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Abstract
Mesophilic and thermophilic methanogens belonging to the hydrogenotrophic, methylotrophic, and acetotrophic groups 
were isolated from Indian hot spring environments using BY and BCYT growth media. Following initial Hinf I-based PCR–
RFLP screening, 70 methanogens were sequenced to ascertain their identity. These methanogens were phylogenetically and 
physiologically diverse and represented different taxa distributed across three physiological groups, i.e., hydrogenotrophs 
(53), methylotrophs (14) and acetotrophs (3). Overall, methanogens representing three families, five genera, and ten species, 
including two putative novel species, were recognized. The highest number and diversity of methanogens was observed at 
40 ℃, dominated by Methanobacterium (10; 3 species), Methanosarcina (9; 3 species), Methanothermobacter (7; 2 spe-
cies), Methanomethylovorans (5; 1 species) and Methanoculleus (3; 1 species). Both putative novel methanogen species 
were isolated at 40 ℃ and belonged to the genera Methanosarcina and Methanobacterium. At 55 ℃, limited diversity was 
observed, and resulted in the isolation of only two genera of methanogens, i.e., Methanothermobacter (28; 2 species) and 
Methanosarcina (4; 1 species). At 70 ℃, only members of the genus Methanothermobacter (5; 2 species) were isolated, 
whereas no methanogen could be cultured at 85 ℃. Ours is the first study that documents the extensive range of cultivable 
methanogenic archaea inhabiting hot springs across various geothermal provinces of India.
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Introduction

Methane has been identified as one of the most important 
renewable biofuels and has multiple applications if produced 
and harvested in anaerobic digestion processes (Demirel and 
Scherer 2008; Pore et al. 2019). At the same time, methane 
is also a potent greenhouse gas (28 times CO2), contributing 
to global warming for over 100 years if released directly into 
the atmosphere (Pachauri et al. 2014). The beneficial and 
harmful nature of methane, therefore, necessitates the study 
of methanogens, which produce most of the biogenic meth-
ane (Thauer et al. 2008). Methanogens are a group of strict 
anaerobic archaea that play a key role in the carbon cycle by 

facilitating interspecies hydrogen transfer (Ishii et al. 2005; 
Pak and Bartha 1998). These organisms thrive in diverse 
habitats like oil wells, the gut of herbivores, hydrothermal 
vents, subsurface coal mines, rice fields, hot springs, etc. 
(Joshi et al. 2018; Kumar et al. 2018). Methanogens are cur-
rently documented under four phyla, namely, Euryarchaeota, 
Thermoproteota, Bathyarchaeota, and Verstraetearchaeota 
(Berghuis et al. 2019; Evans et al. 2015; Vanwonterghem 
et al. 2016; Zhou et al. 2018), although the cultured iso-
lates till date are only from phylum Euroyarchaeota, Ver-
straetearchaeota and Thermoproteota (Cheng et al. 2023; 
Hatzenpichler 2023). Phylogenetically, methanogens are 
divided into five families, comprising 33 genera and 153 
species and can survive over a broad temperature range of 
0–110 ℃ and pH of 4.1–10 (Franzmann et al. 1997; Michał 
et al. 2018). For growth, methanogens require a redox poten-
tial lesser than − 200 mV and can be either autotrophic or 
fastidious in nature. Various media, both generalized and 
specific, have been used to match the in situ culture condi-
tions of different methanogens inhabiting diverse environ-
ments (Cheng et al. 2007; Joshi et al. 2018; Khelaifia et al. 
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2013). Physiologically, methanogens are divided into three 
broad groups based on substrate requirements; hydrogeno-
trophic, methylotrophic, and acetotrophic or aceticlastic (Liu 
and Whitman 2008). Amongst, hydrogenotrophic methano-
gens utilize formate and H2: CO2 and are the most diverse, 
widely found, and fastest-growing (Zabranska and Pokorna 
2018). The methylotrophic methanogens utilize methyl com-
pounds like methylamines, and alcohols, including metha-
nol, with a very few requiring a combination of hydrogen 
and methanol; while acetotrophic methanogens consume 
acetate (Demirel and Scherer 2008). Methanogens are inte-
gral to the microbial consortia in several industrially signifi-
cant processes, like the degradation of organic wastes and 
xenobiotics and wastewater treatment (Enzmann et al. 2018). 
Hot springs are reported to harbour lignocellulolytic, hydro-
carbon-degrading, and methane-producing microbes, serv-
ing as a promising source of thermophilic microbes and ther-
mostable enzymes (Jardine et al. 2018; Kristjansson 1989; 
Mohammad et al. 2017; Tirawongsaroj et al. 2008; Yadav 
et al. 2018). Hot springs environments are also known to 
function as analogues for the hydrothermal systems of Mars, 
which are useful for habitability studies using methanogens 
(Hays et al. 2017). The Indian subcontinent is known to have 
more than 300 hot springs spread across seven geothermal 
provinces (Singh Bisht et al. 2011). Indian hot springs are 
majorly pristine niches and support diverse microbial com-
munities (Narsing Rao et al. 2018; Poddar and Das 2018). 
The present study documents the diversity, distribution and 
phylogenetic relationships of culturable methanogens iso-
lated from different Indian hot springs.

Materials and methods

Sampling, media, and enrichment

The water and sediment samples were collected from nine 
hot springs located across four geothermal provinces of 
India, namely Chumathang and Puga (Ladakh, Jammu 
and Kashmir); Unhavare, Tural, and Rajawadi (Western 
Maharashtra); two locations in Chopda, i.e., 1 and 2 (North 
Maharashtra); Unkeshwar (East Maharashtra) and Tattapani 
(Chhattisgarh). All hot springs were alkaline in nature, with 
pH ranging from 7.7 to 8.8, while the temperatures ranged 
from 40 to 80 ℃ (Table S1).

All the enrichments were set up in 60 ml glass serum 
bottles using two different media, i.e., BY (Joblin 2005) and 
BCYT (Touzel and Albagnac 1983) at four different tem-
peratures of 40 ℃, 55 ℃, 70 ℃, and 85 ℃ (pH 6.8 ± 0.1). 
The BCYT medium comprised (per L) of 0.3 g KH2PO4, 
0.6 g NaCl, 0.1 g MgCl2.6H2O, 0.08 g CaCl2.2H2O, 1 g 
NH4Cl, 0.5 g yeast extract, 0.5 g trypticase, 1 ml resazurin 
(0.2%, w/v), 1.5 g KHCO3, 10 ml each of trace element and 

vitamin solution, 1 g L-cysteine HCl, and 0.3 g Na2S.9H2O 
(Table S2). On the other hand, the BY medium contained 
(per L) 170 ml each of solution A and B, 5 g NaHCO3,  
1 g yeast extract, 300 ml of centrifuged rumen fluid, 10 ml 
trace element solution, 1 ml resazurin (0.1%, w/v), 0.5 g 
L-cysteine HCl, and 10 ml vitamin solution (Table S2). The 
specific substrate requirements were provided for enrich-
ing each group of methanogens. For hydrogenotrophic 
methanogens, the medium was pressurized with H2: CO2  
(80:20, v/v at 1 bar pressure) and re-pressurized weekly dur-
ing incubation (Joshi et al. 2018). For the methylotrophic 
and acetotrophic groups, a methanol and trimethylamine 
mixture and sodium acetate were provided as substrates 
(final concentration, 50 mM), respectively. Streptomycin 
sulphate and benzylpenicillin were added to prevent bac-
terial contamination (final concentration, 200 µg/ml). The 
growth was monitored by checking the turbidity, fluores-
cence microscopy, and measurement of headspace methane 
using a gas chromatograph (Perkin Elmer, TCD, Argon car-
rier). The enrichments were checked for growth up to two 
months, after which they were scored positive or negative.

