheathed and
filamentous  freshwater  microorganisms,  Crenothrix
polyspora Cohn 1870 (Stoecker et al., 2006) and Clonothrix
fusca Roze 1896 (Vigliotta et al., 2007), were identified and
associated with gammaproteobacterial methane oxidizers.
They appear to be psychrotolerant, but have not yet been
grown in pure cultures.

Spitsbergen is the largest island of the high Arctic Sval-
bard archipelago, located north of Norway. It has a geologi-
cally active past and hot groundwater and glacial meltwater
is mixed in several places, leading to karst springs at which
the water stays above freezing temperature throughout the
year (Lauritzen and Bottrell, 1994). One of the largest ther-
mal springs on South Spitsbergen is Trollosen, located in the
southernmost part (Fig. 1). Trollosen discharges water at a
maximum rate of 18 m?® s, which varies with the seasons.
Water temperature varies between 4 and 15°C. The smell of
hydrogen sulphide (H,S) and the presence of organic slime
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in discharged water provides evidence of an active micro-
bial community in the Trollosen aquifer (Lauritzen and
Bottrell, 1994). In a previous study based on cultivation-
independent analyses, sulphur-oxidizing chemolithotrophic
Proteobacteria were found to dominate the bacterial com-
munity in this spring, with minor contributions by hetero-
trophs, including methane oxidizers (Reigstad et al., 2011).
In the present study, water and slime samples were collected
to investigate methane-utilizing bacteria in the Trollosen
spring. A novel cold-adapted methanotrophic bacterium
belonging to the candidate family “Methylomonadaceae” of
the class Gammaproteobacteria was recovered.

Materials and Methods

Sampling and growth conditions

In June 2006, approximately 40 mL of water, containing white
slimy filaments, was collected from the thermal spring, Trollosen
(76°72'N, 16°28'E), in the South Spitsbergen National Park during
a joint expedition with another group from the University of Ber-
gen (Reigstad et al., 2011). Samples were collected in Falcon tubes
and stored at 8°C before being used as an inoculum for the enrich-
ment and cultivation of methanotrophs. The in situ temperature and
pH of the sample were 15°C and 6.8, respectively. The 3x1 m cave
opening of the spring is dominated by glacial meltwater from the
nearby Vitkovskij glacier and discharged approximately 8 m? s™' at
the time of sampling. On the day of sampling, the water contained
(in decreasing order of concentrations in mM); Cl, 56; Na, 2.76;
Ca, 2.46; Mg, 0.81; ammonia, 0.19; SO,*, 0.18; Li, 0.1; and lesser
amounts of Al, Fe, B, Mn, As, Mo, and Ba. The amounts of nitrate
and phosphate were below the detection limit (Reigstad et al.,
2011).

A previously described low-salt mineral medium (LMM) with
pH 6.8 and vitamins was used for enrichment conditions (Islam et
al., 2015), except that KNO, was replaced with NH,Cl1 (0.1 g L™).
Thereafter, 2 mL of the water sample was added directly to 20 mL
of LMM in a 120-mL serum bottle. The bottle was closed with
butyl rubber caps and aluminium crimped seals. A mixture of
methane (80%) (purity of methane, 99.5%; Yara Praxair), air
(10%), and CO, (10%) was added aseptically via a syringe into the
headspace. The bottle was incubated at 18°C in the dark and with-
out shaking for three weeks. The gas mixture was replaced every
seven days. After the incubation, the enrichment culture became

Sampling location. (a) Map of South Spitsbergen National Park in Svalbard designating the sampling site (https://www.google.com/

maps). (b) A close-up photograph of the Arctic thermal spring (Trollosen). The arrow shows the sampling location.
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visibly turbid and was examined using a phase-contrast microscope
(Eclipse E400 microscope; Nikon). Thereafter, 2 mL of the culture
was transferred to fresh LMM and re-incubated under the same
conditions as those described above.

