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The present study assesses the distribution, diversity 
and activity of aerobic methanotrophic related bacte-
ria (MRB) dwelling in Krishna–Godavari (KG) basin,  
India. The counts of MRB ranged from non-detectable 
(ND) to 8.6 × 104 CFU gram dry weight of the sedi-
ment, with maximum counts at 24.2 m below seafloor. 
Greater methanotrophic bacterial abundance was at 
the surface/subsurface sediments of the core at station 
MD161-8 than at the bottom sediments. Identification 
of these isolates by 16S rDNA sequence analysis 
showed their taxonomic affiliation to Alcanivorax, Me-
thylophaga, Marinobacter, Joostella, Methylobacterium, 
Desulfovibrio species and other uncultured bacterial 
clones. The isolates grew under optimum pH of 8, 
temperature of 28°C and salinity of 35, and on differ-
ent carbon sources like yeast extract, D-glucose, etha-
nol and methanol. The addition of nitrogen sources 
like amino acids and yeast extract improved methano-
trophic activity by the isolates. These results add to 
our understanding of MRB and their activity in 
modulating the emission of methane from gas hydrate-
rich ecosystems like the KG basin. 
 
Keywords: Gas hydrates, methanotrophs, river basin, 
subsurface sediments. 
 
BACTERIA are ubiquitous in the subsurface environments 
and are known to play an important role in different bio-
geochemical processes. The decomposition of organic 
matter by microbial activity in marine sediments leads to 
methane (CH4) accumulation1. The accumulation of me-
thane in the form of gas hydrates acts as a major source 
of ‘biogenic’ methane generated by microbes. Methane 
being one of the most potent greenhouse gases, accounts 
for approximately 15% of the greenhouse effects2. 
Among the bacterial groups, methanotrophs have the 
unique ability to grow on methane as their sole carbon 
and energy source through which they regulate the meth-
ane flux to the atmosphere3. 
 Methanotrophs, the bacteria which oxidize methane, 
consume up to 80% of the CH4 produced in the fresh-
water and marine environments4. These bacteria also act 

as natural filters5 and play an important role in global 
carbon, oxygen and nitrogen cycling4. Methanotrophs are 
also known to be widespread in nature, and they mostly 
reside in soil and aquatic habitats at the interface between 
the reduced zones of the environment6 in the marine  
sediments7, where methane production and oxidation may 
take place. 
 These bacteria can be obligate or facultative methano-
trophs8. Based on their physiology and phylogeny,  
methanotrophs are broadly classified into three major 
groups, namely α-, β- and γ-Proteobacteria9. Besides,  
depending on the pathways that they utilize for carbon 
assimilation, they are classified as type-I and type-II  
methanotrophs. The type-I methanotrophs utilize the  
ribulose monophosphate (RuMP) pathway while the type-
II methanotrophs use the serine pathway. The oxidation 
of methane is also reported to occur in thermoacidophilic 
bacterium belonging to the phylum Verrucomicrobia10. 
Also, studies with methane hydrate-bearing deep marine 
sediments in a forearc basin indicated domains with bac-
terial clones representing Bacteroidetes, Planctomycetes, 
Actinobacteria, Proteobacteria and green non-sulphur 
groups11. Considering this large variation in microbial 
population structures within the hydrate-bearing sedi-
ments, the present study assesses the diversity of metha-
notrophic related bacteria (MRB) and/or methanotrophs 
in the subsurface sediments of the Krishna–Godavari 
(KG) basin in the Bay of Bengal, where rich deposits of 
gas hydrates are found. The work attempts to look into 
the methanotrophic group of organisms present in these 
sediments, their characteristics and identity. This would 
improve our understanding of the ecology of gas hydrate-
rich ecosystems. It also explores the activity of MRB 
and/or methanotrophs in regulating the level of CH4 gas 
emission to the atmosphere. 