Isolation procedure

The positive enrichments were selected to isolate pure cul-
tures of methanogens using serum bottle modification of 
the Hungate technique (Miller and Wolin 1974). For this, 
the dilutions were made up to 10−5, and 1 ml of inoculum 
from each dilution was added to 125 ml glass bottles con-
taining 10 ml of the respective medium, substrate, and gel-
ling agent. The agar (2%) or Gelrite (0.8% mixed with 0.1% 
MgCl2·6H2O) served as the gelling agents for mesophilic 
(40 ℃) or thermophilic (55–85 ℃) incubations, respectively. 
All the roll bottles were routinely checked for the growth of 
isolated colonies and methane production during incuba-
tion. After successful growth, the morphologically distinct 
colonies were picked under anaerobic conditions and grown 
under their respective growth conditions of media, substrate, 
and temperature.

Molecular characterization

The DNA of the pure cultures grown for 1 month was iso-
lated using the cetyltrimethylammonium bromide (CTAB) 
method (Doyle 1991) with some modifications. Briefly, the 
cells were centrifuged at 10,510 rcf/10 min, and resultant 
pellets were suspended in 1 ml CTAB buffer and incubated 
at 50 ℃ with intermittent mixing until a clear solution was 
obtained. The solution was mixed with an equal volume 
of phenol: chloroform: isoamyl alcohol (P: C: I; 25:24:1), 
centrifuged, and the supernatant was mixed with an equal 
volume of C: I (24:1). Following re-centrifugation, an equal 
volume of isopropanol was added to the supernatant and 
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incubated at -20 ℃ for 12 h. The visible DNA threads were 
centrifuged twice at 17,760 rcf/15 min, and the pellet was 
washed with pre-warmed 80% ethanol. The washed pel-
let was re-centrifuged and dried before re-suspending in 
50–100 µl MilliQ water and stored at − 20 ℃ until used.

The isolated DNA of all cultures was used for the PCR 
amplification of the 16S rRNA gene using the primer pair 
86F and 1340R (Wright and Pimm 2003). Meanwhile, the 
16S rRNA gene sequences of different genera and species 
of methanogens were downloaded from Nuccore, NCBI. 
Further, the in silico restriction digestion analysis was 
performed using the Cleaver software to identify the most 
appropriate restriction enzyme (Jarman 2006). The ampli-
fied PCR products were then subjected to the PCR-restric-
tion fragment length polymorphism (RFLP) analysis using 
the identified restriction enzyme as per the manufacturer's 
protocol.

The digested PCR products were separated by electropho-
resis (60 V for 5 h; Bio-Rad PowerPac™ Basic) on 3% aga-
rose gel containing GelRed® Nucleic Acid Gel Stain (Bio-
tium) in FAST buffer (Brody and Kern 2004). The isolates 
showing different restriction patterns or having the same 
patterns but differing in sampling locations and growth con-
ditions were outsourced for sequencing at 1st BASE, Sin-
gapore. Using the BioEdit software, the acquired sequences 
were aligned and assembled (Hall 1999). The sequence 
similarity searches were carried out using NCBI GenBank 
BLASTn, limiting to sequence from type material.

For phylogenetic analyses, the 16S rRNA gene sequences 
of type strains of nearest matches were downloaded from 
the NCBI GenBank database. All the obtained sequences 
were aligned using the ClustalW programme (Thompson 
et al. 1994) with default settings in MEGAXI (Tamura et al. 
2021). The aligned sequences were used to construct a phy-
logenetic tree in MEGAXI using the maximum-likelihood 
method based on the Tamura-Nei model (Tamura and Nei 
1993) and tested by 500 bootstrap replications.

Following identification, the roll tubes were prepared 
again to document the colony characteristics like shape, 
size and colour. The cellular morphology was studied using 
a phase contrast and fluorescence microscope (Eclipse 80i, 
Nikon, Japan).

Ecological distribution

To correlate the niche diversity of the obtained methanogen 
strains recorded in this study to closely related taxa, 16S 
rRNA gene sequences were queried with the GenBank data-
set. All the closely related cultured and uncultured sequences 
were downloaded, and their phylogenetic positions were 
inferred using a maximum-likelihood-based phylogenetic 
tree using MEGAXI. Sequence comparison was conducted 
using BLASTn with > 90% OTU coverage, > 98.0% identity, 

and an e value of < 1e − 25. Additionally, the information on 
the habitat of related taxa was also recorded to understand 
the distribution across oxygen-restricted habitats.

Results and discussion

Enrichment and isolation

The abundance of archaea, in general, and methanogens, 
in particular, is usually less in a given niche than other 
microbes like bacteria (Aller and Kemp 2008; Flemming and 
Wuertz 2019). Hence, enrichment in the particular medium 
is desired to increase the population of targeted groups of 
methanogens. Methanogens have particular growth require-
ments that might differ for each genus or species (Joblin 
2005; Whitman et al. 2014). The autotrophic methanogens 
require only the mineral medium to survive and grow, 
whereas the fastidious ones are known to have specific 
growth requirements in terms of amino acids, vitamins, trace 
elements, and co-enzymes (Joblin 2005; Saleem et al. 2013). 
These particular requirements are fulfilled by nutrient-rich 
components like rumen liquor, as in BY medium, which con-
tains 28 different compound categories (Saleem et al. 2013). 
The rationale behind using two different media, viz. BCYT 
(basal mineral medium) and BY (with rumen liquor) was 
to facilitate the growth of both autotrophic and fastidious 
methanogens. Further, for the purpose of potential industrial 
applications, including anaerobic digestion, which generally 
function optimally at neutral pH; the similar pH range was 
selected for the enrichment process.

Of 216 total enrichments, 56 yielded positive results 
(Table S3). Samples from the western Maharashtra region 
yielded most of the positive enrichments, while the least 
were from the Ladakh region (Fig. 1). The maximum posi-
tive enrichments were obtained at 40 ℃ (28), followed by 
55 ℃ (21), and 70 ℃ (7), whereas no enrichment was found 
positive at 85 ℃. It was observed that the enrichments 
across incubation temperatures (40–70 ℃) were obtained 
from the hot springs having high in situ temperature condi-
tions (50–80℃), whereas positive enrichments at 40 ℃ were 
obtained majorly from lower temperature hot springs.

The substrate-wise analysis revealed the highest number 
of positive enrichments for hydrogenotrophic (total 26; 14 
at 40 ℃, 9 at 55 ℃ and 3 at 70 ℃), followed by methy-
lotrophic (total 18; 9 at 40 ℃, 7 at 55 ℃ and 2 at 70 ℃) 
and acetotrophic (total 12; 5 at 40 ℃, 5 at 55 ℃ and 2 at 
70 ℃) methanogens (Table S3). In nature, the most abundant 
methanogens are hydrogenotrophic, as it is thermodynami-
cally the most favourable reaction of all three (Garcia et al. 
2000; Jabłoński et al. 2015). On the contrary, the process of 
acetotrophic methanogenesis is the least abundant in nature, 
as the reaction requires maximum free energy to proceed, 
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resulting in less available energy (Deppenmeier and Müller 
2008; Ferry 2011).

In the growth medium comparison, the BCYT medium 
supported the growth better, as indicated by 34 positive 
enrichments compared to 22 of the BY medium. No posi-
tive enrichment was obtained from the Tattapani sample, 
while Unhavare, Rajawadi and Tural hot springs yielded 
maximum positive enrichments across media, temperatures 
and substrates. The absence of growth in Tattapani enrich-
ments can probably be attributed to the prevailing alkaline 
and high-temperature conditions, which might have limited 
the associated diversity.

The positive enrichments established at a mesophilic 
temperature of 40 ℃, particularly from the hot springs with 
a higher in situ temperature, indicate the presence of ther-
mophilic and/ or thermotolerant methanogens capable of 
growing even at lower temperatures. Also, some of the hot 
springs are known to show seasonal and diurnal variations 
or the presence of gradients in the in situ temperature con-
ditions that might also impact the population and diversity 
(Sigee 2005).

