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Abstract An elliptical to cucumber-shaped methan-

otroph with large cells was isolated from a rice

rhizosphere in Western India. Strain Sn10-6 is one of

the first methanotrophs to be isolated from Indian rice

fields. Cells of Sn10-6 are Gram-negative, motile,

large in size (3–6 lm 9 1.5–2 lm) and contain

intracellular cytoplasmic membrane stacks. Colonies

of Sn10-6 and liquid cultures have a pale pink colour.

Strain Sn10-6 was initially isolated under micro-oxic

conditions but later adapted to grow under fully oxic

conditions. The major fatty acids present were iden-

tified as C16:1x6c, C16:1x7c and C16:0 and ubiquinone

was found to be the major quinone. The 16S rRNA

gene sequence of strain Sn10-6 displays high similar-

ity to the genes of Methylovulum psychrotolerans

Sph1T (93.6%) followed by Methylosarcina fibrata

AML-C10T (93.5%) and about 90–93% similarity to

the genes of known species of Type I methanotrophic

genera from the family Methylococcaceae. The draft

genome information indicated that the G ? C content

of strain Sn10-6 is 43.9 mol%. Phylogenetic trees

using 16S rRNA gene and the particulate methane

mono-oxygenase sequences unequivocally placed

Sn10-6 close to the genus Methylovulum. Based on

the 16S rRNA gene differences, morphological char-

acters and draft genome information, strain Sn10-6

(=MCC 3492 =KCTC 15683) is described here as the

type strain of a novel species within a new genus,

‘Candidatus Methylocucumis oryzae’.

Keywords Methanotrophs � India � Rice fields �
‘Candidatus Methylocucumis oryzae’ � Novel genus �
Pale pink � Strain Sn10-6

Introduction

Methane is the second most important greenhouse gas

after CO2 (https://www.epa.gov/gmi/importance-

methane). Among the anthropogenic sources of

methane, rice fields contribute to about 25.6 Tg CH4/

year of the global methane emissions (Yan et al. 2009)

which accounts for* 10% of global methane (Conrad

2009). India has the second largest area under rice

cultivation in the world (Dubey 2005) contributing to

about 3.9 Tg CH4/year (Ganesan et al. 2017).
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Methanotrophs living in the rhizospheres of rice plants

are known to oxidise about 20% of the methane

released from the rice ecosystems (Conrad 2009 and

references therein).

Many bacterial and archaeal species remain unde-

scribed as many of these microbes remain un-cultivated

in the laboratory (Konstantinidis et al. 2017). Methan-

otrophs from rice fields have been mainly studied using

cultivation independent approaches (Lüke 2010).

Recently, a few new taxa of methanotrophs have been

described from rice fields, which include the genera

Methylogaea (Geymonat et al. 2011), Methylomagnum

(Frindte et al. 2017; Khalifa et al. 2015) and Methy-

loterricola (Frindte et al. 2017). Previously known

genera which have been isolated from rice fields include

Methylomonas, Methylocaldum, Methylocystis and

Methylosinus (Dianou et al. 2012; Ogiso et al. 2012).

Within the family Methylococcaceae, which includes

the Type Ia and Type Ib methanotrophs, seventeen

genera have been reported (Bowman 2016; Frindte et al.

2017) (LPSN, http://www.bacterio.net/-classifphyla.

html). Since only a very few isolates of methan-

otrophic bacteria from rice ecosystems are available for

study, there is a need to isolate and characterise

methanotrophs from this niche andstudy their properties.

A large sized gamma-proteobacterial methanotroph

strain, Sn10-6, was isolated from the 10-6 dilution of a

rhizosphere sample obtained from an Indian rice field

(Pandit et al. 2016). This strain showed a unique 16S

rRNA gene sequence with 93.6% or less similarity to

validly described methanotrophic species indicating

that it was a member of a putative novel genus and

species (Pandit et al. 2016). The draft genome of strain

Sn10-6 was sequenced to gain important insights into

one of the first methanotrophic isolates from Indian

rice fields (Rahalkar et al. 2016). In our present study,

we formally characterise strain Sn10-6 by studying its

morphological, metabolic and phylogenetic properties

in detail and propose it to represent a novel genus and

species within the Type I methanotrophs of the family

Methylococcaceae.