Materials and methods 

Study area and sampling 

The KG basin located in the middle of the eastern conti-
nental margin of India, covers an area of 50,000 sq. km. 
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The study site MD161-8 in the KG basin is at 
15°51.8624′N lat. and 81°50.0692′E long., on the crest of 
a mount where fault/fractures are associated with gas mi-
gration features such as acoustic chimneys, acoustic voids 
and acoustic turbid layer12. Pressure cores for the present 
study were collected using Calypso piston corer at a  
water depth of 1033 m during the cruise on-board RV 
Marion Dufresne (2007). The core was sub-sectioned  
on-board for ten depths between 0.2 and 24.2 m below 
sea floor (mbsf). The sub-samples were used for micro-
biological studies on the distribution, diversity and activity 
of aerobic methane oxidizing bacteria (MOB). The sedi-
ments of the core are characterized by a total organic car-
bon content between 1% and 2%, methane hydrates and 
authigenic carbonate layers. The site MD161-8 chosen 
for this study has one of the richest gas hydrate accumu-
lations reported in the KG basin. 

Total counts 

The sediment dilution for total counts (TC) was prepared 
by suspending 1 g of uniformly mixed sediment sample 
in 9 ml of autoclaved and 0.22 μm filtered sea water.  
After thorough mixing, 2 ml of the dilution was with-
drawn and fixed with hexamine buffered formalin to a  
final concentration of 2%. TC was determined following 
the acridine orange direct count method13. 

Enumeration of methanotrophic related bacteria 

The enumeration of MRB was carried out in nitrate–
mineral–salts (NMS) medium14. The medium was pre-
pared in 50% sea water and was solidified by the addition 
of 1.8% (w/v) agar. A 10–1 dilution was prepared by sus-
pending ~1 g of uniformly mixed sediment subsample in 
9 ml of sterile sea water. A 0.1 ml aliquot of the dilution 
was spread-plated on NMS agar plates and incubated in 
anaerobic bags purged with air : methane in the ratio of 
30 : 70, and clamped to avoid gas leakage. The plates 
were incubated at 28 ± 2°C and observed for growth at 3–
7 days interval over a period of 3–4 weeks. Control plates 
incubated without methane were maintained to detect 
colonies of non-methane oxidizing bacteria. The colonies 
that formed were then enumerated and expressed as  
colony forming units (CFU) after normalizing for gram 
dry weight of the sediment (g dw–1). 

Characterization of the bacterial isolates 

Bacterial colonies representing different morphological 
types were chosen from 11 different depths (Table 1). 
The selected bacterial colonies formed on NMS agar 
plates were examined for purity by microscopic observa-
tions. The isolates were examined for Gram-stain reaction 

and tested for motility, catalase, oxidase and urease15.  
Besides, their potential to utilize different carbon and  
nitrogen substrates was also tested16. The different carbon 
sources tested at a final concentration of 0.1% were  
D-glucose, yeast extract, urea, ethanol, methanol and 
formamide in the presence of potassium nitrate as the 
sole source of nitrogen. The isolates were also tested for 
their ability to utilize different nitrogen sources like  
L-leucine, L-tryptophan and L-methionine in the presence 
of methane as the carbon source, wherein potassium  
nitrate was excluded from the NMS medium composition. 
All carbon and nitrogen sources were filter sterilized by 
passing through a 0.22 μm filter prior to their addition in 
the autoclaved NMS medium. Growth was confirmed for 
carbon source utilization by the presence of colonies in 
NMS agar medium and by comparing the results with the 
negative controls. Physiological tests to determine the 
growth of organisms at different pH (5, 7 and 8), tem-
perature (4°C, 28°C and 40°C) and salinity (0, 18 and 35) 
were carried out in NMS agar medium. Besides, tolerance 
of these isolates to 0.01% sodium azide (NaN3), 0.01% 
sodium dodecyl sulphate (SDS) and 0.001% malachite 
green16 was assessed in NMS agar slants. 

Molecular identification of bacterial isolates by 16S 
rDNA analysis 

Extraction of DNA from bacterial isolates: Genomic 
DNA was extracted from bacterial cultures grown in 
NMS broth at 28° ± 2°C (ref. 17). Briefly, the steps  
involved the harvesting of bacterial biomass by centrifu-
gation, washing of the pellet with phosphate buffered sa-
line, lysing of the bacterial cells using SDS, purification 
using phenol–chloroform–isoamyl alcohol mixture (25 : 
24 : 1) and precipitation of DNA using ice cold absolute 
ethanol. The precipitated DNA was harvested by cen-
trifugation and then washed with 70% ethanol before sus-
pending the pellet in TE buffer (pH 8). The concentration 
and purity of DNA were checked using NanoDrop  
ND-1000 spectrophotometer (NanoDrop Technologies, 
Wilmington, DE, USA). 
 