Thermophilic methanogens are known to have a faster 
growth rate and less doubling time than their mesophilic 
counterparts (Whitman et al. 2014); hence an earlier positive 
result was anticipated at higher temperatures. As expected, 
the enrichments set up at 55 ℃ and 70 ℃ were able to pro-
duce methane within 15 days of incubation, whereas the 
enrichments set up at 40 ℃ took three to four weeks to pro-
duce methane.

The isolation procedures from these enrichments led to 
the growth of morphologically diverse colonies of metha-
nogens on roll bottles. Over 200 colonies were picked into 
their respective liquid medium and incubated at respective 

temperatures. Of the total colonies picked, the most diverse 
and most number of colonies were observed at 40 ℃, and a 
few at 55 ℃ but the roll tubes at 70 ℃ yielded only a single 
type and less number of colonies in all the samples.

Based on methane production, 120 isolates were noted 
positive, of which 78 were hydrogenotrophic (39 at 40 ℃, 
26 at 55 ℃ and 13 at 70 ℃), 33 were methylotrophic (28 at 
40 ℃ and 5 at 55 ℃) and 9 were acetotrophic (5 at 40 ℃ and 
4 at 55 ℃).

Molecular characterization

The in silico analysis identified Hinf I as the most suitable 
restriction enzyme capable of generating different ribotypes 
(Table S4), thus differentiating methanogens at the genus 
level. The PCR amplification of isolated DNA generated 
PCR products of c.a. 1200 bp for all isolates. The actual 
restriction digestion of PCR products of one hundred and 
twenty isolates using Hinf I produced 6 types of restriction 
patterns (Fig. S1), which helped document the diversity 
and minimize the number of sequencing reactions. Sev-
enty isolates were chosen for sequencing and identification 
based on differences in geographical locations and growing 
conditions.

The identification results established these isolates as 
members of ten different species under five genera; Metha-
nothermobacter (Mtb.), Methanoculleus (Mcu.), Methano-
sarcina (Msc.), Methanomethylovorans (Mmv.) and Metha-
nobacterium (Mbt.). All strains were members of families, 
Methanobacteriaceae, Methanomicrobiaceae, and Metha-
nosarcinaceae of phylum Euryarchaeota (Table 1). Fur-
ther, these cultures comprised all three groups, i.e., hydrog-
enotrophic (53), methylotrophic (14), and acetotrophic (3). 

Fig. 1   Spatial graph depict-
ing the positive enrichments 
established at different culturing 
conditions in an increasing 
number
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From the hot springs of Ladakh, only the members of the 
thermophilic hydrogenotrophic genus Methanothermo-
bacter were obtained; Mtb. thermautotrophicus (55 and 
70 ℃, BY), and Mtb. marburgensis (55 ℃, BCYT) from 
Chumathang (Fig. 2a), and Mtb. thermautotrophicus (55 ℃, 
BCYT) from Puga (Fig. 2b). From the Unkeshwar hot spring 
of eastern Maharashtra, which had low in situ temperature, 
only hydrogenotrophic Mbt. formicicum was obtained on 
BY medium at 40 ℃ (Fig. 2c). From Rajawadi, Tural and 
Unhavare hot springs of western Maharashtra, which had 
in situ temperatures in the range of 50–65 ℃, three gen-
era of methanogens viz., Methanothermobacter, Metha-
nobacterium, and Methanomethylovorans were cultured. 
Amongst, maximum diversity was observed in Rajawadi 
(Fig. 2d), followed by Tural (Fig. 2e) and Unhavare (Fig. 2f) 
hot springs, from where four, three and two taxa of metha-
nogens were isolated, respectively. At 40 ℃, members of 
the hydrogenotrophic genus Methanobacterium were iso-
lated from Rajawadi (Mbt. bryantii) and Tural (Mbt. for-
micicum) hot springs on BY medium, and a putative novel 
species on BCYT medium from Rajawadi. In addition, a 
strict methylotrophic methanogen, Mmv. thermophila was 
also obtained at 40 ℃ from both these hot springs, but only 
on BY medium. At 55 ℃, Mtb. marburgensis was isolated 

from all three hot springs, whereas Mtb. thermautotrophicus 
was obtained only from Unhavare. Both Methanothermo-
bacter spp. were obtained on both media. At 70 °C, only 
Mtb. marburgensis was isolated from the Tural hot spring, 
probably because of its higher in situ temperature than oth-
ers. Methanogens belonging to all three groups, i.e., hydrog-
enotrophic, methylotrophic, and acetotrophic, were obtained 
from both the Chopda hot springs (northern Maharashtra) 
on BCYT medium; exclusively mesophilic from location 1 
(Fig. 2g) but both mesophilic and thermophilic from location 
2 (Fig. 2h). Two species of Methanobacterium, namely Mbt. 
formicicum and Mbt. bryantii and one putative novel spe-
cies of methylotrophic Methanosarcina were cultured from 
location 1. From location 2, in addition to two species of 
Methanosarcina, i.e., Msc. mazei (40 °C), Msc. thermophila 
(40 °C, 55 ℃), and Mcu. hydrogenitrophicus (40 ℃) was 
also isolated. Some interesting observations were also made 
after analysing Venn diagrams to classify the methanogens 
according to the varying isolation conditions of medium, 
temperature, and substrate (Fig. 3). The media-wise analysis 
showed that three methanogens were obtained exclusively 
on BCYT medium, while two on BY medium (Fig. 3a). Fas-
tidious methanogens such as Mbt. formicicum, which needs 
certain growth factors, amino acids, and co-enzymes, were 

Fig. 2   Pie charts describing the diversity, distribution and abundance of various methanogenic species in Chumathang (a), Puga (b), Unkeshwar 
(c), Rajawadi (d), Tural (e), Unhavare (f), Chopda 1 (g) and Chopda 2 (h) hot springs
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isolated solely on BY medium (Khelaifia et al. 2013). In 
our earlier study, the BY medium was also found to support 
the growth of diverse hydrogenotrophic methanogens (Joshi 
et al. 2018). Also, Mmv. thermophila was cultured only on 
BY medium, probably owing to its specific requirement of 
cobalt, which is a constituent of BY medium (Jiang et al. 
2005). In comparison, only the BCYT medium supported 
the growth of all the strains of Methanosarcina, which are 
known to be metabolically versatile. Msc. mazei requires 
trypticase and peptone for its growth and Msc. thermophila 
requires the growth factor p-amino benzoic acid. The pres-
ence of these components in the BCYT medium explains 
their successful cultivation. Interestingly, both the putative 
novel species were isolated only from the BCYT medium. 
Methanothermobacter and Methanoculleus, two genera rec-
ognized for their autotrophic nature, were cultured on both 
media (Whitman et al. 2014).

The temperature-based comparison revealed that except 
Mtb. thermautotrophicus, all other methanogen species 
were cultured at 40 °C (Fig. 3b). Barring, Msc. thermophila, 
only the members of the genus Methanothermobacter, Mtb. 
thermautotrophicus and Mtb. marburgensis were isolated 
at 55 °C and 70 ℃. Of these, Mtb. marburgensis, which 
optimally grows at 65 ℃, was found at all three tempera-
tures (40, 55 and 70 ℃), signifying its broader temperature 
range (Wasserfallen et al. 2000). Various species of Metha-
nobacterium, Methanosarcina, Methanoculleus, and Metha-
nomethylovorans, including the two putative novel species, 
were cultured only at 40℃. Noticeably, Mmv. thermophila 
was obtained only at 40 °C, even though it has an optimal 
growth temperature in the thermophilic range (50 °C) (Jiang 
et al. 2005). A thermophilic acetotrophic methanogen, Msc. 
thermophila, which grows optimally at 50 ℃, was cultivated 
at 40 and 55 ℃ (Zinder et al. 1985). These results suggest 
that microbial diversity decreases with increasing tempera-
ture (Fig. S2). Such observations have been made in the past 
too, where various factors like the absence of vital enzymes 
at higher temperatures and specific requirements of ther-
mophilic ecosystems to perform rare functions reportedly 
impact diversity (Ruhl et al. 2022; Sharp et al. 2014; Shu 
and Huang 2021). Also, the fact that thermophilic metha-
nogens could be cultured even at low temperatures, but not 
vice versa, specifies their broader growth range. The broad 
temperature range of 40–75 °C for Mtb. marburgensis and 
Mtb. thermautotrophicus has been reported (Wasserfallen 
et al. 2000).

