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Abstract

A hydrogenotrophic, mesophilic methanogen designated as strain Ts3BJ was isolated from anaerobic digester continuously fed
with agro-industrial waste. Cells were stained Gram negative, spiral shaped, motile and found resistant to cell lysis by SDS and
hypotonic solution. Growth occurred with optimum (i) temperature of 30 °C (20—40 °C) (ii) pH of 7.0 (6.5-8.5), in the presence
0f0.0-0.2 M NaCl with a doubling time of 73.43 h and utilized only hydrogen and carbon dioxide (H,:CO,; 4:1) as a sole source
of carbon and energy. The phenetic and phylogenetic analysis based on 16S rRNA and mcrA gene sequences revealed close
affiliation of Ts3BJ strain to the genus Methanospirillum spp. This is the first report about isolation of hydrogenotrophic
Methanospirillum spp. from anaerobic digester fed with fruit waste, press mud and neem seed cake, suggesting its potential
use for bioaugmentation of anaerobic reactors or upgrading biogas/ syngas to methane.
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Abbreviations
AD Anaerobic digestion
WL Wood-Ljungdahl pathway
FW Fruit waste
PMC  Press mud cake
NC Neem cake
JISL  Jain Irrigation System Lmited
BCYT Basal carbonate yeast extract and trypticase
PYG  Peptone yeast extract glucose
TCD  Thermal conductivity detector
SDS  Sodium dodecyl sulfate
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Introduction

Anaerobic digestion (AD) is an environmentally benign strat-
egy to harness renewable green energy in the form of methane
from the organic waste and responsible for the global carbon
cycle (Gerardi 2003; Jha and Schmidt 2017; Robles et al.
2018). In anaerobic environments, the terminal step of the
organic compound degradation to methane (Gerardi 2003)
occurs in various natural and artificial habitats including, bo-
real wetlands, digestive tracts, aquatic sediments, geothermal
vents, rice paddy fields, sewage sludge, anaerobic biogas di-
gesters, etc. (Tonouchi 2002; Zhou et al. 2014; Jablonski et al.
2015;Bragulia et al. 2018; Hoelher et al. 2018), by a diverse
group of syntrophic activity of anaerobic bacteria and methan-
ogenic archaea through acetoclastic, methylotrophic and
hydrogenotrophic methanogenesis pathway (Stams et al.
2012). Of these, hydrogenotrophic methanogens represent
the most widespread pathway for ancestral methane produc-
tion by class I and class Il methanogens (Berghuis et al. 2019).

In anoxic environments, activity of hydrogenotrophic
methanogens is crucial for the stability of methanogenesis
because they (i) sequester hydrogen produced by microbial
communities through interspecies hydrogen transfer (Stams
1994), (ii) metabolize CO, to methane by Wood-Ljungdahl
(WL) pathway to generate energy using Mtr and Mcr protein,
(iii) lower the partial pressure of hydrogen (<5.82 Pa) for
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hydrogenase to function and (iv) allow stable acetogenesis
resulting from the activity of syntrophic acetogens and
acetoclastic methanogens to produce methane (Zabranska
and Pokorna 2017). These hydrogenotrophic methanogens
consume H,: CO, and/or formate in anacrobic habitat and
generally represent about 2/3 of total methanogenic popula-
tion for 30% methanogenesis vis-a-vis 70% acetoclastic
methanogenesis (Jablonski et al. 2015; Wagner et al. 2018).
The most common members of hydrogenotrophic
methanogens in anaerobic digesters belong to 5 orders such
as, (i) Methanoculleus, (i1) Methanospirillum, (iii)
Methanoregula, (iv) Methanosphaerrula, (V)
Methanobacterium, (vi) Methanobrevibacter and (vii)
Methanothermobacter (Sarmiento et al. 2011; Leng et al.
2017; Kouzuma et al. 2017) which reduce CO, in six steps
via WL pathway to methane with H, as the reductant
(Berghuis et al. 2019).