Amplification of DNA by polymerase chain reaction: 
The amplification and sequencing of 16S rRNA gene  
was carried out using universal bacterial primers 27F  
(5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (3′-
TTCAGCATTGTTCCATYGGCAT-5′). Amplification of 
the 16S rRNA gene was carried out with PCR master mix 
(Genie, Bangalore) in a final reaction mixture of 50 μl 
consisting of 0.5 μM of each primer, 1.5 mM MgCl2, 
200 μM dNTPs, 1U Taq DNA polymerase and 0.05–1 μg 
of DNA template. The amplification was done for 25 cy-
cles in a thermal cycler (Eppendroff, Germany) with tem-
perature profiles of 5 min at 95°C, 1 min at 95°C, 60 sec 
at 50°C, 2 min at 72°C and final extension for 10 min at 
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72°C (ref. 18). The PCR amplified products were ana-
lysed by electrophoresis in 1% agarose gel and stained 
with 10 μg ml–1 ethidium bromide for 15 min in the dark. 
The DNA bands were visualized under UV and the  
images were captured using the gel documentation and 
analysis system (Bio-Rad, USA). 
 
DNA sequencing and phylogenetic analysis: The ampli-
fied PCR products were purified prior to sequencing  
according to the manufacturer’s guidelines, using the  
GenEluteTM PCR Cleanup Kit (Sigma, USA). The puri-
fied PCR products were sequenced using the ABI 3130 
genetic analyser (geneOmbio Technologies Pvt Ltd,  
India). The phylogenetic analysis of the sequences was 
carried out as described in the literature19,20. 

In vitro experiment on methane oxidation by  
bacterial isolates 

The bacterial isolates designated GH-02 to GH-12 were 
grown in enriched NMS broth at 28 ± 2°C. When the cell 
density reached an OD600 of 0.8–1.0, the cells were har-
vested by centrifugation at 5009 g for 10 min at 4°C 
(Sigma 3-18K). Cell pellets were washed with autoclaved 
and 0.22 μm filtered 50% sea water and used for the  
inoculation of experimental tubes. The bacterial isolates 
were checked for their ability to oxidize methane in the 
NMS broth medium with and without potassium nitrate. 
The different nitrogen sources used in NMS broth in the 
absence of added potassium nitrate were L-tryptophan,  
L-methionine, L-leucine and yeast extract in final concen-
trations of 0.1%. The experiment was conducted in 20 ml 
gas-tight vials containing 10 ml of NMS broth and 0.1 ml 
of the respective culture as the inoculum. The vials were 
sealed with autoclaved butyl-rubber stoppers and alumin-
ium crimp-caps. This was followed by flushing of 2 ml of 
methane in the headspace as the only carbon source. The 
vials were shaken during incubation at 28 ± 2°C to avoid 
diffusion-controlled gradients. Uninoculated sterile medium 
in triplicates was used as control. Methane utilization by 
isolates was ascertained by calculating the level of  
methane in the headspace1,21,22 after correcting for the 
corresponding controls at the end of the 28 days incuba-
tion period. Any change in methane levels that occurred 
in the control during incubation was assumed to be due to 
the leakage of gas from the vials. 

In vitro experiment on methane oxidation by  
indigenous microbial communities 

The oxidation rate of methane by indigenous microbial 
communities associated with the subsurface sediments 
was conducted in triplicate with sediment slurries. The 
sediment slurry was prepared aseptically in 9 ml of NMS 
broth (10–1 dilution), by suspending ~1 g of uniformly 

mixed sediment in a 20 ml gas-tight vial. In the case of 
control, the sediments were heat-killed prior to their  
addition in 9 ml of NMS broth. The vials were sealed 
with butyl-rubber stoppers and aluminium crimp-caps. 
This was followed by flushing of 2 ml of methane in the 
headspace. The vials were incubated at 28 ± 2°C for 5 
days. At the end of incubation, 1 ml of the headspace gas 
was sampled for GC analysis1. The amount of methane 
oxidized was calculated by subtracting the initial values 
of methane in the headspace from the final values  
obtained after incubation. 