Substrate-wise, Mmv. thermophila, Msc. mazei and 
Methanosarcina sp. strain T40UC2 were isolated only on 
TMA + methanol, whereas Msc. thermophila was isolated 
on both, sodium acetate and TMA + methanol (Fig. 3c). 
The other six strains were strict hydrogenotrophs, com-
prising the members of the genus Methanothermobacter, 
Methanobacterium and Methanoculleus. Amongst, the genus 

Fig. 3   Venn diagrams showing methanogenic distribution at the spe-
cies level when cultured on different media (a), temperatures (b) and 
substrates (c)
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Methanosarcina has been reported as the most versatile 
methanogen, capable of utilizing multiple substrates, even 
though strain level variation does occur (Maestrojuan and 
Boone 1991). In comparison, Mmv. thermophila is reported 
to be a strict methylotroph, and all hydrogenotrophs are 
known to utilize H2:CO2 or formate (Demirel and Scherer 
2008; Jiang et al. 2005).

The relationship between the methanogens isolated in 
this study using 16S rRNA gene-based phylogenetic analy-
sis was also analyzed, which revealed the grouping of all the 
cultures in three clusters representing three different fami-
lies of methanogens, namely Methanobacteriaceae, Metha-
nomicrobiaceae and Methanosarcinaceae (Fig. 4). It was 
observed that all strains of the genus Methanothermobacter 
were highly related despite having different origins. Simi-
larly, two identical strains each of Mbt. bryantii (Rajawadi 
and Chopda 1), Mmv. thermophila (Rajawadi and Tural), 
and three strains of Mbt. formicicum (Chopda 1, Unkeshwar 
and Tural) were obtained from different locations across the 
Maharashtra region. We also report two putative novel spe-
cies belonging to the genera Methanosarcina and Methano-
bacterium, forming a separate clade with Methanosarcina 
mazei and Methanobacterium bryantii, respectively.

The colony characters varied from pinpoint or large cir-
cular (Methanothermobacter, Methanoculleus), and irregu-
lar (Methanobacterium) to large clump-forming colonies 
(Methanosarcina and Methanomethylovorans). The fluo-
rescence microscopy highlighted different cell morphology 
for each genus, like large clumps (Methanosarcina), small 
cocci (Methanoculleus), rods (Methanobacterium), long rods 
(Methanothermobacter) and large irregular cocci (Methano-
methylovorans) (Fig. 4).

Ecological distribution

Methanogens have been found in various oxygen-restricted 
habitats (Liu and Whitman 2008). Though they prefer pH 
levels around neutral for their survival and proliferation, 
methanogens can grow across a broad range of temperature 
conditions, from psychrophilic to hyperthermophilic (Hoe-
hler et al. 2010). Their substrate requirements also vary, but 
the most common and diverse methanogens represent the 
hydrogenotrophic group across broad pH and temperature 
conditions (Zabranska and Pokorna 2018). In this study, we 
were able to culture different strains of methanogens from 
Indian hot spring sediments, representing both mesophilic 
and thermophilic, and hydrogenotrophic, acetotrophic, and 
methylotrophic groups.

The majorly hydrogenotrophic genus Methanobacterium 
comprises 25 valid species (https://​lpsn.​dsmz.​de/​search?​
word=​metha​nobac​terium). Several of them are autotrophic 
and are found in habitats like anaerobic digesters, sewage 
sludge, aquatic sediments, marshy soils, gastrointestinal 

tracts of animals, geothermal areas, etc. (Boone 2015a; 
Whitman et al. 2014). In the present study, three species of 
this genus, including one putative novel species, were cul-
tured from hot springs of Tural, Rajawadi, Unkeshwar and 
Chopda 1, showing widespread distribution in addition to 
previously known environments (Fig. S3). The phylogenetic 
analysis showed that all the isolated Mbt. formicicum strains 
(Unkeshwar, Chopda 1 and Tural hot springs) were related 
to the ones obtained from a pig slurry digester (Korea), 
biogas reactor (Germany), farm animals (New Zealand), 
sheep rumen and cow dung (India) and gas storage facil-
ity (Russia). The related uncultured clones were found in 
an anaerobic digester (Netherlands) and wastewater reactor 
(Japan). The Mbt. bryantii strains cultured from Rajawadi 
and Chopda hot springs were related to the strains isolated 
from a sewage digester (Germany), methane hydrate (India), 
rice field soils (France), and a goat faecal sample (India), 
and uncultured clones from rice paddy fields (Japan), coal 
bed water (China), and a faecal sample (UK). The putative 
novel Methanobacterium sp. strain R40H9 isolated from 
Rajawadi hot spring showed no similarity to cultured or 
uncultured sequences.

The genus Methanothermobacter comprises eight valid 
species (https://​lpsn.​dsmz.​de/​search?​word=​Metha​nothe​
rmoba​cter), all of which are thermophilic, hydrogenotrophic 
and autotrophic and are mainly found in oil fields and anaer-
obic digesters (Boone 2015b; Boone et al. 2015a). Except 
for Unkeshwar and Chopda, two Methanothermobacter spe-
cies, Mtb. thermautotrophicus and Mtb. marburgensis were 
isolated from every hot spring (Fig. S4). The strains of Mtb. 
thermautotrophicus obtained were related to isolates from 
a power gas reactor (Germany), bay sediments (China), oil 
fields (Russia and India), and uncultured clones from oil 
fields (Japan and Singapore). While an uncultured affiliate 
was from a saline lake in Spain, the cultured affiliates of 
Mtb. marburgensis strains were related to isolates from sew-
age digesters/thermophilic biogas plants (Germany) and hot 
springs (China and India).

Methanoculleus is one of the most physiologically diverse 
genera and contains 11 valid species (https://​lpsn.​dsmz.​de/​
search?​word=​Metha​nocul​leus), which inhabit a range of 
environments with varying temperatures, substrates, and 
salinities, including marine, freshwater, and volcano sedi-
ments, bioreactors, etc. (Boone et al. 2015b; Lai 2019) 
A single species, Mcu. hydrogenitrophicus strains were 
obtained from only one hot spring (Chopda 2) in this study, 
which was related to the isolates from wetland soil (USA 
and India), and uncultured clones from rumen fluid (China); 
and cattle manure compost, rice paddy soil and groundwater 
from sedimentary rock (Japan) (Fig. S5).

The genus Methanomethylovorans comprises three 
valid species (https://​lpsn.​dsmz.​de/​search?​word=​Metha​
nomet​hylov​orans), all of which are strictly methylotrophic 

https://lpsn.dsmz.de/search?word=methanobacterium
https://lpsn.dsmz.de/search?word=methanobacterium
https://lpsn.dsmz.de/search?word=Methanothermobacter
https://lpsn.dsmz.de/search?word=Methanothermobacter
https://lpsn.dsmz.de/search?word=Methanoculleus
https://lpsn.dsmz.de/search?word=Methanoculleus
https://lpsn.dsmz.de/search?word=Methanomethylovorans
https://lpsn.dsmz.de/search?word=Methanomethylovorans
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and reported from freshwater/ wetland sediments and 
anaerobic digesters (Boone et al. 2015c; Kim and Rhee 
2019). In this work, only the Mmv. thermophila strains 

were isolated from Tural and Rajawadi hot springs and 
were phylogenetically identical to Mmv. thermophila type 
strain (thermophilic anaerobic digester, USA). Our strains 
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also grouped alongside uncultured clones reported from 
hot springs (Taiwan and Armenia), oil reservoirs (USA) 
and anaerobic digesters (Netherlands) (Fig. S6).