Currently, the genus Methanospirillum reported from var-
ious habitats comprises (i) two mesophilic methanogens
namely, Methanospirillum hungatei (Ferry et al. 1974) and
Methanospirillum lacunae (lino et al. 2010) and (ii) two psy-
chrophilic methanogens such as Methanospirillum
psychrodurum (Zhou et al. 2014) and Methanospirillum
stamsii (Parshina et al. 2014). Both mesophilic
Methanospirillum grow at 30-37 °C, but unable to below
15-25 °C and utilize formate and H,/CO, to produce methane
(Tonouchi 2002; Iino et al. 2010), while psychrophilic
Methanospirillum spp. grow at 4-35 °C (optimum at 25—
30 °C) and utilize exclusively H,:CO, (Parshina et al. 2014).

The present knowledge about ecology of methanogens from
anaerobic digesters or allied habitats is obtained mainly from
cultivation in the form of culture enrichment on a variety of
substrate (Wette 2018) which has led to isolation of number of
methanogens including, hydrogenotrophic isolates. However,
isolation of methanogens in pure cultures is more challenging
because of (i) long microbial growth enrichment times, (ii) sen-
sitive to oxygen, (iii) dependence on syntrophic bacterial associ-
ation and (iv) limited diversification in cultivation strategies. It is
even more difficult in case of isolation of hydrogenotrophic
Methanospirillum from anaerobic digesters since critical require-
ment for H, and CO,. Moreover, Methanospirillum are impor-
tant hydrogen scavenging methanogen in VFA degrading co-
cultures and hence, pure culture of Methanospirillum may have
potential for bioaugmentation to improve the efficiency of anaer-
obic digesters and understand microbial interactions leading to
bio-methanogenesis (Zabranska and Pokorna 2017). For this pur-
pose, electrochemical bioreactor (Jeon et al. 2009) and gas recy-
cle approach (Yun et al. 2017) were reported for the enrichment
of hydrogenotrophic methanogens. At present, four strains of
Methanospirillum spp. were isolated using Hungate anaerobic
technique (1969). While hydrogenotrophic methanogen from
hot spring (Joshi et al. 2018) and rice paddy field were reported
earlier (Adachi 1999; Tonouchi 2002). Similarly, the
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predominance of hydrogenotrophic Methanospirillum hungatei
was reported earlier from biogas reactors containing liquid cattle
manure (70%) and liquid pig manure (30%) with dry mass of 3—
4% consecutively fed with maize silage and bruised grain for
33 days at 36-38 °C using RT PCR with primers targeting the
mcrA gene (Lin et al. 2009; Kampmann et al. 2012). Of total 198
methanogens, only 28 strains have been obtained from anaerobic
digesters, but no Methanospirillum have been reported yet from
digesters operated with agro-waste such as fruit waste (FW),
press mud cake (PMC) and neem seed cake (NC). Hence, the
present study attempts to isolate, purify and characterize
hydrogenotrophic methanogen from anaerobic digester fed with
agro-industrial waste.

Materials and methods
Source of inoculum for isolation of methanogens

The mesophilic anaerobic Bunglow digester (DIT5; 10 m?)
operated for six years on organic feedstock such as neem seed
cake (NC) and press mud cake (PMC; a sugar industry waste)
at 37 °C was used as a source of inoculum for the isolation of
methanogen(s). The inoculum for the digester was digestate
slurry from a mesophilic digester operated at Jain Irrigation
Systems Limited (JISL), Jalgaon, India and fed with similar
type of feed material. Digestate inoculum (60 mL) from an-
aerobic digester was collected in 65 mL pre-sterile glass bot-
tle. Before sampling, the glass serum bottles were flushed with
0O, free N, gas @ 15 psi pressure for 5 min, then secured with
butyl rubber stopper and finally crimped with aluminum seal.