Enrichment, isolation, and morphology

To recover a true methane oxidizer, the environmental enrich-
ment sample was transferred five times into fresh LMM and incu-
bated with methane, air, and CO,. Serial dilutions (10 to 10°%)
were prepared and 0.1-mL aliquots were spread onto either gelrite
(20 g L', Gelzan™ CM; Sigma-Aldrich) or agar (Difco) plates
containing LMM. The plates were then incubated for four weeks at
18°C in jars filled with a methane/air (2:1) mixture. Individual col-
onies were collected, streaked onto fresh plates, and re-incubated
for three weeks. A single colony was then selected and examined
by phase-contrast microscopy. The selected colony was transferred
to fresh liquid LMM and incubated for three weeks under the same
growth conditions. After a pure culture was extracted, LMM was
used for its routine cultivation at 15 and 18°C for two weeks. The
purity of the culture was assessed by phase-contrast and electron
microscopies, observations of single colony growth on plates, and
a heterotrophic contamination test using Luria-Bertani broth (1 to
5% [v/v]) and glucose (10 mM). In addition, growth was examined
in the diluted and undiluted nitrate or ammonium mineral salt
media used to cultivate the methanotrophs (Whittenbury et al.,
1970). Morphology was assessed using a phase-contrast micro-
scope and Jeol-1230 electron microscope. Exponentially-grown
cells were harvested by centrifugation and used to prepare ultrathin
sections for transmission election microscopy (TEM), as described
previously (Islam et al., 2015).

Utilizable carbon and nitrogen sources, pH, temperature, and salt
concentration

Various organic compounds were tested as possible carbon and
energy sources at a concentration of 10 mM in fresh LMM. The
following substrates were tested: glucose, acetate, pyruvate, lac-
tate, malate, succinate, ethanol, sucrose, fructose, maltose, manni-
tol, sorbitol, Luria-Bertani broth, and yeast extract. Growth on
methanol, methylamine, formate, and formaldehyde was tested at
concentrations between 0.03% and 0.2% (v/v) in LMM. To prevent
vaporization, bottles were capped with butyl-rubber stoppers.
Growth was also tested in nitrogen-free LMM (without KNO,) and
adjusted to pH 6.8 in triplicate, and the only nitrogen source was
N, from the air. After three weeks of incubation, resultant growth
was evaluated. The growth temperature range was tested at 0, 2, 5,
10, 13, 15, 18, 20, 22, 25, and 30°C (at pH 6.8). The effects of pH
on growth were investigated and the test for antibiotic sensitivity
was performed as previously described (Islam et al., 2020). The
effects of salt concentrations on growth were also assessed by
adding NaCl (0.1, 0.5, 1, 2.0, and 3% [w/v]) to LMM. Growth was
assessed after two weeks of incubation using optimal culture con-
ditions.

Acetylene inhibition test, naphthalene assay, and fatty acid
analysis

To assess the effects of acetylene, 4% of acetylene (v/v) was
added into the headspace after five days of incubation with meth-
ane or methanol. Triplicate flasks were used for the methane oxida-
tion inhibition test. One flask without acetylene was used as a
control. The naphthalene-oxidation assay was performed as descri-
bed previously (Islam et al., 2020). A phospholipid fatty acid
(PLFA) analysis of cells grown at 15°C was performed at the
DSMZ (Deutsche Sammlung von Mikroorganismen und Zelkultu-
ren GmbH).