Methanosarcina is metabolically the most versatile of 
methanogens and comprises 14 valid species (https://​lpsn.​
dsmz.​de/​search?​word=​Metha​nosar​cina), which can be 
distinctly identified because of their aggregate or clump-
forming quality. The members of this genus are present 
across all three physiological groups and reported from 
diverse environments like anaerobic digesters and various 
sediments (Boone et al. 2015c; Wagner 2020). Metha-
nosarcina members are known to be fast-growing and 
robust and were isolated only from Chopda hot springs 
in this study. We cultivated three species, including a 
putative novel one from Chopda 1 and, Msc. thermophila 
and Msc. mazei from Chopda 2 hot springs. The strains 
of Msc. thermophila were closely related to the cultured 
strains isolated from an anaerobic digester (USA) and a 
termite gut (India). The related uncultured clones were 
obtained from cattle manure compost (Japan). The strains 
of Msc. mazei were closely related to the isolates from 
the estuarine environment and marine sediment (Taiwan), 
while uncultured clones were obtained from cattle manure 
compost (Japan). As expected, Methanosarcina sp. strain 
T40UC2, isolated from Chopda 1 location, did not have 
any related cultured affiliates, but similar uncultured 
clones were found from a thermal vent of Yellowstone 
(USA). (Fig. S7).

In contrast to the diverse methanogens cultured in the 
current study, most of the comparable strains have been 
reported majorly from artificial environments like digest-
ers, wastewater treatment plants, etc., which highlights 
the relevance of these hot springs as holding a unique 
collection of diverse methanogens.

Conclusion

The hot springs harbour diverse methanogenic archaeal 
communities, making them a unique environmental niche 
for studying microbial processes and potential industrial 
applications. We successfully cultivated five genera and 
ten mesophilic and thermophilic methanogen species 
representing hydrogenotrophic, methylotrophic and ace-
totrophic physiological groups. The most diverse sets of 
taxa were obtained at 40 ℃ on both BY and BCYT media, 
whereas higher incubation conditions majorly supported 
the growth of hydrogenotrophic methanogens. While 
methanogens with specific nutrient requirements were 
cultivated on either BY or BCYT medium, both media 
supported the growth of autotrophic methanogens. Some 
methanogen genera, like Methanoculleus, Methanosar-
cina, and Methanomethylovorans, were restricted to par-
ticular hot springs, whereas the methanogens belonging to 
Methanobacterium and Methanothermobacter were wide-
spread over several hot springs across geothermal regions. 
This study also documents two putative novel species in 
the Methanobacterium and Methanosarcina genera, unrav-
elling their taxonomy, diversity and distribution. To the 
best of our knowledge, our study represents the first report 
of the isolation of Mmv. thermophila, Msc. thermophila, 
Msc. mazei and Mbt. bryantii from hot spring habitats. 
This study also suggests that Hinf I can be used to differ-
entiate different genera of methanogens using PCR–RFLP. 
Changing media and temperature conditions were shown 
to isolate distinct methanogens from the same environmen-
tal niches selectively. Further work needs to be conducted 
to compare the growth rate of different methanogens, fol-
lowing which efficient strains can accelerate rates of vari-
ous microbial processes.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00203-​023-​03661-2.

Acknowledgements  The authors are thankful to Dr Karthick Bal-
asubramanian, Agharkar Research Institute, Pune and Dr. Raymond 
A Duraiswami, Savitribai Phule Pune University, for sampling sup-
port. We duly acknowledge the help Mr. Sai Hivarkar and Mr. Rad-
hakrishnan Cheran extended during the study. We also appreciate the 
technical assistance from Dr. Vikram Lanjekar. We are grateful to the 
Director, Agharkar Research Institute for providing the necessary infra-
structure support.

Author contributions  SSD and PKD conceived the project and 
designed the experiments. KSD conducted the experiments, analysed 
the data and wrote the first draft of the manuscript. PKD and SSD 
revised the manuscript. All authors have read and approved the final 
version of the manuscript.

Funding  The authors acknowledge the support of the Science and Engi-
neering Research Board (SERB), Department of Science and Technol-
ogy (DST) for financial support (Project no. YSS/2015/000718). Kas-
turi Deore thankfully acknowledges University Grants Commission, 

Fig. 4   The phylogenetic tree and corresponding macroscopic and 
microscopic images of different strains of methanogens. The 16S 
rRNA gene-based maximum-likelihood tree constructed using 
Tamura 3 parameter model with uniform rates showing the phylo-
genetic position of different strains, including putative novel spe-
cies (in bold) with their respective type strains (in blue). Bootstrap 
values (≥ 50%) based on 500 replicates are indicated at branching 
points. The GenBank accession number of each strain is listed in 
parentheses. Scale bar, 0.1 substitutions per site. The images showing 
the fluorescence microscopic characteristics (left) and colony mor-
phologies (right) of Methanothermobacter thermautotrophicus strain 
U55H20 (a), Methanothermobacter marburgensis strain R55H7 (b), 
Methanobacterium bryantii strain H40UC1 (c), Methanobacterium 
sp. strain R40H9 (d), Methanobacterium formicicum strain UP40H6 
(e), Methanomethylovorans thermophila strain R40N1 (f), Methano-
sarcina thermophila strain UCB55M1 (g), Methanosarcina sp. strain 
T40UC2 (h), Methanosarcina mazei strain T40UCB10 (i) and Metha-
noculleus hydrogenitrophicus strain H40UCB6 (j), respectively. Scale 
bar, 10 μM (colour figure online)

◂

https://lpsn.dsmz.de/search?word=Methanosarcina
https://lpsn.dsmz.de/search?word=Methanosarcina
https://doi.org/10.1007/s00203-023-03661-2


	 Archives of Microbiology (2023) 205:332

1 3

332  Page 12 of 14

Delhi (India) for the junior research fellowship (Ref. No. 23/06/2013(i)
EU-V).

Declarations 

Conflict of interest  The authors declare that they do not have any con-
flicts of interest.

References

Aller JY, Kemp PF (2008) Are Archaea inherently less diverse than 
Bacteria in the same environments? FEMS Microbiol Ecol. 
https://​doi.​org/​10.​1111/j.​1574-​6941.​2008.​00498.x

Berghuis BA, Yu B, Schulz F, Blainey PC, Woyke T, Quake SR (2019) 
Hydrogenotrophic methanogenesis in archaeal phylum Ver-
straetearchaeota reveals the shared ancestry of all methanogens. 
PNAS 116(11):5037–5044. https://​doi.​org/​10.​1073/​pnas.​18156​
31116

Boone DR (2015a) Methanobacterium. Bergey’s manual of systematics 
of archaea and bacteria, pp 1–8. https://​doi.​org/​10.​1002/​97811​
18960​608.​gbm00​495

Boone DR (2015b) Methanothermobacter. Bergey’s manual of sys-
tematics of archaea and bacteria, pp 1–8. https://​doi.​org/​10.​1002/​
97811​18960​608.​gbm00​498

Boone DR, Whitman WB, Koga Y (2015a) Methanobacteriaceae. 
Bergey’s manual of systematics of archaea and bacteria, vol 11, p 
1.https://​doi.​org/​10.​1002/​97811​18960​608.​fbm00​097

Boone DR, Whitman WB, Koga Y (2015b) Methanomicrobiaceae. 
Bergey’s manual of systematics of archaea and bacteria, pp 1–2. 
https://​doi.​org/​10.​1002/​97811​18960​608.​fbm00​102

Boone DR, Whitman WB, Koga Y (2015c) Methanosarcinaceae. Ber-
gey’s manual of systematics of archaea and bacteria, vol 448, pp 
1–2.https://​doi.​org/​10.​1002/​97811​18960​608.​fbm00​105

Brody JR, Kern SE (2004) Sodium boric acid: a Tris-free, cooler 
conductive medium for DNA electrophoresis. Biotechniques 
36(2):214–216. https://​doi.​org/​10.​2144/​04362​BM02