Media and cultivation conditions for enrichment and
isolation of methanogen strains

The enrichment and isolation of methanogens was performed
in 65 mL glass serum bottles. (Tonouchi 2002). For this pur-
pose, about 2.0 mL aliquots of digestate inoculum was inoc-
ulated into serum bottles containing 20 mL basal carbonate
yeast extract and trypticase (BCYT; pH 7.0) with H,:CO,
(80:20, v/v) as a substrate (Ferry et al. 1974; lino et al. 2010;
Parshina et al. 2014) and each bottle was sealed with a tight
fitting butyl rubber stopper and aluminum cap. Each bottle
was continuously flushed with oxygen free H,:CO,(80:20,
v/v) gas at 15 psi pressure using gassing manifold. All inocu-
lated bottles (22 mL) were incubated at 35 °C. The experiment
was performed in three sets with two negative controls (one
without inoculum and another without substrate, H,: CO, but
with inoculum). The details of inoculation scheme are given in
Table 1 (Supplementary data). BCYT (20 mL in each bottle)
medium used for the isolation of methanogens was prepared
as per Touzel and Albagnac (1983). The basal medium used
was composed of (gLfl) NH,CI, 1.0; NaCl, 0.6; Yeast extract,
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0.5; Trypticase, 0.5; KH,PO,4, 0.3; MgCl,.6H,O, 0.1 and
CaCl, (anhydrous), 0.08; Reducing agent (Ranade and
Gadre 1988), 1 mL trace elements (Wolin et al. 1963). Each
ingredient of the basal medium was dissolved in preboiled
distilled water and then, flushed with N, gas at15 psi pressure.
The pH of the medium was adjusted to 7.0 £0.2 with 0.1 N
NaOH or 0.1 N HCI prior to inoculation. The medium was
again flushed with nitrogen gas using gassing manifold. In
each 65 mL serum bottle, about 20 mL of medium was dis-
pensed (Hungate 1950), stoppared with butyl rubber stopper,
sealed with aluminum seal, sterilized at 121 °C for 15 min at
15 psi, cooled, flushed with N, gas, then supplemented with
1 mL filter sterilized vitamin (Wolin et al. 1963) from fresh
stock solution and flushed again with O, free N, gas. For the
growth of non- methanogens, Peptone yeast extract glucose
(PYG) medium (Holdeman et al. 1977), Mc medium (Borrel
et al. 2012) and glucose rich nutrient broth (Jones et al. 1983)
containing Resazurin (1 mgL ") were prepared anaerobically
under a gas atmosphere of 99.999% N, using the Hungate
anaerobic technique (Macy et al. 1972). The glucose rich nu-
trient broth was prepared aerobically to check the growth of
aerobic bacterial contaminants, if any.

Selection and transfer of enrichment

Methane released in the headspace of each serum bottle was
detected after every 8 days during enrichment transfer phase
with gas chromatograph (Nucon 5765, India) as per
Suryawanshi et al. (2009). Each bottle was pre-flushed with
H,: CO, (80:20, v/v) at 15 psi pressure on every alternate day
during the incubation period. The bottles showing more than
30% of methane in the headspace were selected for further
transfer in fresh BCYT medium containing H,: CO, (80:20,
v/V) as a substrate.

Methane analysis

The serum bottles were analyzed for the growth of
methanogen(s) with respect to methane released in the head
space after incubation. Methane content in each serum bottle
was analyzed by gas chromatograph (Nucon 5765, India)
using thermal conductivity detector (TCD) (Suryawanshi
et al. 2009) and stainless steel (SS) column packed with
Porapak Q (80/100 mesh range, 2 m length and 1/8” diame-
ter). The flow rate of carrier Helium gas was 10 mLmin . The
oven, injector and detector temperatures were kept at 60, 75
and 200 °C, respectively. The biogas sample was taken from
the headspace of serum bottle with the help of gas tight sy-
ringe. The surface head of each serum bottle and needle of the
syringe were cleaned with alcohol before taking biogas sam-
ple for analysis. The sample was then injected to the injector
of gas chromatograph. NuChrom software was used for data
interpretation. A standard methane canister (99.99% purity

from Alchemie gases, Tarapur, India) was used to standardize
the methane estimation.