Materials and methods

Isolation and cultivation of the strain

Strain Sn10-6 was isolated from the 10-6 dilution

enrichment set up for isolation of methanotrophs using

rice rhizosphere soil from Oryza sativa subsp. Indica

(Indian var. Saal) from the Junnar disctrict (19�120000
North, 73�530000 East) of Western Maharashtra, India.

The enrichment was set up in dilute nitrate mineral salts

(dNMS) medium (Pandit et al. 2016) in a 48 well

microtitre plate incubated in a desiccator with a

headspace of * 20% methane, 25–30% air, and the

remainder nitrogen, and incubated at 28 �C. After

4–5 weeks of incubation, culture suspension fromwells

showing turbidity or pellicle formationwere streaked on

the dNMS agarose (2%) plates and incubated again

under similar conditions for 3–4 weeks. For isolation,

individual colonies were picked and re-streaked repeat-

edly several times until the heterotrophs were com-

pletely removed. The purity was confirmed by no

growth on 1:10 diluted nutrient agar plates. The pure

colonies were then grown in dNMS liquid medium in

glass flasks in desiccators or in sealed serumbottleswith

the same gas environment and incubated at 28 �C.
Growth of strain Sn10-6 was also checked under

variable oxygen concentrations (0, 5, 20 and 80% air,

20%methane and rest nitrogen) in serum bottles. For all

experiments 10% inoculum of a freshly grown culture

was used. For all of the physiological experiments and

characterisation experiments, growth was performed in

microtiter plates or flasks with liquidmedium incubated

under 80% air and 20% methane atmosphere at 25 �C,
as maximum growth was seen under these conditions.

Pure cultures were maintained by regular sub-culturing

on dNMS plates and liquid medium and preserved at

4–8 �C (up to 4 months).

Morphological, cultural and physiological

characteristics

For morphological examination the cells were observed

under a phase contrast microscope (Nikon 80i, Japan

microscope with a camera) with 409 and 1009 magni-

fications. Cells were stainedwith DAPI (40, 6-diamidino-

2-phenylindole, 0.1 lg/mlfinal concentration) toobserve

the cell inclusions under fluorescence microscopy. Cells

were also observed by Scanning Electron Microscopy

(SEM) (Zeiss model EVO-MA-15 SEM). Cells were

prepared in the following manner for SEM. A cell

suspension of 0.2 OD was washed three times with

phosphate buffered saline (PBS) followed by fixation in

2% glutaraldehyde and overnight incubation at 4 �C.
Dehydration of the fixed cells with 500 ll ethanol (5%,

10%, and 20%up to 100%)was carried out by incubating
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the cell suspension at room temperature for 15 min

followed by centrifugation at 12,000 rpm for 5 min at

4 �C, for each ethanol concentration. The final pellet was
dissolved in a minimal volume of 100% ethanol and then

mounted on black carbon taped stubs, coated with gold

dust and observed under SEM to capture images and

measure dimensions of the individual cells. Transmission

Electron Microscopy (TEM) was also performed on the

glutaraldehyde fixed cells of strain Sn10-6. The prepa-

ration of the sample was performed as described

previously (Hoppert and Holzenburg 1998). Briefly, the

cell pellet was initially suspended in molten agar (1.5%,

w/v, final concentration). The resulting agar block was

cut to small pieces of 1 mm3 volume and then the pieces

were washed several times in distilled water. The pieces

were then dehydrated in a graded ethanol series (15%,

v/v, in dist. water, 30% for 15 min; 50%, 75%, 95% for

30 min; 100% for 1 h) at 0 �C. The samples were then

incubated in LR White resin mixture (66%, v/v, in

ethanol for 1 h; 100% for 10 h, 4 �C) and polymerised in

pure resin for 24 h at 50 �C. Resin sections 80 nm in

thicknesswere cutwith glass knives or diamondknives in

an ultramicrotome (Reichert Ultracut E, LeicaMicrosys-

tems, Wetzlar, Germany) and stained with 4% (w/v)