Results 

Total bacteria and methanotrophic related bacteria  
in sediments 

The abundance of total bacteria in the sediment subsam-
ples ranged from 1.9 to 3.0 × 109 cells g dw–1 with maxi-
mum value at 0.2 mbsf. It showed a decreasing trend with 
fluctuating values between depths. On the other hand, the 
abundance of MRB in these sediments ranged from non-
detectable to 3.4 × 105 CFU g dw–1. Maximum abundance 
was recorded at 0.2, 1.2 and 24.2 mbsf (Figure 1). 
 
 

 
 

Figure 1. Depth profile of bacterial abundance, methanotrophs and 
methane oxidation at subsurface sediments of the Krishna–Godavari 
Basin. Each data point represents values normalized for gram dry 
weight of the sediment (g dw–1). The error bars represent the average 
value of triplicates ± standard deviation. 
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Characteristics of the isolates 

The bacterial isolates with the ability to oxidize methane 
were all Gram-negative rods, motile and positive for  
cytochrome oxidase and catalase enzymes. Out of the 11 
isolates studied, 91% was positive for urease. The test for 
tolerance against NaN3, SDS and malachite green indi-
cated that all the isolates were sensitive to SDS and mala-
chite green, with 27% of the isolates tolerant to NaN3. 
Physiological response of the isolates to different pH, 
temperature and salinity showed growth for all isolates at 
pH 5, 7 and 8, with optimum growth at pH 8 (Table 1). 
Among the different temperatures of 4°C, 28°C and 
40°C, growth was evident only at 28°C during a week of 
incubation. No growth was evident for any of the test iso-
lates either at 4°C or at 40°C. Tests for tolerance to dif-
ferent salinity showed growth of isolates at salinity of 0, 
18 and 35 with optimum growth at the latter. Growth on 
different carbon sources showed that yeast extract and 
methanol supported efficient growth of all isolates. With 
other carbon sources like glucose, ethanol and forma-
mide, growth was evident with only 82%, 64% and 9% of 
isolates respectively. Use of amino acids l-tryptophan,  
L-leucine and L-methionine, and yeast extract as nitrogen 
sources in NMS medium supported growth of all the bac-
terial isolates (Table 1). 

Phylogenetic identification of methanotrophic  
related bacterial species 

Phylogenetic analysis of 11 bacterial isolates with the  
capacity to oxidize methane aerobically showed that they 
belonged to two major phyla: (i) Proteobacteria (73%) 
and (ii) Bacteroidetes (9%). Remaining 18% of the  
isolates belonged to the uncultured bacterial clones. Proteo-
bacteria represented by α-, γ- and δ-Proteobacteria consti-
tuting 18%, 46% and 9% respectively. Of the total 
culturable fraction, the dominant genera were represented 
by Methylobacterium (18%), Methylophaga (18%), and 
an uncultured bacterial clone (18%) (Figure 2). The other  
genera represented by Alcanivorax, Desulfovibrio, Mari-
nobacter, Joostella, and an uncultured bacterial clone 
constituted 45% of the total culturable fraction. Dominant 
genus among the phylum Bacteroidetes was represented 
by an uncultured bacterial clone and phylum Proteobacte-
ria by Methylobacterium and Methylophaga. Isolates GH-
02 and GH-03 resembled Methylobacterium sp. with  
sequence similarity of 92.42% and 85.28% respectively. 
On the other hand, isolates GH-04 and GH-05 resembled 
Methylophaga sp. with sequence similarity of 99.91% 
and 98.96% respectively. Isolates GH-06, GH-07, GH-10 
and GH-12 formed clusters with Marinobacter, Al-
canivorax, Joostella and Desulfovibrio, with maximum  
sequence similarity of 96.32%, 99.67%, 99.61% and 
82.71% respectively. Whereas isolates GH-08, GH-09 

and GH-11 showed 99%, 98% and 99% homology to the 
16S rRNA gene sequences of the uncultivated bacterial 
clones respectively (Figure 2). 