Isolation and purification of methanogen

The positive methanogenic enrichments showing the presence
of non-methanogenic bacterial contaminants were subjected
to three stage successive transfer to fresh BCYT broth at 8 days
interval using, (i) serial dilution method (Balch et al. 1979),
(i1) treatment with antibiotic (Kadam 1988) and (iii) roll tube
(Hungate 1950, 1969). In serial dilution method, the highest
decimal dilution (10~) showing the presence of methanogens
was inoculated in the BCYT medium containing H,:CO,
(80:20, v/v)) and incubated at 35 °C for a period of 30 days.
The antibiotic sensitivity assay of bacterial contaminants was
performed with a purpose to reduce their load during the suc-
cessive enrichments as per the method of Borrel et al. (2012).
For further purification of methanogenic isolate, roll tube
method described by Hungate (1950) and Hungate (1969)
was used. Last two decimal dilutions showing the presence
of methanogens were used for roll tube and incubation was
continued until visible isolated colonies were observed. After
the typical visible colonial growth, gas sample in the head
space of the roll tubes were analyzed for methane content
and the roll tubes showing maximum methane content were
selected for the colony transfer.

Colony transfer, re-roll tube and confirmation of pu-
rity of the hydrogenotrophic methanogens

Typical colonies from roll tubes were inoculated in the serum
bottles containing BCYT medium (H,:CO,, 80:20, v/v) and
incubated at 35 °C for a period of 20 days. The purity of the
methanogen isolate was confirmed by re-isolation using re-
roll tube. The absence of non-methanogens was ensured using
phase contrast microscopy and the persistence of non-
methanogenic bacterial growth was confirmed with three sep-
arate growth media devoid of methanogenic substrates name-
ly, (i) PYG medium (Holdeman et al. 1977), (ii)) Mc medium
(Borrel et al. 2012) and (iii) glucose rich nutrient broth (Jones
et al. 1983). Each medium was inoculated with the culture for
the presence of non-methanogens, if present and incubated at
35 °C for a period of 7 days.

Phenetic identity

Morphological characterization of the isolated methanogen was
carried out as per Boone and Whitman (1988) using (a) phase
contrast microscopy and (b) epi-fluorescence microscopy.

The methanogen isolate was investigated for the (i) growth
at pH (5-9), temperature (10-50 °C), and (ii) requirement of
sodium chloride (0 -1 M) using H,:CO, (80:20, v/v) as a
substrate as per Boone and Whitman (1988). The isolate was
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also determined for growth on thirteen different substrates.
Except H,:CO,, all substrate were added at the final concen-
tration of 30 mM. Each biochemical test was performed in
triplicate by inoculating pre-grown culture at optimal condi-
tions for specified period and observed for methane produc-
tion. Production of methane in the headspace of serum bottle
was used to evaluate optimum growth requirement of the
methanogen(s). Methane produced (%) during the incubation
period for each parameter was determined.

The specific growth rate (1th™ ') of methanogen isolate was
determined from the concentration of CH, formed during the
logarithmic growth phase as per Powell (1983). Susceptibility
of cells to sodium dodecyl sulfate (SDS) lysis was determined
by dispensing 2 mL aliquots of a freshly grown methanogen
isolate (Boone and Whitman 1988).

Molecular characterization

The genomic DNA of methanogen isolate was extracted and
purified using QIAamp® DNA tool kit (Qiagen, Germany)
and PCR amplified 16S rRNA and mcrA gene using (A10F
and A1400R) primers: A10F (5 TCY GGT TGA TCC YGC
CRG-3"), A1400R (5> ACG GGC GGT GGT GCA AG-3'),
mcrA-F (5'-GGT GGT GTM GGA TTC ACA CAR TAY
GCW ACA GC-3') and mcrA-R (5’-TTC ATT GCR TAG
TTW GGR TAG TT-3'), respectively were carried out at
Xcelris Genomic Centre, Ahmadabad. The reaction mixture
(25 uL) was comprised of 10X Taq buffer, ANTPs (10 mM
each), 2X PCR master mix (MBI fermentas), primers
(10 pmol/uL each) and nuclease-free water. The steps and
conditions of thermal cycling for Met A10F / A1400R and
mcrA-F / mcrA-R targeting 16S rRNA and mcrA genes, were
carried out according to Wright et al. (2004) and Luton et al.
(2002), respectively. The amplified PCR products were puri-
fied and sequenced using QIAquick Gel extraction kit
(Qiagen, Germany) and BigDye Terminator v3.1 cycle se-
quencing kit, respectively at Xcelris Genomic Centre,
Ahmedabad. Sequences were checked for quality and contigs
were prepared before BLAST search. The sequences were
obtained to find out the homology with published methanogen
sequences available in GenBank database.