uranyl acetate solution (pH 7.0). Electron microscopy

was performed in a Jeol JEM 1011 transmission electron

microscope (Jeol Germany GmbH, Freising, Germany)

at 80 kV and calibrated magnifications. Images were

recorded with a Gatan Orius SC1000 CCD camera

(Gatan, Munich, Germany). The TEM imaging was

performed at University of Goettingen, Germany. Motil-

ity of the cells was observed by wet mount of a well

grown cell suspension under 1009magnification. Gram

character was determined by a standard Gram staining

protocol.

Catalase activity of the culture was assessed by

observing the production of bubbles after addition of

3% H2O2. Utilisation of various carbon sources was

studied in dNMS liquid medium supplemented with

the following filter-sterilised or autoclaved carbon

substrates (0.1% w/v): formate, formamide, arabinose,

raffinose, lactose, maltose, xylose, glucose, fructose

and sucrose inmicrotitre plates. The ability of the strain

Sn10-6 to grow onmethanol was tested by the addition

of 10–200 mM methanol in liquid medium in serum

bottles. Similarly, the growth with formaldehyde (in

the range of 1–50 mM) was also tested. The ability to

utilise acetate as the sole carbon source was tested by

supplying 2–10 mM range of sodium acetate in dNMS

medium. The range of nitrogen sources utilised by

strain Sn10-6 was tested by replacing KNO3 from

dNMS medium with one of the following compounds:

NH4Cl, urea, glycine, serine, valine, asparagine,

aspartate, L-glutamic acid, glutamate, peptone or yeast

extract. Growth without nitrogen source was tested

under micro-oxic conditions (* 4% oxygen).

The optimum pH and temperature ranges were

evaluated in dNMS liquid medium. Growth at pH values

in the range of 3–9.6 was checked after buffering the

medium with citrate–phosphate buffer (pH 3–6.8) and

glycine buffer (pH 8, 9 and 9.6). Growth was also

checked without using any buffer, but using only HCl or

NaOH for adjusting the pH from pH 3 to pH 10. Salt

tolerance was tested with NaCl (0.1%, 0.5%, 1% and

2.0%, w/v) added to the mineral medium. All of the

above experiments were performed in microtitre plates

in triplicate. Strain Sn10-6 was grown at a temperature

range from 10 to 40 �C, in liquid media in sealed serum

bottles. The ability of the culture to grow under varying

oxygen concentrations was tested in serum bottles by

take in the range from no air to complete air in the

headspace. The media preparation was done by flushing

the bottles with nitrogen gas before autoclaving and then

adding the calculated percentage of filtered air (0, 5, 2, 50

and 80%) with 20% methane in all bottles.

Chemotaxonomic analysis

Strain Sn10-6 was grown in 250 ml stoppered sealed

bottles and a 10–12 days old culture, in the late

exponential phase, was used for the analysis of cellular

fatty acids. The culture was pelleted in 50 ml falcon

tubes, pooled and a thick pellet was immediately

transported on ice to the National Centre for Microbial

Resources (NCMR) facility, Pune, India. There, the

cells were subjected to saponification andmethylation,

followed by extraction, washes and injection of methyl

esters for gas chromatography (7890A Agilent Tech-

nologies). The fatty acid methyl esters (FAME) profile

obtained by gas chromatography was compared by the

Sherlock pattern recognition software with a stored

database for identification.

Phylogenetic analysis

DNA extraction from freshly grown pelleted cells was

performed using the Gram-negative DNA extraction

protocol of the Sigma GenEluteTM Kit. The DNA
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concentration was determined using a Qubit Fluorom-

eter 2.0. The 16S rRNA gene and pmoA gene

amplification and sequencing for this isolate was

achieved as described before (Pandit et al. 2016). This

was routinely done after 6 months to confirm the

identity of the maintained culture. Phylogenetic trees

using the 16S rRNA gene and pmoA gene sequences

from Sn10-6 and related species were constructed

using the maximum likelihood algorithm based on the

Tamura–Nei and Poisson correction, respectively,

with the MEGA 6 software (Tamura et al. 2013) and

1000 bootstraps.