Methanotrophic activity (oxidation of methane) by  
bacterial isolates 

The oxidation of methane by the bacterial isolates ranged 
from 0.026 ± 0.004 to 0.097 ± 0.003 μM in NMS broth, 
with potassium nitrate as the sole source of nitrogen after 
28 days. The maximum oxidation of methane in the NMS 
broth was at 0.097 ± 0.003 μM with isolate GH-02. On 
the other hand, the oxidation of methane with different 
amino acids and yeast extract as nitrogen source was also 
observed with different bacterial strains. Maximum oxi-
dation was by isolate GH-02 at 1.05 ± 0.105 μM with  
L-tryptophan. Least oxidation of methane was recorded 
with bacterial isolates in the presence of L-methionine. 
The oxidation of methane with added methionine ranged 
from 0.014 ± 0.001 to 0.056 ± 0.006 μM with isolate GH-
07 showing maximum methane oxidation rate and isolate 
GH-09 showing minimum oxidation rate (Table 2). 
 
 

 
 

Figure 2. Neighbour-joining phylogenetic tree of bacterial isolates 
constructed using MEGA 4.01 software. The bootstrap values were cal-
culated as percentage of 1000 replicates. The bar indicates 0.05 substi-
tutions per site. The sequence from Sulfolobus acidocaldarius was 
taken as outgroup. Figures in brackets indicate the accession numbers 
and the isolates labelled with markers refer to the test isolates. 
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Table 1. Characteristics of the bacterial isolates from Krishna–Godavari basin sediments with the potential to oxidize methane 

Isolate GH-02 GH-03 GH-04 GH-05 GH-06 GH-07 GH-08 GH-09 GH-10 GH-11 GH-12 
 

Sample 2.2 3.2 0.2 1.2 4.2 5.2 12.2 15.2 19.2 21.2 24.2 
Depth (mbsf)            
Gram stain (±) – – – – – – – – – – – 
Motility + + + + + + + + – + + 
 

Biochemical reactions           
 Oxidase + + + + + + + + + + + 
 Catalase + + + + + + + + + + + 
 Urease + + + + – + + + + + + 
 
Substrate utilization           
 (a) Carbon source (0.1%)           
  D-Glucose + + – + + + + + – + + 
  Yeast extract + + + + + + + + + + + 
  Ethanol – + + + + + + – – – + 
  Methanol + + + + + + + + + + + 
  Formamide – + – – – – – – – – – 
 
 (b) Nitrogen source (0.1%)           
  L-tryptophan + + + + + + + + + + + 
  L-methionine + + + + + + + + + + + 
  L-leucine + + + + + + + + + + + 
  Yeast extract + + + + + + + + + + + 
 
Physiological tests           
 (a) pH            
  5.0 + + + + + + + + + + + 
  7.0 + + + + + + + + + + + 
  8.0 + + + + + + + + + + + 
            
 (b) Temperature (°C)          
  4 – – – – – – + + – – – 
  28 + + + + + + + + + + + 
  40 – – – – – + – – – – – 
            
 (c) Salinity          
  0 + + + + + + + + + + + 
  18 + + + + + + + + + + + 
  35 + + + + + + + + – + + 
Tolerance tests (0.01%)          
 (d) Malachite green – – – – – – – – – – – 
 (e) NaN3 + – – + – – – – – + – 
 (f) SDS – – – – – – – – – – – 

Mbsf, Metres below sea floor. 
 
 
Oxidation rates of methane by sediment-associated  
microbial communities 
The oxidation rate of methane by bacterial communities 
associated with subsurface sediments was higher at the 
surface than at the subsurface. It ranged from 1 ± 0.4 to 
10 ± 1.32 nM g dw–1 after 5 days incubation. The maxi-
mum oxidation of 10 ± 1.32 nM g dw–1 was at 1.2 mbsf 
and minimum oxidation of 1 ± 0.4 nM g dw–1 was at 
12.2 mbsf (Figure 1). The controls had negligible oxida-
tion rates of methane. 

Discussion 
Methanotrophs are distributed in a wide variety of natural 
environments, including marine water and sediments23. 