Cheng L, Qiu TL, Yin XB, Wu XL, Hu GQ, Deng Y, Zhang H (2007) 
Methermicoccus shengliensis gen. nov., sp. nov., a thermophilic, 
methylotrophc methanogen isolated from oil-production water, 
and proposal of Methermicoccaceae fam. nov. Int J Syst Evol 
Microbiol 57(12):2964–2969. https://​doi.​org/​10.​1099/​IJS.0.​
65049-0

Cheng L, Wu K, Zhou L, Tahon G, Liu L, Li J, Zhang J, Zheng F, 
Deng C, Han W, Bai LP (2023) Isolation of a methyl-reducing 
methanogen outside the Euryarchaeota. Res Square. https://​doi.​
org/​10.​21203/​RS.3.​RS-​25016​67/​V1

Demirel B, Scherer P (2008) The roles of acetotrophic and hydrog-
enotrophic methanogens during anaerobic conversion of biomass 
to methane: a review. Rev Environ Sci Biotechnol 7(2):173–190. 
https://​doi.​org/​10.​1007/​S11157-​008-​9131-1/​METRI​CS

Deppenmeier U, Müller V (2008) Life close to the thermodynamic 
limit: how methanogenic archaea conserve energy. Bioenerg 
Energy Conserv Convers. https://​doi.​org/​10.​1007/​400_​2006_​026

Doyle J (1991) DNA protocols for plants. In: Molecular techniques 
in taxonomy, pp 283–293. https://​doi.​org/​10.​1007/​978-3-​642-​
83962-7_​18

Enzmann F, Mayer F, Rother M, Holtmann D (2018) Methanogens: 
biochemical background and biotechnological applications. AMB 
Express 8(1):1–22. https://​doi.​org/​10.​1186/​S13568-​017-​0531-X

Evans PN, Parks DH, Chadwick GL, Robbins SJ, Orphan VJ, 
Golding SD, Tyson GW (2015) Methane metabolism in the 
archaeal phylum Bathyarchaeota revealed by genome-centric 

metagenomics. Science 350(6259):434–438. https://​doi.​org/​10.​
1126/​SCIEN​CE.​AAC77​45

Ferry JG (2011) Fundamentals of methanogenic pathways that are 
key to the biomethanation of complex biomass. Curr Opin Bio-
technol 22(3):351–357. https://​doi.​org/​10.​1016/j.​copbio.​2011.​
04.​011

Flemming HC, Wuertz S (2019) Bacteria and archaea on Earth and 
their abundance in biofilms. Nat Rev Microbiol 17(4):247–260. 
https://​doi.​org/​10.​1038/​s41579-​019-​0158-9

Franzmann PD, Liu Y, Balkwill DL, Aldrich HC, Conway De 
Macario E, Boone DR (1997) Methanogenium frigidum sp. 
nov., a psychrophilic, H2-using methanogen from Ace Lake, 
Antarctica. Int J Syst Bacteriol 47(4):1068–1072. https://​doi.​
org/​10.​1099/​00207​713-​47-4-​1068/

Garcia JL, Patel BKC, Ollivier B (2000) Taxonomic, phylogenetic, 
and ecological diversity of methanogenic archaea. Anaerobe 
6(4):205–226. https://​doi.​org/​10.​1006/​ANAE.​2000.​0345

Hall T (1999) BioEdit: a user-friendly biological sequence alignment 
editor and analysis program for Windows 95/98/NT. Nucl Acids 
Symp Ser 41(8):95–98

Hatzenpichler R (2023) Cultivation and visualization of a methano-
gen of the phylum Thermoproteota. Res Square. https://​doi.​org/​
10.​21203/​rs.3.​rs-​25001​02/​v1

Hays LE, Graham HV, Des Marais DJ, Hausrath EM, Horgan B, 
McCollom TM, Parenteau MN, Potter-McIntyre SL, Williams 
AJ, Lynch KL (2017) Biosignature preservation and detection in 
mars analog environments. Astrobiology 17(4):363–400. https://​
doi.​org/​10.​1089/​AST.​2016.​1627

Hoehler T, Gunsalus RP, McInerney MJ (2010) Environmental con-
straints that limit methanogenesis. In: Handbook of hydrocarbon 
and lipid microbiology, pp 635–654. https://​doi.​org/​10.​1007/​
978-3-​540-​77587-4_​51

Ishii S, Kosaka T, Hori K, Hotta Y, Watanabe K (2005) Coaggrega-
tion facilitates interspecies hydrogen transfer between Peloto-
maculum thermopropionicum and Methanothermobacter ther-
mautotrophicus. Appl Environ Microbiol 71(12):7838–7845. 
https://​doi.​org/​10.​1128/​AEM.​71.​12.​7838-​7845.​2005

Jabłoński S, Rodowicz P, Łukaszewicz M (2015) Methanogenic 
archaea database containing physiological and biochemical 
characteristics. Int J Syst Evolut Microbiol 65(Pt_4):1360–
1368. https://​doi.​org/​10.​1099/​IJS.0.​000065/

Jardine JL, Stoychev S, Mavumengwana V, Ubomba-Jaswa E (2018) 
Screening of potential bioremediation enzymes from hot spring 
bacteria using conventional plate assays and liquid chromatog-
raphy - Tandem mass spectrometry (Lc-Ms/Ms). J Environ 
Manage 223:787–796. https://​doi.​org/​10.​1016/J.​JENVM​AN.​
2018.​06.​089

Jarman SN (2006) Cleaver: software for identifying taxon specific 
restriction endonuclease recognition sites. Bioinformatics (oxford, 
England) 22(17):2160–2161. https://​doi.​org/​10.​1093/​BIOIN​
FORMA​TICS/​BTL330

Jiang B, Parshina SN, van Doesburg W, Lomans BP, Stams AJM 
(2005) Methanomethylovorans thermophila sp. nov., a thermo-
philic, methylotrophic methanogen from an anaerobic reactor fed 
with methanol. Int J Syst Evolut Microbiol 55(6):2465–2470. 
https://​doi.​org/​10.​1099/​IJS.0.​63818-0

Joblin, K. N. (2005). Methanogenic archaea. In: Methods in gut 
microbial ecology for ruminants, pp 47–53. https://​doi.​org/​10.​
1007/1-​4020-​3791-0_4

Joshi A, Lanjekar V, Dhakephalkar PK, Dagar SS (2018) Cultivation 
of multiple genera of hydrogenotrophic methanogens from differ-
ent environmental niches. Anaerobe 50:64–68. https://​doi.​org/​10.​
1016/J.​ANAER​OBE.​2018.​02.​001

Khelaifia S, Raoult D, Drancourt M (2013) A versatile medium for 
cultivating methanogenic archaea. PLoS ONE. https://​doi.​org/​10.​
1371/​JOURN​AL.​PONE.​00615​63