Information from draft genome

Genomic DNA was also used for whole genome

shotgun sequencing using the Ion Torrent PGM

(200 bp) platform; the assembly and annotation has

been described elsewhere (Rahalkar et al. 2016). The

contig data was submitted to the Rapid Annotation

using Subsystem Technology (RAST) server (Aziz

et al. 2008; Overbeek et al. 2014). BlastKOALA

(http://www.kegg.jp/blastkoala/) and NCBI protein

blast tools were used for the analysis of the draft

genomes.

Digital DNA–DNA hybridization (dDDH, http://

ggdc.dsmz.de/) (Meier-Kolthoff et al. 2013) was also

performed using the draft genome of Sn10-6 and

related species. A blast based pairwise average

nucleotide identity ANI-b was calculated using JSpe-

cies (Sangal et al. 2016; Richter and Rosselló-Móra

2009). Additionally, Ortho average nucleotide identity

(ANI) calculations between Sn10-6 and closely related

species was performed using the ORTHO ANI tool

https://www.ezbiocloud.net/tools/orthoani (Yoon

et al. 2017; Lee et al. 2016).

Results and discussion

Growth, morphological characteristics

and microscopy of Sn10-6

Growth was seen in the form of a pale pink pellicle in

the 10-6 serial dilution well of the isolation plate.

After the pellicle was streaked on dNMS agarose

plates and incubated in a desiccator, pale pink

coloured colonies appeared which were about

2–3 mm in diameter. When the cultures were viewed

under the microscope, two types of cells were seen:

numerous cells which were elliptical, large and fat

rods which were motile; and thin rods, in small

numbers. After several rounds of streaking from plate

to plate, pure colonies of strain Sn10-6 were obtained

on the plates. The colonies were observed to be light or

pale pink in colour, round and measuring about 1 mm

in diameter. The growth of pure colonies inoculated in

dNMS liquid medium, after 6–7 days incubation,

appeared as pale pink cell pellets settled to the bottom

of the serum bottle, which on shaking formed a swirl

of cells rising from the center of the bottom. Under

phase contrast microscope, the cells were observed to

be elliptical, large and fat rod shaped, resembling

cucumbers as they had rounded ends,

3–4 9 1.5–1.8 lm (length 9 width) (Fig. 1a). The

cells were found to be motile and Gram-stain negative.

The dividing cells were observed to be elliptical

(Fig. 1a). Chain formation was not often observed. In

older cultures, Sn10-6 cells were determined to be

relatively large size 5–6 lm 9 1.5 lm. Strain Sn10-6

morphologically resembles strains ofMethylomagnum

ishizawaii, a rice field methanotroph species (Frindte

et al. 2017). Characteristic inclusions or granules

could be clearly observed by phase contrast micro-

scopy (Fig. 1b). DAPI stained cells revealed the

presence of fluorescent yellow stained intracellular

granules (Fig. 1c), which are indicative of poly-

phosphate granules. SEM images clearly showed the

elliptical, cucumber shaped cells with an average cell

size of 3.5 lm 9 1.5 lm (Fig. 1d). Ultrathin sections

also revealed the presence of ample storage granules

throughout the entire cell (Fig. 1e). The draft genome

of strain Sn10-6 contains genes for polyphosphate

metabolism (WP_045778316.1) and genes related to

the glycogen metabolism pathway (WP_082081464.1

and WP_082081754.1). On TEM strain Sn10-6

showed stacks of intracytoplasmic membranes

arranged in stacks which were perpendicular to the

cytoplasmic membranes mainly at the periphery of the

cells (Fig. 1f), a typical characteristic of Type I

methanotrophs (Whittenbury et al. 1970).