Their distribution within the bacterial groups was once 
thought to be limited to 11 genera of Proteobacteria8. 
However, newly discovered representatives of bacteria 
belonging to the phylum Verrucomicrobia have been  
reported to possess methane-oxidizing potential24.  
Besides, some of the organisms that utilize the serine  
cycle for carbon assimilation are identified as facultative 
methanotrophs10. Therefore, it is possible that more num-
ber of organisms with the potential to oxidize methane 
persist in the environment and the observation of metha-
notrophs or MRB in the subsurface may account for their 
methane oxidizing activity. 
 In the present study, several bacterial genera that have 
not been previously reported to oxidize methane are now 
shown to do so. The abundance of these bacteria in
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Table 2. Oxidation of methane by bacterial isolates in nitrate mineral salt medium in the presence of different nitrogenous  
 substrates 

 Methane oxidized (μM) 
 

 Potassium nitrate Tryptophan Yeast extract Leucine Methionine 
Isolate (0.1%) (0.1%) (0.1%) (0.1%) (0.1%) 
 

GH-02 0.097 ± 0.003 1.050 ± 0.105 0.366 ± 0.017 0.434 ± 0.035 0.036 ± 0.010 
GH-03 0.092 ± 0.011 0.983 ± 0.113 0.857 ± 0.037 0.246 ± 0.012 0.036 ± 0.007 
GH-04 0.088 ± 0.006 0.272 ± 0.014 0.120 ± 0.011 0.008 ± 0.006 0.034 ± 0.007 
GH-05 0.068 ± 0.009 0.930 ± 0.034 0.568 ± 0.007 0.283 ± 0.007 0.034 ± 0.013 
GH-06 0.054 ± 0.007 0.193 ± 0.006 0.176 ± 0.030 0.365 ± 0.009 0.036 ± 0.011 
GH-07 0.057 ± 0.008 0.577 ± 0.057 0.067 ± 0.014 0.815 ± 0.020 0.056 ± 0.006 
GH-08 0.071 ± 0.007 0.193 ± 0.010 0.185 ± 0.018 0.398 ± 0.007 0.022 ± 0.008 
GH-09 0.057 ± 0.002 0.218 ± 0.026 0.344 ± 0.011 0.098 ± 0.009 0.014 ± 0.001 
GH-10 0.081 ± 0.004 0.134 ± 0.018 0.258 ± 0.003 0.120 ± 0.010 0.020 ± 0.010 
GH-11 0.031 ± 0.011 0.070 ± 0.006 0.081 ± 0.009 0.059 ± 0.009 0.015 ± 0.007 
GH-12 0.026 ± 0.004 0.062 ± 0.010 0.098 ± 0.015 0.092 ± 0.010 0.025 ± 0.006 

Values in bold are average of triplicate readings and ± values refers to their standard deviation. 
 
 
this study constituted 0.01% of the total bacterial abun-
dance and was 104–105 CFU g dw–1. The present results 
corroborate with the methanotrophic counts reported25 for 
diverse soils and sediments in the range of 104–106 CFU 
g dw–1. However, the distribution of bacteria in the  
methane hydrate-bearing sediment cores could be distinct 
from those in hydrate-free cores. The gas hydrate-bearing 
sites harbour members of the uncultured JS1 group as the 
dominant representatives often constituting >50% of the 
representative clones26, while for sites lacking hydrates, 
the phylum Chloroflexi represents nearly 80% of the 
clones26. Thus, microbial community composition of  
methane hydrate-bearing sediments varies considerably 
from that of hydrate-free sites. In our study, the phyloge-
netic analysis of the cultured representatives of bacteria 
from the methane-bearing KG basin sediments indicated 
that they fall into different taxonomic groups with  
majority of the bacteria belonging to the Proteobacterial 
group. The present results agree with the report8 where 
the methanotrophs are classified into different groups, 
namely α-, β- and γ-Proteobacteria. The γ-Proteobacterial 
members differ from α-Proteobacterial members in their 
metabolism by using the RuMP pathway for carbon as-
similation (type-I) instead of the serine pathway (type-II). 
The α-Proteobacterial members GH-02 and GH-03 in the 
present study could be assigned to members of the order 
Rhizobiales and most closely affiliated with Methylobac-
terium sp. In the present study, the characteristic features 
of Methylobacterium23 were observed with isolates GH-02 
and GH-03. Both the isolates oxidized methane and 
showed growth with D-glucose and methanol as carbon 
source. The isolates also differed from the earlier reports23 
in their inability to grow with ethanol and yeast extract as 
carbon sources. The addition of nitrogen sources in the 
NMS medium accelerated the methane oxidizing activity 
of isolate GH-02 at rates higher than all other bacterial 
isolates that were studied. Besides, both the isolates  