Phylogenetic analyses were conducted in MEGA 5.0
(Tamura et al. 2011) using 16S rRNA sequences of
methanogens from NCBI GenBank database. Phylogeny
was further confirmed by mcrA protein sequences.

Results and discussion
Selection and transfer of enrichment

The enrichment culture (D1T5) in the presence of H,: CO,
(80:20; v/v) at 35 °C after 20 days showed methane
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productivity of 33, 35, 36, 36, 38, 42, 42 and 46% in the head
space of serum bottles during enrichment transfer (Table 1).
After seventh enrichment to BCYT medium containing Hj:
CO,, (80:20; v/v), the broth culture was observed for the prev-
alence of the cellular morphotypes since serum bottles showed
46% methane in the headspace. The microscopic observation
of the enrichment (7th) showed the presence of spiral shaped
methanogens along with 68 cells of nonmethanogen bacteri-
al cells per microscopic field.

Selection and transfer of enrichments on the ‘theory of
selection and elimination’ was carried out on the basis of (i)
more than 30% methane content (33—46%) in the headspace,
(ii) negligible density of non-methanogens detected under
phase contrast microscopy and (iii) higher density of
autofluorescent spiral rods of methanogens under florescence
microscopy predominantly resembling Methanospirillum.
The similar observation about predominance of
hydrogenotrophic Methanospirillum like cells was earlier ob-
tained in a mesophilic full-scale biogas digester treating pig
manure as well as maize silage, different liquid manures, and
renewable raw materials (Rastogi et al. 2008; Bergmann et al.
2010; Kampmann et al. 2012). In another study, Tonouchi
(2002) also reported prevalence of hydrogenotrophic
Methanospirillum from paddy fields. However, predominant
growth of Methanospirillum like methanogens in the enrich-
ment culture was unexpected because all our previous studies
revealed enrichment and isolation of hydrogenotrophic
acetoclastic methanogens from mesophilic anaerobic digesters
led to isolation of Methanosarcina (Suryawanshi 2012).
Previous studies also demonstrated more hydrogenotrophic
Methanosarcina (Demirel and Scherer 2008). Accordingly,
particular enrichment from digester (D1T5) was selected from
seven transfers for further isolation and purification of
methanogens based on methane released (46%) in the head-
space of serum bottle.

Isolation and purification

The selected enrichment (7th) was successively transferred
twice in BCYT medium at same dilution (10™*) which showed
the persistence of 5-6 non-methanogens. Hence, antibiotics
(penicillin, kanamycin, cephalothin, clindamycin, ampicillin,
vancomycin, chloramphenicol and D-cycloserine) at final
concentration of 100 pugmL ™' (except D-cycloserine at 10
ugmL ") were applied to selected enrichment in order to elim-
inate the non-methanogenic bacterial population.

For this purpose, antibiogram profile of each non-
methanogenic isolate was carried out in PYG medium at
35 °C. The preliminary antibiotic assay indicated sensitivity
of non-methanogens to cephalothin and vancomycin. Hence,
gentamycin (100 ugmL™") and vancomycin (ugmL™") were
applied to further transfer of methanogenic enrichment.
Earlier, Zhou et al. (2014) used serially diluted basal medium
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Table 1 Profile of successive ]

transfers of enrichments with Digester H,: CO, Methane (%)

respect to % methane content in

the headspace of glass serum 80:20 (v/v) Set I Set I Set 11T

bottles analyzed by gas

chromatography D1 (T5) Inoculation (2 mL) 30 33 28
I 32 35 32
11 30 36 30
11 28 36 26
v 26 38 22
\Y% 19 42 20
VI - 42 16
VIl - 46 _

Control (Negative)
Control (Negative)