Physiological characteristics and C and N

metabolism

Strain Sn10-6 was found to utilise only methane or

methanol as sole C sources. Cultures reached a

maximum OD of 0.4 under completely oxic
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conditions, i.e. 80% air and 20% methane in the

headspace. The culture can grow and tolerate

methanol up to a concentration of 200 mM but did

not grow above OD 0.28. Strain Sn10-6 failed to show

any growth with other C sources such as formalde-

hyde, acetate, etc. for all the concentrations tested.

Strain Sn10-6 can utilise ammonium chloride, L-

serine, L-valine, peptone and yeast extract as sources

of nitrogen.

Strain Sn10-6 was found to grow in the pH range of

5–9.6 under buffered as well as non-buffered condi-

tions, with optimal growth at pH 6.5–7 (Table 1).

Strain Sn10-6 was found to grow in the temperature

range between 20 and 30 �C and to a limited extent at

37 �C. The optimum growth was observed at 25 �C,
reflecting its mesophilic nature similar to other Type I

genera (Table 1). The specific growth rates at 15 �C,
20 �C, 25 �C and 30 �C were 0.0006, 0.0023, 0.0038,

0.0019 h-1 and clumps were formed at 37 �C. No
growth was observed at 10 �C or 40 �C. Strain Sn10-6
can tolerate NaCl concentrations up to 0.1% (w/v).

Maximum growth in terms of OD (* 0.4) was

achieved at 80% air and 20% methane in serum

bottles. Under 5% and 20% air atmosphere slow

growth of strain Sn10-6 was observed and the OD

measured was 0.18 after 7 days of incubation. The

strain grows slowly and does not attain OD values

higher than 0.4 and hence difficulties are faced in

maintaining and preserving the strain. Additionally,

the strain does not tolerate freezing conditions for long

term preservation (- 80 �C in 15% glycerol for

4 months) but can be maintained by sub-culturing

routinely or by storing at 4–8 �C for a period of

4 months.

The catalase activity test was negative. The draft

genome of Sn10-6 also does not reveal the presence of

catalase genes, but a peroxidase gene is present. The

presence of ubiquinone as the major quinone was

revealed by genome analysis of the strain Sn10-6

(Rahalkar et al. 2016).

Chemotaxonomic characteristics and phylogeny

based on 16S rRNA gene and pmoA gene

Similar to other Type Ia methanotrophs, strain Sn10-6

was found to contain major amounts of C16 fatty acids

a b

e f

G

M3.1µm
1.5µm

d

c

Fig. 1 Phase contrast images of strain Sn10-6 (a–b), Cell

morphology (a), unstained intracellular granules (b); UV

fluorescence image of DAPI stained cells of strain Sn10-6

showing the presence of intracellular granules (c); SEM image

of strain Sn10-6 showing clear cucumber shaped cells with

marked cell size (d); TEM images of ultrathin sections of strain

Sn10-6 (e–f) showing the intracellular granules (G)—(e) and
membrane stacks (M) perpendicular to the cytoplasmic mem-

brane (f)
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(Table 2), with a predominance of C16:1x6c/7c
(summed feature; 58.2%) and C16:0 (20.2%). Members

of the genus Methylovulum, the close phylogenetic

relatives of strain Sn10-6, show a higher percentage of

C16:0. Strain Sn10-6 was also found to contain fatty

acids such as C14:0, C16:1x11c, C16:1x5c, C16:0 3OH

and C18:0 in minor percentages (Table 2). Thus, Sn10-

6 shows a distinctive FAME profile as compared to the

other Type I methanotrophs.

The results of 16S rRNA gene sequence analysis

using NCBI dis-continguous megablast (using

sequences from type strains) showed that strain

Sn10-6 is closely related to Methylovulum (Mvm.)

psychrotolerans Sph1T (93.6%) and Methylosarcina

(Msa.) fibrata AML-C10T (93.5%). A recently

described strain of Mvm. psychrotolerans strain

HV10-M2 (Mateos-Rivera et al. 2018) showed

93.8% 16S rRNA sequence similarity with Sn10-6

when all strains were included in the Blast analysis.