DNA isolation and 16S rRNA and functional gene analyses

Genomic DNA was isolated using the CTAB procedure (Murray
and Thompson, 1980). The 16S rRNA gene was amplified as
described previously (Islam ez al., 2008) using a Peltier thermal
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cycler (PTC-200; MJ Research). PCR products were purified and
sequenced using the BigDye kit for automated DNA sequencers
(ABI 3700 PE; Applied Biosystems). Amplification of the func-
tional genes pmoA, mmoX, mxaF, nifH (nitrogenase iron protein),
and chbL (the large subunit of the ribulose-1,5-bisphosphate car-
boxylase/oxygenase, RubisCO) was performed using genomic
DNA (Table S1). PCR was accomplished using Dynazyme™
High-Fidelity DNA Polymerase (Finnzymes) and the PCR pro-
gram was previously described (Islam et al., 2015). Methylococcus
capsulatus (strain Bath) DNA was used as a positive control. Mil-
1iQ water was used as a negative control. The PCR products of the
gene pmoA were cloned using pCR4-TOPO (Invitrogen) according
to the manufacturer’s protocol. The four independent clones of the
pmoA gene were sequenced and confirmed to be identical. The
Southern blotting technique was utilized for the verification of
pPMMO and sMMO. DNA from Mcc. capsulatus (Bath) and
Methylacidiphilum kamchatkense (Kaml) were used as positive
and negative controls, respectively. Genomic DNA from the pure
isolate was digested with EcoRI and HindlIIl. Fragments of DNA
were separated using agarose gel electrophoresis and transferred
onto Hybond-N nylon membranes (Amersham Biosciences). The
probes utilized for hybridization were made by PCR using the
pmoA and mmoX primer sets (Table S1) and labeled with
[a-2P]dCTP using the DNA labeling kit (Amersham Biosciences)
as previously described (Baxter et al., 2002; Islam et al., 2008).

Phylogenetic analysis and accession numbers

The 16S rRNA sequences and deduced protein sequences of the
functional genes (using the ExPASy Translate tool; https:/
web.expasy.org/translate) were evaluated with available sequences
in the GenBank database using BLASTn and BLASTp (the NCBI
tools), respectively (Table S2). 16S rRNA gene and deduced amino
acid (PmoA) sequences were aligned using the CLUSTAL W algo-
rithm. Phylogenetic trees were constructed using different meth-
ods, such as the Neighbor-Joining, Maximum Likelihood, and
Minimum-Evolution methods, based on the following models:
Kimura 2-parameter, Maximum composite likelihood, Tamura 3-
parameter, Jukes-Cantor, Jones Taylor-Thornton (JTT), Dayhoff,
and Poisson. These models were implemented in the MEGA7 soft-
ware package (Kumar et al, 2016). The sequences of the 16S
rRNA, pmoA, mxaF, and nifH genes of strain TFB have been
deposited in GenBank under accession numbers GQ130272,
KX282487, KX282488, and KX282489, respectively.

Results and Discussion

Isolation of strain TFB and morphological characteristics

After three weeks of incubation at 18°C with methane,
the enrichment was turbid, and phase-contrast microscopy
revealed the presence of non-motile, straight, or curved rod-
shaped cells, small cocci, and large coccoid cells with a
thick mucous capsule. The large coccoid cells demonstrated
poor growth with NH,CI in enriched LMM. After five suc-
cessive transfers into fresh LMM (with KNO,), the fraction
of large coccoid cells was larger. After 3—4 weeks of incuba-
tion, the following colonies were observed on gelrite plates:
transparent (approximately 1.4 to 1.8 mm in diameter), light
yellow (approximately 0.5 to 1.0 mm), small white (0.8 to
1 mm), and large white (2.0 to 2.5 mm). Transparent colo-
nies were not present on the agar plates (even after five
weeks of incubation). However, small and large white colo-
nies were observed. To detect a true methane oxidizer, three
different colonies were transferred to fresh LMM separately
and incubated with methane, air, and CO,. Only a single
transparent colony from the gelrite plate showed growth in
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methane after two weeks of incubation, whereas no growth
was observed for the white or light-yellow colonies. A true
cold-adapted methanotrophic isolate was obtained from the
transparent colonies on the gelrite plates. The isolate, called
TFB, was a large coccoid/elliptical rod with a length of 1.5~
2.0 pym and diameter of 1.2-1.5 um. The strain grew in
LMM with methane or methanol (0.2%). It did not grow in
the presence of methane or methanol under anaerobic condi-
tions or in the absence of methane or methanol. These cells
were non-motile and occurred individually or in pairs. An
investigation by electron microscopy revealed the presence
of intracellular membranes (ICM) stacked (as vesicular
disks) throughout TFB cells, which is a common feature of
the methanotroph family Methylomonadaceae (Fig. 2).
Spores or cysts were not observed in TFB using TEM. The
isolate had a polysaccharide-like matrix around it, which
was also observed in the acid-tolerant methanotrophic strain
M200 (Kip ef al., 2011). Similar bacteria, also described as

IsLAM et al.

large morphotype 2 psychrophilic methanotrophs, have been
observed in enrichments from Russian Arctic tundra soil
(Berestovskaya et al., 2002). Moreover, these large cocci,
with thick mucous capsules, grew at a pH and temperature
between 5-7 and 5-10°C, respectively.