expressed high tolerance to salinity, which was earlier  
reported to be inhibited at 1% NaCl concentrations27 and 
showed growth at pH 8 in contrast to the inhabitants of 
freshwater environments which show preference for pH 7 
(ref. 28). Thus, the presence of isolates GH-02 and GH-
03 in the subsurface sediments could help in the recycling 
of organic carbon and in regulating the emission of  
methane. The results of this study indicate that they  
belong to facultative methane utilizing bacteria27 and dif-
fer from that of type-II methanotrophs consisting of the 
genera Methylosinus and Methylocystis8. 
 On the other hand, isolates GH-04 and GH-05 repre-
sent the γ-Proteobacteria belonging to members of the or-
der Thiotrichales and most closely affiliated with  
Methylophaga sp. Its occurrence has also been reported 
from a wide variety of environments, including coastal 
marine waters29,30. The presence of methylotrophs like 
Methylophaga in this study may suggest their active role 
in the metabolism of C1 carbon substrates in the KG  
basin sediments. These isolates oxidize methane at the 
expense of different carbon and nitrogen sources. Like-
wise, the ability of these organisms to utilize different 
carbon substrates like methanol and methylamine has also 
been reported earlier30. However, the isolates GH-04 and 
GH-05 differed from each other, wherein the former was 
intolerant to NaN3 and incapable of growing on D-
glucose, whereas the latter was tolerant to NaN3 and  
capable of growing on D-glucose. The results suggest the 
flexibility in their tolerance and metabolism of substrates. 
It could suggest that they belong to moderately halophilic 
marine methylotrophs30 and differ from that of type-I  
methanotrophs consisting of the genera Methylomonas,  
Methylobacter, Methylococcus and Methylomicrobium8. 
 Apart from those isolates belonging to marine methy-
lotrophs, several other bacterial members were also en-
countered. Isolates GH-07 representing the γ-Proteobacteria 
belonging to member of the order Oceanospirillales and 
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most closely affiliated with Alcanivorax sp. was detected 
in hydrate-bearing sediments of the KG basin. Al-
canivorax has been known to play an important role in 
the biodegradation of petroleum hydrocarbon31. However, 
its importance in methane oxidation is unknown. In the 
present study, the isolate oxidized methane in the pres-
ence of different carbon and nitrogenous substrates. 
These findings suggest its importance as an ecological 
agent in decelerating the emission of methane. Also, the 
results of the present study show that isolate GH-07 is 
capable of utilizing different carbon substrates like etha-
nol, methanol, D-glucose and yeast extract and amino  
acids like L-tryptophan, L-leucine and L-methionine. 
Nonetheless, isolate GH-07 is intolerant to SDS, mala-
chite green and NaN3. These results indicate that isolate 
GH-07 is a variant of other reported strains of Alcani-
vorax, with efficient mechanisms of adaptations to dis-
tinctive subseafloor environments. Besides Alcanivorax 
sp. has been reported to sequester/oxidize Mn and Fe32,33 
and reduce nitrate34, which indicates that it could take 
part in Fe, Mn and nitrite dependent marine methane oxi-
dation35,36. 
 Isolate GH-06 from the KG basin sediments, represent-
ing the γ-Proteobacteria belongs to an order Alteromo-
nadales that is most closely affiliated with Marinobacter 
sp., a moderately halophilic, euryhaline cosmopolitan 
Fe2+-oxidizing facultative chemoautotroph37, with the 
ability to degrade hydrocarbons and reduce nitrate38. The 
isolate oxidized methane with L-leucine, L-methionine 
and L-tryptophan as nitrogen sources. It suggests the im-
portance of the isolate in oxidizing methane in the KG 
basin sediments. Apart from amino acids, Marinobacter 
sp. also utilized organic acids like acetate, lactate and  
pyruvate for growth39. Thus, knowing the importance of 
iron in the cycling of methane and the iron-oxidizing  
capability of Marinobacter sp., we may speculate that 
oxidation of methane by this bacterium could be coupled 
to the cycling of iron in the KG basin sediments, with fer-
rous iron serving as the core element of the active site in 
soluble methane monooxygenase40. 
 Another interesting isolate observed in the present 
study is GH-11, which represents an uncultured bacte-
rium clone. The isolate oxidized methane in the presence 
of yeast extract and three different amino acids, namely 
L-leucine, L-methionine and L-tryptophan (Table 2). This 
bacterium has close affiliation with Idiomarina sp.  
belonging to the γ-Proteobacteria that has the ability to 
scavenge Fe(III) through siderophore production41. The 
isolate showed growth on different carbon sources like D-
glucose, yeast extract and methanol, but failed to grow on 
ethanol and formamide. Nevertheless, the isolate was tol-
erant to NaN3. These findings indicate their potential as 
methanotrophic related species with stringent adaptation 
to methane-bearing subsurface sediments and to ambient 
iron concentrations that are usually present in marine  
sediments. 