The 16S rRNA gene similarities of Sn10-6 with other

described Type I methanotrophs from the family

Methylococcaceae were in the range of 90–93%. The

16S rRNA gene (KP793700.1) shows a large

phylogenetic distance compared with other cultured

Type Ia methanotrophs (6.2–10%). The current rec-

ommended 16S rRNA gene similarity cut-off for the

demarcation of a new genus is * 94.5% or lower

(Yarza et al. 2014), indicating that strain Sn10-6

belongs to a novel genus. Strain Sn10-6 showed a

unique phylogenetic position within the phylogenetic

trees constructed using both the 16S rRNA gene

(Fig. 2) and the pmoA amino acid sequences of Type I

methanotrophs (Fig. 3). It formed a distinct clade

branching close to the genera Methylovulum, Methy-

losoma and Methyloglobulus in the 16S rRNA gene

tree, within the Type I methanotrophs (Fig. 2). Mvm.

psychrotolerans is a pink-pigmented large methan-

otroph reported fromNorthern peatlands (Oshkin et al.

2016) and recently from plant material from a high

altitude environment (Mateos-Rivera et al. 2018).

Based on the complete sequence of the pmoA gene,

which codes for the beta subunit of particulate

methane monooxygenase (pMMO), strain Sn10-6

shows close relatedness to Methylovulum miyakonese

(Iguchi et al. 2011), i.e. 87% based on nucleotide

sequence similarity. The amino acid sequence showed

Table 2 Fatty acid profiles of strain Sn10-6 and closely related genera of Type Ia methanotrophs

Fatty acids Methylovolum Methylomicrobium Methylomonas Methylosoma Methylosarcina Strain Sn10-

6

12:0 – – 0–2 3 0–4 –

14:0 34 tr-5 6–25 8 1–2 5.4

15:0 3 tr-7 0–2 Tr – –

16:0 47 11–21 4–9 8 10–20 20.2

16:1x11c – – – 2 – 5.0

16:1x8c – 0–19 19–42 – 14–34 –

16:1x5c – 5–15 2–18 – 0–tr 9.2

16:1x5t – 0–28 0–35 – 19–30 –

16:1x7c/16:1x6c
(summed)

– 0–51 0–15 75 7–32 58.2

17:0 cyc – – 0–2 – – –

17:1 6 – 0–2 – – –

16:0 3 OH 8 – – – – 0.9

16:1 3 OH – – 1 – – –

18:0 – 0–3 0–1 – – 0.5

18:1 – 0–26 0–2 – – –

19:0 cyc – – tr – – –

Data obtained from this study and Bowman (2016), Oshkin et al. (2016)

- fatty acid not detected or mentioned in the source information, tr trace presence, fatty acid is\ 0.5% of total fatty acids
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94% sequence homology to pMMO of Mvm. miyako-

nese, followed by 92% homology with that of Mvm.

psychrotolerans and showed more distant relation-

ships to the sequences of other Type I methanotroph

genera. In the pmoA-based tree, Sn10-6 grouped with

the members of the genera Methylosoma and

Methylovulum (Fig. 3).

Draft genome information and salient genome

characteristics

The draft genome (LAJX00000000.1; https://www.

ncbi.nlm.nih.gov/genome/?term=Sn10-6) of strain

Sn10-6 was analysed. The draft genome size is

4.58 Mb with a G ? C content of 43.9% (Rahalkar

NR042107.1 Methylobacter tundripaludum strain SV96T

NR118269.1Methyloglobulus morosus strain KoM1T

NR043562.1 Methylosoma difficile strain LC 2T

NR112920.1Methylovulum miyakonense strain HT12T

NR144594.1 Methylovulum psychrotolerans strain Sph1T

KP793700.1 'Ca. Methylocucumis oryzae' Sn10-6
NR029244.1 Methylomicrobium album BG8