https://doi.org/10.1111/j.1574-6941.2008.00498.x
https://doi.org/10.1073/pnas.1815631116
https://doi.org/10.1073/pnas.1815631116
https://doi.org/10.1002/9781118960608.gbm00495
https://doi.org/10.1002/9781118960608.gbm00495
https://doi.org/10.1002/9781118960608.gbm00498
https://doi.org/10.1002/9781118960608.gbm00498
https://doi.org/10.1002/9781118960608.fbm00097
https://doi.org/10.1002/9781118960608.fbm00102
https://doi.org/10.1002/9781118960608.fbm00105
https://doi.org/10.2144/04362BM02
https://doi.org/10.1099/IJS.0.65049-0
https://doi.org/10.1099/IJS.0.65049-0
https://doi.org/10.21203/RS.3.RS-2501667/V1
https://doi.org/10.21203/RS.3.RS-2501667/V1
https://doi.org/10.1007/S11157-008-9131-1/METRICS
https://doi.org/10.1007/400_2006_026
https://doi.org/10.1007/978-3-642-83962-7_18
https://doi.org/10.1007/978-3-642-83962-7_18
https://doi.org/10.1186/S13568-017-0531-X
https://doi.org/10.1126/SCIENCE.AAC7745
https://doi.org/10.1126/SCIENCE.AAC7745
https://doi.org/10.1016/j.copbio.2011.04.011
https://doi.org/10.1016/j.copbio.2011.04.011
https://doi.org/10.1038/s41579-019-0158-9
https://doi.org/10.1099/00207713-47-4-1068/
https://doi.org/10.1099/00207713-47-4-1068/
https://doi.org/10.1006/ANAE.2000.0345
https://doi.org/10.21203/rs.3.rs-2500102/v1
https://doi.org/10.21203/rs.3.rs-2500102/v1
https://doi.org/10.1089/AST.2016.1627
https://doi.org/10.1089/AST.2016.1627
https://doi.org/10.1007/978-3-540-77587-4_51
https://doi.org/10.1007/978-3-540-77587-4_51
https://doi.org/10.1128/AEM.71.12.7838-7845.2005
https://doi.org/10.1099/IJS.0.000065/
https://doi.org/10.1016/J.JENVMAN.2018.06.089
https://doi.org/10.1016/J.JENVMAN.2018.06.089
https://doi.org/10.1093/BIOINFORMATICS/BTL330
https://doi.org/10.1093/BIOINFORMATICS/BTL330
https://doi.org/10.1099/IJS.0.63818-0
https://doi.org/10.1007/1-4020-3791-0_4
https://doi.org/10.1007/1-4020-3791-0_4
https://doi.org/10.1016/J.ANAEROBE.2018.02.001
https://doi.org/10.1016/J.ANAEROBE.2018.02.001
https://doi.org/10.1371/JOURNAL.PONE.0061563
https://doi.org/10.1371/JOURNAL.PONE.0061563


Archives of Microbiology (2023) 205:332	

1 3

Page 13 of 14  332

Kim S, Rhee S (2019) Methanomethylovorans. Bergey’s manual of 
systematics of archaea and bacteria, pp 1–5. https://​doi.​org/​10.​
1002/​97811​18960​608.​gbm01​602

Kristjansson JK (1989) Thermophilic organisms as sources of thermo-
stable enzymes. Trends Biotechnol 7(12):349–353. https://​doi.​org/​
10.​1016/​0167-​7799(89)​90035-8

Kumar S, Dagar SS, Agrawal RK, Puniya AK (2018) Comparative 
diversity analysis of ruminal methanogens in Murrah buffaloes 
(Bubalus bubalis) in four states of North India. Anaerobe 52:59–
63. https://​doi.​org/​10.​1016/J.​ANAER​OBE.​2018.​05.​012

Lai M (2019) Methanoculleus. Bergey’s manual of systematics of 
archaea and bacteria, pp 1–8. https://​doi.​org/​10.​1002/​97811​18960​
608.​gbm00​505.​pub2

Liu Y, Whitman WB (2008) Metabolic, phylogenetic, and ecologi-
cal diversity of the methanogenic archaea. Ann N Y Acad Sci 
1125(1):171–189. https://​doi.​org/​10.​1196/​ANNALS.​1419.​019

Maestrojuan GM, Boone DR (1991) Characterization of Methano-
sarcina barkeri MS(T) and 227, Methanosarcina mazei S-6(T), 
and Methanosarcina vacuolata Z-761(T). Int J Syst Bacteriol 
41(2):267–274. https://​doi.​org/​10.​1099/​00207​713-​41-2-​267

Michał B, Gagat P, Jabłoński S, Chilimoniuk J, Gaworski M, Mack-
iewicz P, Marcin Ł (2018) PhyMet 2: a database and toolkit for 
phylogenetic and metabolic analyses of methanogens. Environ 
Microbiol Rep 10(3):378–382. https://​doi.​org/​10.​1111/​1758-​
2229.​12648

Miller TL, Wolin MJ (1974) A serum bottle modification of the hun-
gate technique for cultivating obligate anaerobes. Appl Microbiol 
27(5):985–987. https://​doi.​org/​10.​1128/​AM.​27.5.​985-​987.​1974

Mohammad BT, Al Daghistani HI, Jaouani A, Abdel-Latif S, Kennes 
C (2017) Isolation and characterization of thermophilic bacteria 
From jordanian hot springs: Bacillus licheniformis and Thermo-
monas hydrothermalis isolates as potential producers of thermo-
stable enzymes. Int J Microbiol. https://​doi.​org/​10.​1155/​2017/​
69439​52

Narsing Rao MP, Liu L, Jiao J-Y, Xiao M, Li W-J (2018) ‘Hot psrings’ 
in extremophiles in Eurasian ecosystems: ecology, diversity, and 
applications. Springer, Singapore, pp 29–55. https://​doi.​org/​10.​
1007/​978-​981-​13-​0329-6_2

Pachauri R, Allen M, Barros V, Broome J (2014) Climate change 2014: 
synthesis report. Contribution of Working Groups I, II and III 
to the fifth assessment report of the Intergovernmental Panel on 
Climate. https://​epic.​awi.​de/​id/​eprint/​37530/

Pak KR, Bartha R (1998) Mercury methylation by interspecies hydro-
gen and acetate transfer between sulfidogens and methanogens. 
Appl Environ Microbiol 64(6):1987–1990. https://​doi.​org/​10.​
1128/​AEM.​64.6.​1987-​1990.​1998/

Poddar A, Das SK (2018) Microbiological studies of hot springs in 
India: a review. Arch Microbiol 200(1):1–18. https://​doi.​org/​10.​
1007/​S00203-​017-​1429-3/​METRI​CS

Pore SD, Engineer A, Dagar SS, Dhakephalkar PK (2019) Meta-omics 
based analyses of microbiome involved in biomethanation of rice 
straw in a thermophilic anaerobic bioreactor under optimized con-
ditions. Bioresour Technol 279:25–33. https://​doi.​org/​10.​1016/J.​
BIORT​ECH.​2019.​01.​099

Ruhl IA, Sheremet A, Smirnova AV, Sharp CE, Grasby SE, Strous M, 
Dunfield PF (2022). Microbial functional diversity correlates with 
species diversity along a temperature gradient. ASM MSystems. 
https://​doi.​org/​10.​1128/​msyst​ems.​00991-​21

Saleem F, Bouatra S, Guo AC, Psychogios N, Mandal R, Dunn SM, 
Ametaj BN, Wishart DS (2013) The bovine ruminal fluid metab-
olome. Metabolomics 9(2):360–378. https://​doi.​org/​10.​1007/​
S11306-​012-​0458-9/​METRI​CS

Sharp CE, Brady AL, Sharp GH, Grasby SE, Stott MB, Dunfield PF 
(2014) Humboldt’s spa: microbial diversity is controlled by tem-
perature in geothermal environments. ISME J 8(6):1166–1174. 
https://​doi.​org/​10.​1038/​ismej.​2013.​237

Shu WS, Huang LN (2021) Microbial diversity in extreme environ-
ments. Nat Rev Microbiol 20(4):219–235. https://​doi.​org/​10.​
1038/​s41579-​021-​00648-y

Sigee DC (2005) Freshwater microbiology: biodiversity and dynamic 
interactions of microorganisms in the freshwater environment. 
Wiley. https://​doi.​org/​10.​1021/​np058​255j

Singh Bisht S, Nath Das N, Tripathy NK (2011) Indian hot-water 
springs: a bird’s eye view. J Energy Environ Carbon Credits 
1(1):1–15

Tamura K, Nei M (1993) Estimation of the number of nucleotide 
substitutions in the control region of mitochondrial DNA in 
humans and chimpanzees. Mol Biol Evol. https://​doi.​org/​10.​
1093/​oxfor​djour​nals.​molbev.​a0400​23

Tamura K, Stecher G, Kumar S (2021) MEGA11: molecular evolu-
tionary genetics analysis version 11. Mol Biol Evol 38(7):3022–
3027. https://​doi.​org/​10.​1093/​MOLBEV/​MSAB1​20