 Besides the α- and γ-Proteobacteria, isolate GH-12 rep-
resenting the δ-Proteobacteria belongs to an order  
Desulfovibrionales and is most closely affiliated with  
Desulfovibrio sp. This species is known to oxidize  
methane anaerobically in small amounts while growing 
on lactate42–44. However, its potential to oxidize methane 
aerobically was previously unknown. In the present 
study, the oxidation of methane by isolate GH-12  
occurred in the presence of yeast extract and L-leucine, 
while minimum oxidation occurred with L-methionine 
(Table 2). The isolate GH-12 utilized amino acids as  
a nitrogen source or an energy source, as has been de-
scribed previously45. Further, its occurrence in the sedi-
ments of the KG basin could be important for the 
reduction of iron oxides46. The potential to reduce iron 
among Desulfovibrio sp. suggests its importance in the 
oxidation of methane coupled to the reduction of iron in 
the methane charged sediments of the KG basin. 
 Isolates GH-08 and GH-09, on the other hand, repre-
sent the uncultured bacterium clone. Both the isolates 
showed 97.77% and 97.46% homology to the 16S rRNA 
gene sequences of the cultivated bacteria representing 
Bacteriodetes of the order Sphingobacteriales, with taxo-
nomic affiliation to the genus Algoriphagus. This genus 
is known to be oxidase-positive, able to tolerate 0%–10% 
salinity and to grow at 25°C and 40°C (ref. 47). The iso-
lates GH-08 and GH-09 were equally efficient like that of 
Algoriphagus and exhibited good growth at salinity of 18 
and temperatures of 4°C and 27°C. The bacterial mem-
bers of genus Algoriphagus are not known to oxidize 
methane. Both the isolates GH-08 and GH-09 were 
highly efficient in oxidizing methane in the presence of 
different amino acids and yeast extract as nitrogen 
sources. Isolate GH-08 differed from isolate GH-09 in its 
ability to grow using ethanol as carbon source. These fea-
tures signify their potential to grow under varying envi-
ronmental conditions and also their ability to survive in 
the subsurface sediments using different carbon and  
nitrogenous substrates. 
 The other important isolate GH-10 representing the 
Bacteriodetes belongs to the order Flavobacteriales and is 
closely affiliated with Joostella sp. Though its ability to 
oxidize methane is unknown, in the present study, the 
isolate oxidized methane using yeast extract and amino 
acids as nitrogen sources. It showed growth with amino 
acids such as L-leucine, L-methionine and L-tryptophan 
and with carbon sources such as yeast extract and metha-
nol. However, the isolate was less efficient in utilizing 
ethanol, formamide and D-glucose. Besides, this isolate 
showed positive results for oxidase, catalase and urease 
and grew at pH 5, 7 and 8 and at a temperature of 28°C. 
These results are in agreement with a previous report48, 
where it has been shown based on biochemical and  
physiological tests that they are oxidase- and catalase-
positive and capable of growth at 10–37°C and pH of 
5.3–7.6. 
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 Thus the results of the present study indicate that the 
KG basin sediments harbour growth of MRB that could 
play a vital role in controlling the emission of methane. 
Future works addressing the molecular physiology of the 
isolates would throw more light on the associated proc-
esses occurring in conjunction with methane oxidation in 
the KG basin sediments. 
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