NR116197.1Methylomicrobium agile strain ATCC 35068T

NR042712.1 Methylosarcina lacus strain LW14T

NR025040.1Methylosarcina quisquiliarum strain AML-D4T

NR025039.1 Methylosarcina fibrata strain AML-C10T

NR113033.1Methylomonas koyamae strain Fw12E-YT

NR041815.1 Methylomonas methanica strain S1T

NZJYNS01000046.1:134-1670 Methyloterricola oryzae strain 73aT

NR029241.1 Methylococcus capsulatus strain TexasT

NZFXAM01000001.1:293856-295388Methylomagnum ishizawai strain 175
KY129802.1 Methylomagnum ishizawai strain 114

AB894129.1Methylocaldum marinum strain S8T

NR116407.1Methylogaea oryzae strain E10T

100
89

93

58

99

87

86

98

93

52

81

52

65

50

0.02
Fig. 2 Maximum-likelihood bootstrap tree of the 16S rRNA

gene sequence of ‘CandidatusMethylocucumis oryzae’ Sn10-6

in comparison with those of other Type I methanotrophs. The

evolutionary history was inferred by using the maximum-

likelihood method based on the Tamura-Nei model and 1000

bootstraps. Bar represents 2% divergence
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et al. 2016). Strain Sn10-6 has a complete set of genes

for the methane oxidation pathway, which includes the

pMMO genes, methanol dehydrogenase, tetrahy-

dromethanopterin pathway genes for formaldehyde

oxidation and formate dehydrogenase genes (Rahalkar

et al. 2016). Most of the annotated proteins in the draft

genome sequence were most similar to those of Mvm.

miyakonese (AQZU00000000.1) or Mvm. psychro-

tolerans HV10-M2 (CP022129) (Mateos-Rivera et al.

2018) or in some cases to other Type I methanotrophic

WP023494957.1Methyloglobulus morosus KoM1T

AKX33668.1 'Ca.Methylocucumis oryzae' Sn10-6
ABD13901.1 Methylosoma difficile LC2T

WP019865090.1Methylovulum miyakonense HT12T

WP088620576.1Methylovulum psychrotolerans
OTE95784.1 Crenothrix sp. D3

WP027159170.1Methylobacter luteus
BAH22842.1 Methylomarinum vadi

WP066986567.1Methylomonas lenta
ACE95894.1 Methylomonas methanica

WP064041206.1Methylomonas koyamae
WP014147021.1Methylomicrobium alcaliphilum 20ZT

BAE86885.1 Methylomicrobium_japanense
WP017841993.1Methylomicrobium buryatense

WP020564881.1Methylosarcina fibrata
WP024298805.1Methylosarcina lacus

WP045226820.1Methyloterricola oryzae
WP026609851.1Methylocaldum szegediense

WP085214205.1Methylomagnum ishizawai
AAB49821.1 Methylococcus capsulatus str. BathT

WP054774741.1Methylogaea oryzae

63
100

99

92

95

93

86

59

55

61

52

0.05
Fig. 3 Maximum-likelihood bootstrap tree of the partial

pMMO protein sequence of ‘Candidatus Methylocucumis

oryzae’ Sn10-6 in comparison with partial pMMO proteins

from other Type I methanotrophs. The evolutionary history was

inferred by using the maximum-likelihood method based on the

Poisson correction model and 1000 bootstraps. Bar represents

5% divergence
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species (Supplementary Table 1). Strain Sn10-6 also

shows genes for the conversion of nitrite to nitric oxide

and nitric oxide to nitrous oxide, and genes for nitro-

gen fixation, as reported recently in several Type I

methanotrophs (Hamilton et al. 2015; Heylen et al.

2016; Kalyuzhnaya et al. 2015) (Supplementary

Table 1). Although genes for nitrogen fixation are

present we detected very limited growth on nitrogen

free medium under micro-oxic conditions. The strain

Sn10-6 genome contains three distinct copies of

hemerythrin genes which have been recently discov-

ered in many methanotrophic genomes and may be

important for oxygen transport in methanotrophs

(Rahalkar and Bahulikar 2018) (Supplementary

Table 1).