Without inoculum - — _
Without H,: CO, but with inoculum - - -

containing penicillin (0.5 gLfl) and kanamycin (0.5 gLﬁl) for
the isolation of Methanospirillum psychrodurum from wet-
land soil. For the isolation of number of methanogens,
Whitman et al. (2006) have employed treatment with various
antibiotics such as ampicillin, kanamycin and vancomycin
and in case of Methanospirillum stamsii, ampicillin (1gL™"),
penicillin (2 gL™"), vancomycin (100-200 mgL™"), cycloser-
ine (100 mgL™"), kanamycin (100 mgL™"), erythromycin
(100 mgL™") or rifampicin (100—-200 mgLfl) were used
(Parshina et al. 2014). After four successive transfers in the
present study, the load of non-methanogens was significantly
reduced with distinct blue-green auto-fluorescence spiral
shaped morphotypes under UV light in fluorescence micro-
scope, suggesting the presence of methanogens.

Several antibiotics either in single or in combination have
been used earlier for the purification of methanogens
(Jeanthon et al. 1999; Lai et al. 2002; L'Haridon et al. 2003;
Shlimon et al. 2004). Wildgruber et al. (1982) used MG me-
dium containing penicillin, vancomycin, kanamycin and tet-
racycline to avoid eubacterial contamination for the isolation
of Methanoplanuslimicola. The penicillin at concentration in
the range of 50-200 mgL™" was used in the isolation of
Methanosarcina baltica (von Klein et al. 2002).

Each serum bottle showed the absence of non-methanogens
and the presence of only one morphological form of methanogen
under microscope. The purity of methanogen for the complete
elimination of non-methanogens was finally ensured in PYG
broth after prolong incubation of 15 days.

Further isolation of methanogens was made by roll tube
method using BCYT medium (H,: CO,; 80:20, v/v). After
incubation of 7 days at 35 °C, pin point colonies were ob-
served in roll tubes. Each roll tube was further incubated for
a period of 10 days till isolated single morphotype colonies
appeared on the surface of medium. Isolated colonies
(Bergmann et al. 2010) were transferred to serum bottles. Of
these, only single serum bottle exhibited almost 40% of

methane after 20 days of incubation, while remaining three
bottles showed 25-30% of methane even after 30 days of
incubation. The serum bottle that produced almost 40% meth-
ane and showed spiral shaped methanogens under phase con-
trast as well as fluorescence microscope was selected for fur-
ther transfer. The re-inoculation in roll tube confirmed its pu-
rity. The typical morphology of the colonies appeared in the
re-roll tube were similar to that observed in previous roll tube.

Until now, only Lin et al. (2009) and Kampmann et al.
(2012) have found Methanospirillum hungatei related species
as the most dominant hydrogenotrophic methanogens in bio-
gas reactor fed with pig manure and liquid manure. Later, Yun
et al. (2017) reported relative abundance of hydrogenotrophic
Methanospirillum in mesophilic reactor employing gas
recycle.

The pure culture of methanogenic isolates obtained in this
study using three stage purification protocols was designated
as Ts3BJ. The purity of isolate was confirmed for the absence
of (i) aerobic growth of nonmethanogenic bacterial contami-
nants in nutrient broth containing 1% glucose, and (ii) anaer-
obic bacterial contamination in PYG broth and Mc medium.
Similar strategy was used earlier (Yeole 1986); but, Borrel
et al. (2012) have suggested Mc medium for purity check of
Methanobacterium lacus.

Morphological characteristics

Isolate Ts3BJ formed diffuse, whitish, irregular colony with
0.5-1 mm diameter, convex with entire margins on BCYT
agar after 30 days of cultivation under H,: CO, (80:20,v/v).
Individual cells of isolate were spiral shaped, occasionally
wavy, motile, stained Gram negative, non-spore forming rods
and cells appeared blue-green auto-fluorescence under UV
light under fluorescence microscopy, indicating the preva-
lence of coenzyme F420. The phenotypic observations of
strain T53BJ cells agreed with the member of genus
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Methanospirillum spp. (Ferry et al. 1974). Phase contrast and
epi-fluorescence images of the isolate T53BJ are as shown in
Fig. 1.