Physiological characteristics

A comparison of the major characteristics of strain TFB
with related cold-adapted (e.g. psychrophilic and psychroto-
lerant) and mesophilic Type la methanotrophs is shown in
Table 1. Strain TFB utilized only methane and methanol as
the sole carbon and energy sources, respectively. It did not
grow on substrates containing multi-carbon compounds or
in complex media, evincing obligate methanotrophy.
Growth in methanol was observed at concentrations
between 0.05 to 0.2% (v/v). Cells utilized nitrate and ammo-
nium salts as nitrogen sources. In the absence of vitamins,
TFB grew very poorly. The isolate grew on nitrogen-free

Fig. 2.

AN

Cell morphology of strain TFB. (a) Phase-contrast micrograph of cells grown in LMM, containing methane, for 7 days. (b) Transmission

electron micrograph showing intracytoplasmic membrane (ICM) systems. Bars, 10 pm (a) and 1 pm (b).

Table 1. Comparisons of major characteristics of the cold-adapted strain TFB and Type la gammaproteobacterial methanotrophs. Strains: 1)
Strain TFB (this study); 2) Methylovulum psychrotolerans (strains SphlT, Sph2, and OZ2) (Oshkin et al., 2016); 3) Methanotrophic
strain M200 (Kip et al., 2011); 4) Methylovulum miyakonense HT12" (Iguchi et al., 2010); 5) Methyloprofundus sedimenti WF1"
(Tavormina et al., 2015); 6) Methylosoma difficile LC 2" (Rahalkar et al., 2007); 7) Methyloglobulus morosus KoM1" (Deutzmann et
al., 2014); 8) Methylobacter tundripaludum SV96' (Wartiainen et al., 2006); and 9) Methylosphaera hansonii ACAM 549" (Bowman et
al., 1997). +, positive results; —, negative results; nr., not reported.

Characteristics 1 2 3 4 5 6 7 8 9

Cocci, . . . Cocci, Cocci, .

Cell morphology elliptical fods Cocci Cocci Cocci or rods elliptical rods  elliptical rods Short rods Rods Cocci

pMMO + + + + + + + + +

sMMO - - - + - - - - -

mxaF gene + + nr + + + + + nr

nifH gene/N, fixation + + + + + + + + +

Pigmentation Transparent Light pink Pink Pale brown nr Pale pink Red pink Pale pink -

Growth temp. (opt.)  2-22 (13-18) 2-36 (20-25) 4-30 (nr)  5-34(24-32)  4-26(18-23) 10-30 (25) 4-30(20)  10-30(23)  0-21(10-13)

pH range 52-85(6.5-72) 4.0-8.9(6.0-7.0) 4.1-7.0(5.5) 6.0-7.5  6.0-8.0(65-7.5) 5-9(6-8) 5-8.5(6-8) 5.5-1.9 7.0

Growth on methanol + + + + + + + = +

Vitamin required + - - - + + - - =

G+C content (mol%)* nd 51.4-51.9 nr 49.3 40.5 49.9 41.7 47 43-46

G+C content (mol%)® 522 - 522 534 - 52.7 54 50.7 -

Source Arctéc thermal - Cold methane seeps Acidic Forest soil ~ Marine sediment Lake sediment Lake sediment Wetland soil Antarctic