For additional taxonomic information we per-

formed dDDH between strain Sn10-6 and the closely

related species, Mvm. psychrotolerans (CP022129)

(Mateos-Rivera et al. 2018) and Msa. fibrata

(ARCU00000000) (Hamilton et al. 2015). The dDDH

value comparing Sn10-6 with Msa. fibrata was

16 ± 4%, whereas Mvm. psychrotolerans and Sn10-

6 showed a dDDH value of 15 ± 2%, both of which

are very low and support the conclusion that strain

Sn10-6 belongs to a distinct species and possibly

genus. ANI-b (genome) comparisons of Sn10-6 with

Mvm. pscyhrotolerans andMsa. fibrata yielded values

of 69.42% and 67.32%, respectively, which is well

below the threshold of 75%, for separating genera

(Sangal et al. 2016). Ortho-ANI comparisons (Yoon

et al. 2017) of Sn10-6 withMvm. pscyhrotolerans and

Msa. fibrata yielded values of 70% and 68%,

respectively.

Based on a 16S rRNA gene sequence difference of

more than 6.2% (Yarza et al. 2014), low DDH value

of * 15–20% with closely related species, a distinc-

tive FAME profile and metabolic characters, we

conclude that strain Sn10-6 belongs to a new genus

and species and thus propose it to be the type strain of

‘Candidatus Methylocucumis oryzae’. Although

strain Sn10-6 could not be preserved by glycerol

stocks used for long term preservation and has to be

sub-cultured continuously (or can be stored at 4–8 �C
for 4 months), the strain has been deposited at

National Centre for Microbial Resources, Pune, India

culture collection (= MCC 3492) and in the Korean

Collection for Type Cultures, Korea (=KCTC 15683).

However, we propose the species with Candidatus

status as difficulties in culturing the strain mean we

have been unable to deposit the strain in additional

culture collections. The Digital Protologue database

(Rossello-Mora et al., 2017) TaxoNumber for Ca.

Methylocucumis oryzae strain Sn10-6 is CA00040.

Description of ‘Candidatus Methylocucumis’

Methylocucumis (Me.thy.lo.cu’cu.mis. N.L. neut. n.

methylum the methyl group; L. masc. n. cucumis

cucumber; N.L. masc. n. Methylocucumis methyl

utilising cucumber-shaped organism).

Obligate methanotroph, which can utilise methane

or methanol as the sole source of C and energy. Uses

pMMO for methane oxidation. Gram-stain negative,

aerobic, motile. Divides by binary fission. Presence of

typical intracellular stacked membranes as described

for Type I methanotrophs. Belongs to the family

Methylococcaceae. Phylogenetic and genomic char-

acters place it close to genus Methylovulum. The type

species is ‘Candidatus Methylocucumis oryzae’,

which was isolated from a rice root rhizosphere.

Description of ‘Candidatus Methylocucumis

oryzae’

Ca. Methylocucumis oryzae (o.ry’zae. L. fem. n.

Oryza genus name of rice; L. gen. n. oryzae of rice, as

the type strain was isolated from rice rhizosphere).

Cells are large in size with an average length of

3–4 lm that can grow up to 5–6 lm 9 1.5–1.8 lm.

Cells are pale-pink pigmented, cucumber-shaped (fat,

rounded) rods. Growth is observed only in the

presence of methane or methanol (10–200 mM). C1

compounds are assimilated via the ribulose

monophosphate pathway (RuMP). Grows best in the

mesophilic temperature range (20–30 �C) and at

neutral pH (6.5–7). Cells are motile and genes for

chemotaxis including flagella and Type IV pili are

present in the type strain genome. The major cellular

fatty acids are C16:1x6c/7c and C16:0. The G ? C

content as determined from the draft genome of the

type strain is 43.9 mol%.

The type strain Sn10-6 (=MCC 3492, =KCTC

15683) was isolated from a flooded rice field rhizo-

sphere sample from Junnar, Maharashtra State, India.

The GenBank/EMBL/DDBJ accession numbers for

the 16S rRNA gene and pmoA sequences of strain

Sn10-6 are KP793700 (16S rRNA gene) and
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KT180167 (pmoA gene). The accession number of the

draft genome sequence is NZ_LAJX00000000.1.
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