Thauer RK, Kaster AK, Seedorf H, Buckel W, Hedderich R (2008) 
Methanogenic archaea: ecologically relevant differences in 
energy conservation. Nat Rev Microbiol 6(8):579–591. https://​
doi.​org/​10.​1038/​nrmic​ro1931

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: 
improving the sensitivity of progressive multiple sequence 
alignment through sequence weighting, position-specific gap 
penalties and weight matrix choice. Nucl Acids Res 22:4673–
4680. https://​doi.​org/​10.​1093/​nar/​22.​22.​4673

Tirawongsaroj P, Sriprang R, Harnpicharnchai P, Thongaram T, 
Champreda V, Tanapongpipat S, Pootanakit K, Eurwilaichitr L 
(2008) Novel thermophilic and thermostable lipolytic enzymes 
from a Thailand hot spring metagenomic library. J Biotechnol 
133(1):42–49. https://​doi.​org/​10.​1016/J.​JBIOT​EC.​2007.​08.​046

Touzel JP, Albagnac G (1983) Isolation and characterization of 
Methanococcus mazei strain MC3. FEMS Microbiol Lett 16(2–
3):241–245. https://​doi.​org/​10.​1111/j.​1574-​6968.​1983.​tb002​
95.x

Vanwonterghem I, Evans PN, Parks DH, Jensen PD, Woodcroft BJ, 
Hugenholtz P, Tyson GW (2016) Methylotrophic methanogen-
esis discovered in the archaeal phylum Verstraetearchaeota. Nat 
Microbiol. https://​doi.​org/​10.​1038/​NMICR​OBIOL.​2016.​170

Wagner D (2020) Methanosarcina. Bergey’s manual of systematics of 
archaea and bacteria, vol 1987, pp 1–23.https://​doi.​org/​10.​1002/​
97811​18960​608.​gbm00​519.​pub2

Wasserfallen, A., Nölling, J., Pfister, P., Reeve, J., & De Macario, E. 
C. (2000). Phylogenetic analysis of 18 thermophilic Methano-
bacterium isolates supports the proposals to create a new genus, 
Methanothermobacter gen. nov., and to reclassify several isolates 
in three species, Methanothermobacter thermautotrophicus comb. 
nov., Methanothermobacter wolfeii comb. nov., and Methano-
thermobacter marburgensis sp. nov. Int J Syst Evolut Microbiol 
50(1):43–53. https://​doi.​org/​10.​1099/​00207​713-​50-1-​43

Whitman WB, Bowen TL, Boone DR (2014) The methanogenic bac-
teria. The prokaryotes: other major lineages of bacteria and the 
archaea, 9783642389542, pp 123–163.https://​doi.​org/​10.​1007/​
978-3-​642-​38954-2_​407

Wright ADG, Pimm C (2003) Improved strategy for presumptive iden-
tification of methanogens using 16S riboprinting. J Microbiol 
Methods 55(2):337–349. https://​doi.​org/​10.​1016/​S0167-​7012(03)​
00169-6

Yadav P, Korpole S, Prasad GS, Sahni G, Maharjan J, Sreerama L, 
Bhattarai T (2018) Morphological, enzymatic screening, and phy-
logenetic analysis of thermophilic bacilli isolated from five hot 
springs of Myagdi, Nepal. J Appl Biol Biotechnol. https://​doi.​org/​
10.​7324/​JABB.​2018.​60301

Zabranska J, Pokorna D (2018) Bioconversion of carbon dioxide to 
methane using hydrogen and hydrogenotrophic methanogens. 
Biotechnol Adv 36(3):707–720. https://​doi.​org/​10.​1016/J.​BIOTE​
CHADV.​2017.​12.​003

https://doi.org/10.1002/9781118960608.gbm01602
https://doi.org/10.1002/9781118960608.gbm01602
https://doi.org/10.1016/0167-7799(89)90035-8
https://doi.org/10.1016/0167-7799(89)90035-8
https://doi.org/10.1016/J.ANAEROBE.2018.05.012
https://doi.org/10.1002/9781118960608.gbm00505.pub2
https://doi.org/10.1002/9781118960608.gbm00505.pub2
https://doi.org/10.1196/ANNALS.1419.019
https://doi.org/10.1099/00207713-41-2-267
https://doi.org/10.1111/1758-2229.12648
https://doi.org/10.1111/1758-2229.12648
https://doi.org/10.1128/AM.27.5.985-987.1974
https://doi.org/10.1155/2017/6943952
https://doi.org/10.1155/2017/6943952
https://doi.org/10.1007/978-981-13-0329-6_2
https://doi.org/10.1007/978-981-13-0329-6_2
https://epic.awi.de/id/eprint/37530/
https://doi.org/10.1128/AEM.64.6.1987-1990.1998/
https://doi.org/10.1128/AEM.64.6.1987-1990.1998/
https://doi.org/10.1007/S00203-017-1429-3/METRICS
https://doi.org/10.1007/S00203-017-1429-3/METRICS
https://doi.org/10.1016/J.BIORTECH.2019.01.099
https://doi.org/10.1016/J.BIORTECH.2019.01.099
https://doi.org/10.1128/msystems.00991-21
https://doi.org/10.1007/S11306-012-0458-9/METRICS
https://doi.org/10.1007/S11306-012-0458-9/METRICS
https://doi.org/10.1038/ismej.2013.237
https://doi.org/10.1038/s41579-021-00648-y
https://doi.org/10.1038/s41579-021-00648-y
https://doi.org/10.1021/np058255j
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.1093/MOLBEV/MSAB120
https://doi.org/10.1038/nrmicro1931
https://doi.org/10.1038/nrmicro1931
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1016/J.JBIOTEC.2007.08.046
https://doi.org/10.1111/j.1574-6968.1983.tb00295.x
https://doi.org/10.1111/j.1574-6968.1983.tb00295.x
https://doi.org/10.1038/NMICROBIOL.2016.170
https://doi.org/10.1002/9781118960608.gbm00519.pub2
https://doi.org/10.1002/9781118960608.gbm00519.pub2
https://doi.org/10.1099/00207713-50-1-43
https://doi.org/10.1007/978-3-642-38954-2_407
https://doi.org/10.1007/978-3-642-38954-2_407
https://doi.org/10.1016/S0167-7012(03)00169-6
https://doi.org/10.1016/S0167-7012(03)00169-6
https://doi.org/10.7324/JABB.2018.60301
https://doi.org/10.7324/JABB.2018.60301
https://doi.org/10.1016/J.BIOTECHADV.2017.12.003
https://doi.org/10.1016/J.BIOTECHADV.2017.12.003


	 Archives of Microbiology (2023) 205:332

1 3

332  Page 14 of 14

Zhou Z, Pan J, Wang F, Gu JD, Li M (2018) Bathyarchaeota: globally 
distributed metabolic generalists in anoxic environments. FEMS 
Microbiol Rev 42(5):639–655. https://​doi.​org/​10.​1093/​FEMSRE/​
FUY023

Zinder SH, Sowers KR, Ferry JG (1985) Methanosarcina thermophila 
sp. nov., a thermophilic, acetotrophic, methane-producing bacte-
rium. Int J Syst Bacteriol 35(4):522–523. https://​doi.​org/​10.​1099/​
00207​713-​35-4-​522

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1093/FEMSRE/FUY023
https://doi.org/10.1093/FEMSRE/FUY023
https://doi.org/10.1099/00207713-35-4-522
https://doi.org/10.1099/00207713-35-4-522

	Phylogenetically and physiologically diverse methanogenic archaea inhabit the Indian hot spring environments
	Abstract
	Introduction
	Materials and methods
	Sampling, media, and enrichment
	Isolation procedure
	Molecular characterization
	Ecological distribution

	Results and discussion
	Enrichment and isolation
	Molecular characterization
	Ecological distribution

	Conclusion
	Anchor 14
	Acknowledgements 
	References