pring and freshwater lake  Sphagnum peat meromictic lake

“The G+C content was assessed by HPLC (DSMZ; Mesbah et al., 1989; Kamagata and Mikami, 1991). *16S tRNA, pmoA, mxaF, and nifH
sequences were used to measure the DNA G+C content (mol%). “Shows poor to no growth on methanol. ‘Highly purified agar, agarose, and gel-
rite were likewise unsuccessful for pigmentation. *Seawater required.
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LMM, demonstrating its ability to fix atmospheric N,,
whereas growth was more optimal in LMM containing
KNO,;. Strain TFB grew between 2 and 22°C, with optimal
growth occurring between 13 to 18°C (Fig. S1). This result
implies that strain TFB is more psychrotolerant/psychro-
philic than the acid-tolerant methanotrophic strain M200
and mesophilic Mvm. miyakonense HT12T. Although Mvm.
psychrotolerans strains grew efficiently at temperatures
lower than 10°C, their optimal growth temperature was 20—
25°C (Oshkin et al., 2016). No growth was observed at
25°C, indicating that strain TFB is not a member of the mes-
ophilic Type Ia methanotrophs. The specific growth rate (w)
and doubling time at the optimum temperature were 0.017
h! and 18 h, respectively. At 15°C, strain TFB grew at a pH
interval of 5.2-8.5; however, optimal growth was observed
at a pH 6.8-7.2. It did not show any growth at pH 5.0 or 9.0,
demonstrating that strain TFB is a neutrophilic bacterium
rather than a member of the acid-tolerant or alkaline metha-
notrophs. The strain did not require excess NaCl for growth
and grew favorably in LMM with 0.1% NaCl (w/v). When
NaCl concentrations exceeded 0.5% (w/v), growth was
inhibited. Acetylene acts as a suicide substrate for methano-
trophs containing pMMO (Prior and Dalton, 1985). The
effects of acetylene (4%) on TFB showed that growth and
methane oxidation were completely suppressed, which con-
firmed the presence of pMMO as the functional methane
oxidization enzyme. This result is consistent with previous
findings obtained on other Type Ia, Type Ib, and verrucomi-
crobial methanotrophs (Bedard and Knowles, 1989; Islam et
al., 2008).

Fatty acid profile

Strain TFB exhibited a unique fatty acid profile from the
known psychrophilic and psychrotolerant methanotrophic
genera of MOB (Table 2). The predominant fatty acids were
Cl6:1w5c, C14:0, and C16:1w7c. The fatty acid C16:1w5c
is generally found in related psychrotolerant species, such as
Mvm. psychrotolerans and the methanotrophic strain M200.
The genera Methyloterricola oryzae 73a™ (a member of
Type Ib in the family Methylococcaceae) contained 28.3%
of C16:1w5¢, whereas strain TFB contained 49.65%. This
was relatively high, and such a high percentage of
C16:1w5c has not previously been reported in any gammap-
roteobacterial methanotrophs described to date. A recent
study reported that Mvm. psychrotolerans adapts to
decreasing growth temperatures by increasing unsaturation
in bulk fatty acids, including C14 and C16, as well as in
hopanoids (Bale et al, 2019). At 4°C, Mvm.
psychrotolerans possesses 88—91% unsaturated fatty acids
(mostly isomers of C16:1 and C14:1w7), and 79-80% when
grown at 20°C (Bale et al., 2019). The high amount of
Cl16:1w5c in strain TFB indicates that it plays an important
role in cold adaptation and may be used as a diagnostic fea-
ture in identifying cold-adapted methanotrophs and differen-
tiating them from other mesophilic or thermotolerant
methanotrophs. The amounts of C14:0, Cl6:1w7¢, and
C16:0 were similar to those in other psychrophilic, psychro-
tolerant, and mesophilic methanotrophic genera. Addition-
ally, Cl6:lw7c¢ in strain TFB showed a significant
difference from Mvm. myakonense strain HT12T, while acid-

Table 2. Comparison of cellular fatty acid compositions of cold-adapted strain TFB with other psychrophilic,
psychrotolerant, and mesophilic Type Ia and Type Ib methanotrophs. 1) Strain TFB (this study); 2)
Methylovulum psychrotolerans (strains Sphl', Sph2, and 0OZ2) (Oshkin et al, 2016); 3)
Methanotrophic strain M200 (Kip et al., 2011); 4) Methylovulum miyakonense HTI12T; 5)
Methyloprofundus sedimenti WF1" (Tavormina et al., 2015); 6) Methylosoma difficile LC 2" (Rahalkar
et al., 2007); 7) Methyloglobulus morosus Koml"™ (Deutzmann et al., 2014); 8) Methylobacter
tundripaludum SV96" (Wartiainen et al., 2006); 9) Methylosphaera hansonii ACAM 549" (Bowman et
al., 1997); 10) Methyloterricola oryzae 73a" (Frindte et al., 2017); and 11) Methylococcaceae strains
BRdS—k6, GFS-K6, and AK-K6 (Islam ez al., 2015). Values are given as a percentage of total fatty
acids.

Fatty acids 1 2 3 4 5 6 7 8 9 10 11

C12:0 0.96 - - - - 274 01 - - - -

C13:1 1.53 - - - - - - - - - -

C14:0 1828 7.1-93 75 342 - 855 0.7 349 2-3 - 3.73-8.43

Cl15:0 1.22 - 07 297 - 079 - 234 12 - -

Cl6:1w8¢ - 22.7-30.1 374 - 223 - 553 82 3741 - -

Cl6:1w7c¢ 16.52 22.5-33.0 149 - 3- 600 58 - 1619 26.9 57.93-69.41

Cl6:1wbe - 57-62 94 640 — 150 287 263 17-18 8.7 -

C16:1w5¢ 49.65 17.3-19.2 243 - - - - - - 28.3 11.38-30.02

Cl6: 17t - - - - - - 68 - 2-3 - -

Cl16:109t - - - 269 - - - - - -

C16:0 918 6.2-114 41 469 15 85 - - 1415 309 4.72-11.37

Cl16:1w9c¢ - - - - 288 - - - - - -

Cl16:1w10c¢ - - - - - - - - - 2,4 -

Clé:lwlle - - - - - 244 - - - - -

C16:0 30H 2.66 - - 800 - 131 10 - - - 1.50-1.54

C16:2w9,14 - - - 71 - - - - - -

Cl8:1w7c - 0.7-1.2 - - - - 09 - 12 1.7 -

C18:1w9¢ - 0-1.1 - - - - - - - - -

BOH-nC16:0 - 2.8-4.6 - - - - - - - - -

Growth temp. (°C) 15 20 nr¥ 24 23 25 20 20 10 30 25

* not reported
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tolerant methanotrophic strain M200 contained the fatty acid
Cl16:1w8c (37.4%), which was completely absent in strain
TFB.

Functional genes and phylogenetic analyses

Partial fragments of the functional genes pmoA, mxaF,
and nifH were amplified and sequenced. The results
obtained indicated a close relationship to corresponding
genes in other Type Ia methanotrophs. PCR amplification
trials on mmoX and subsequent Southern blotting (Table S3)
yielded negative results that substantiated the negative naph-
thalene assay, thereby confirming the lack of genes
encoding for sMMO in strain TFB. Furthermore, no feasible
PCR band for the chbL gene was detected, revealing that the
strain may not utilize genes encoding RuBisCO for autotro-
phic CO, fixation. The presence of RuBisCO in certain Type

IsLAM et al.

Ib methanotrophs (such as Methylococcus, Methylocaldum,
Methylomagnum, Methyloterricola, Methylospira, and
methanotrophic strains BFH1, BFH2, and LS7-MC) has
been reported (Baxter et al., 2002; Danilova et al., 2013;
Islam et al., 2015; Islam et al., 2016; Frindte et al., 2017),
whereas Type Ia methanotrophs, as well as some Type Ib
methanotrophs (such as Methylomonas, Methylomicrobium,
Methylomarinum, Methylotetracoccus, Methyloparacoccus,
and Methylogaea), do not contain RuBisCO (Baxter et al.,
2002; Hirayama et al., 2013; Ghashghavi et al., 2019). The
nearly complete 16S rRNA gene (1411 bases) and PmoA
(169 amino acids) sequences of the methanotrophic strain
TFB were used to construct phylogenetic trees.

Members of psychrotolerant Type Ia methanotrophic
strains, such as Msm. difficile LC 2 (Rahalkar et al., 2007),
Mbe. tundripaludum SV96T (Wartiainen et al., 2006), and

0,05

90

HE801216, Methylomonas paludis MG30T
AF304196, Methylomonas methanica S17

NR_025136, Methylomicrobium buryatense 5BT
KF484906, Methyloprofundus sedimenti WF1T
U67929, Methylosphaera hansonii AM6T
AB301717, Methylomarinum vadi IT-4T
AJ414655, Methylobacter tundripaludum SV96T

AF152597, Methylobacter psychrophilus Z-00217
DQ984190, Clonthrix fusca AW-b

ﬁ|_ DQ119050, Methylosoma difficile LC 2T

JN386974, Methyloglobulus morosus KoM1T

63

67 GQ130272, Methanotrophic strain TFB
AB501287, Methylovulum miyakonense HT12T

HM564015, Methanotrophic strain M200
KT381581, Methylovulum psychrotolerans Sph2

(.,or22EBpPRUOWOIAYIBN.,) B] 9dAL

26 KT381583, Methylovulum psychrotolerans OZ2

KT81579, Methylovulum psychrotolerans Sph1T

9 AB301718, Methylomarinovum caldicuralii 1T-97

—
KU216206, Candidatus Methylospira palustris -
=
HE616416, Candidatus Methyloumidiphilus alinensis § %
AE017282, Methylococcus capsulatus Bath 5 @
EU672873, Methylogaea oryzae E10TT § T
GQ130271, Methanotrophic strain BFH1 8
KP272134, Methanotrophic strain GFS-K6 g
Q
AB669155, Methylomagnum ishizawai RS11D-PrT 8
NR026062, Methylocaldum tepidum LK6T 8
U89300, Methylocaldum szegediense OR2T — =
AJ581837, Methylohalobius crimeensis 10KiT
L _ Type Ic
AY829009, Methylothermus thermalis MYHT
5—| (Methylothermaceae)

Fig. 3.

FR686343, Methyloferula stellata AR4T

Molecular phylogenetic analysis (16S rRNA gene sequences) using the Maximum Likelihood method based on the Kimura 2-parameter

model of strain TFB (indicated in bold red) and other related Type Ia, Type Ib, and Type Ic gammaproteobacterial methanotrophs. Evolutionary
analyses were conducted in MEGA7. Nodes supported by bootstrap values (percentages of 1,000 data resamplings) >50% are shown at each node.
The Type 1Ib methanotroph, Methyloferula stellata AR4 (FR686343) of the class Alphaproteobacteria (in the family Beijerinkiaceae) was used as
an outgroup. Bar, 0.05 substitutions per nucleotide.
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Mbc. psychrophilus Z-00217 (Omelchenko et al., 1996),
have 16S rRNA gene sequence identities of 93.0-93.6% to
strain TFB. According to further 16S rRNA gene analyses,
the methanotrophic bacterium M200 (Kip et al., 2011),
Mvm. psychrotolerans (strains Sph1T, Sph2, and OZ2), and
Mvm. miyakonense HT12" (Iguchi et al., 2010) were identi-
fied as being closely related to strain TFB, with 96.6, 96.4—
96.2, and 96.0% sequence similarities, respectively (Table
S2). Furthermore, a phylogenetic analysis of the deduced
amino acid sequence of pmoA showed high sequence simi-
larities with strain M200 (98.8%), Mvm. psychrotolerans
(98.8%), Mvm. miyakonense (100%), Mbc. tundripaludum
(99.3%), Mbc. psychrophilus (97.5%), Msm. difficile
(97.6%), and C. fusca (96.3%). The BLASTp search of
MxaF protein sequences from the strain TFB showed the
strongest associations with Mvm. miyakonense (96.6%),

(93.5%), and Mgb. morosus strain Koml (91.2%). NifH
protein sequences showed associations with Mvm.
miyakonense, Mvm. psychrotolerans, Mbc. tundripaludum,
Methylocucumis oryzae (100%), and Mpf. sedimenti
(95.2%). To establish the affiliation of two or more strains to
the same genus, a minimum of 95% identity for 16S rRNA
gene sequences is required (Schloss and Handelsman, 2004;
Adekambi et al., 2008). 16S rRNA gene sequence similari-
ties (Table S2) between strain TFB (Arctic thermal spring),
strain M200 (Sphagnum mosses), and Mvm. miyakonense
HTI12T (forest soil) were 96.0-96.6%. This result suggests
that strains TFB and M200 belong to the genus
Methylovulum, or that they may denote two separate spe-
cies, or even represent a new genus within Type la methano-
trophs. Phylogenetic analyses of the 16S rRNA and pmoA
genes of the strain TFB revealed that it, along with
Methylovulum species (Mvm. miyakonense and Mvm.

KT381583, Methylovulum psychrotolerans OZ2
KT381581, Methylovulum psychrotolerans Sph2
KT381579, Methylovulum psychrotolerans Sph1T
HM564018, Methanotrophic strain M200
AB501285, Methylovulum miyakonense HT12T
KX282487, Methanotrophic strain TFB

JN386975, Methyloglobulus morosus KoM1T

Mvm.  psychrotolerans (96.6%), Mbc. tundripaludum
49
40
0,10
42

45

AB669168, Methylomagnum ishizawai RS1 1D-FTrT—
GQ130270, Methanotrophic strain BFH1
U89301, Methylocaldum gracile LK6T
U89303, Methylocaldum szegediense OR2T
KP870205, Methanotrophic strain GFS-K6
59 _|— EU359002, Methylogaea oryzae E107
72' HF954363, Methyloparacoccus murrellii R-497977
— AAB49821, Methylococcus capsulatus Bath

53 KU216207, Candidatus Methylospira palustris

MH367014, Candidatus Methyloumidiphilus alinensis

e] adAL

AF307139, Methylomicrobium buryatense 5B7
{EAJ414658, Methylobacter tundripaludum SV96T
46 AY945762, Methylobacter psychrophilus Z-00217
DQ119047, Methylosoma difficile LC 2T
‘l_} DQ984192, Clonithrix fusca AW-b
87 HE801217, Methylomonas paludis MG30T

AB302947, Methylomarinum vadj IT-4T
KF484907, Methyloprofundus sedimenti WF1T

93 AY829010, Methylothermus thermalisn MYHTT
-I: AB302948, Methylomarinovum caldicuralii IT-97 Type Ic
50

AJ581836, Methylohalobius crimeensis 10KiT

q] adAL

—
AJ278727, Methylocapsa acidophila B2T

Fig. 4. Molecular phylogenetic analysis (deduced amino acid sequences of the pmoA gene) of strain TFB (indicated in bold red) and other related
Type la, Type Ib, and Type Ic gammaproteobacterial methanotrophs were inferred using the Maximum Likelihood method based on the Dayhoff
matrix-based model. Initial tree(s) for the heuristic search were obtained automatically by applying the Maximum Parsimony method. Bootstrap
values (1,000 replicates) less than 40% are not shown. Evolutionary analyses were conducted in MEGA7. The Type IIb methanotroph,
Methylocapsa acidiphila B2" (AJ278727) of the class Alphaproteobacteria (in the family Beijerinkiaceae) was used as outgroup. Bar, 0.10

substitutions per amino acid position.
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psychrotolerans) and the methanotrophic strain M200, most
probably constitute a new cluster in the Type Ia methano-
trophs of the class Gammaproteobacteria (Fig. 3, 4, S2, S3,
S4, and S5). This phylogenetic assumption was facilitated
using physiological characteristics (Table 1) and chemo-
taxonomic studies (Table 2). Furthermore, the 16S rRNA,
pmoA, mxaF, and nifH sequences may contribute to the
detection of related methane oxidizers from cold habitats
and demonstrate how these cold-adapted bacteria are widely
dispersed. Based on the 16S rRNA gene analysis, physio-
logical properties, and fatty acid compositions, we propose
that the colorless and neutrophilic methanotrophic strain
TFB represents a new species of the genus Methylovulum.
Strain TFB may be referred to as ‘Methylovulum sp. TFB’.
However, the complete genus status of methanotrophic bac-
teria, namely Mvm. miyakonense HTI2T, Mvm.
psychrotolerans Sphl1T, acid-tolerant methanotrophic strain
M200, and the neutrophilic methanotrophic strain TFB
require further investigations (e.g. comparisons including
the whole genome) before decisions may be reached regard-
ing the genus level.
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