Optimal pH for methanogenesis

It is seen that the isolate T53BJ was unable to grow pH 6.5 and
above 8.0, as there was no methane production, but maximum
methane production (18.06%) was observed at pH 7.0, follow-
ed by 7.5 and 8.0 (Fig. 2). The results are in line with
Tonouchi (2002). However, absolute methane production
was almost negligible at pH 6.0 and 8.5. Hence, the pH range
for methanogenesis was 6.5-8.0 and the optimum pH of the
isolate was 7.0 on the basis of maximum average methane
(18.06%). The results of Ts3BJ isolates are in observations
with Ferry et al. (1974), who recorded optimum pH range of
6.6 to 7.4 for Methanospirillum hungatei. Whereas,
Methanospirillum lacunae, Methanospirillum stamsii and
Methanospirillum psychrodurum grew optimally at pH 7.5,
7.0-7.5 and 7.0, respectively for methane production (lino
et al. 2010; Parshina et al. 2014; Zhou et al. 2014).

Optimum temperature for methanogenesis

Isolate Ts3BJ was able to grow between the temperature
ranges of 2040 °C. The significant methane production was
obtained at 30 °C (19.17%) followed by 35 and 40 °C (Fig. 3).
This observation appears to be in accordance with the anaer-
obic digester operated under steady state at mesophilic tem-
perature range when fed with PMC and NC. Therefore, the
maximum activity of the isolates was expected in the
mesophilic temperature range. These results are in accordance
with Tonouchi (2002). These findings are compared with pre-
viously reported optimum temperature of 30 °C for
Methanospirillum lacunae and are found lower than 30—
37 °C for Methanospirillum hungatei JF1 (Iino et al. 2010;
Parshina et al. 2014). Another strain of Methanospirillum
hungatei GP1 has an even higher temperature optimum at
45 °C (Patel et al. 1976). Whereas, Methanospirillum stamsii

Fig. 1 Phase contrast (a) and ol Ry -

fluorescence microphotograph . —

s L{

showed optimum methanogenesis in the temperature range of
20-30 °C and Methanospirillum psychrodurum grew optimal-
ly at 25 °C (Zhou et al. 2014; Parshina et al. 2014).

Optimal NaCl for methanogenesis

The requirement of NaCl for the growth of isolate Ts3BJ was
examined in BCYT medium at various concentrations in the
range of 0.1-1.25 M at 30 °C (pH 7.0). It is clear from Fig. 4
that the isolate was able to tolerate the range of salt concen-
tration from 0.0 to 0.2 M, but inhibited above 0.2 M.
Maximum methane production (18.44%) was noticed in the
absence of salt. It is noteworthy that the isolate was able to
grow in the absence of salt. The findings are in agreement with
Methanospirillum stamsii which also displayed growth and
methane production in the absence of NaCl (Parshina et al.
2014). However, a significant drop in methanogenesis was
observed at and above 0.3 M NaCl. Interestingly, sodium salt
is essential on one side for ATP production and oxidation of
NADH, but excess concentration proved detrimental and up-
set microbial metabolic activity (Dimroth and Thomer
1989).The results in the present study are in line with earlier
findings of Iino et al. (2010) who observed optimal growth of
Methanospirillum lacunae in the absence of sodium salt in the
basal medium.

Substrate utilization spectrum

Methanogens are highly sensitive and selective about sub-
strate for growth, survival and methane production.
Generally, almost all methanogens are limited to single carbon
compounds such as H,: CO, and acetate as preferred sub-
strates. Due to this limitation, methanogens are often depen-
dent on syntrophic bacteria to degrade higher compounds to
corresponding simpler utilizable forms. For this reason, sub-
strate specificity is a highly critical factor for the determination
of the type of methanogen and corresponding habitat.

It was observed that the isolate Ts3BJ was able to utilize
only H,: CO, for methane production, whereas, it was unable
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Fig.2 Effect of pH on the growth
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to use other substrates such as formate, acetate, di-
methylsulphide, methylamines, methanol, 1-propanol, 2-
propanol, 1-butanol, 2-butanol, cyclopentanol for methane
production, indicating that isolate Ts3BJ is hydrogenotrophic
methanogen. Isolate Ts3BJ produce 18.78% average methane
using H: CO, (80:20, v/v) as a substrate. The present findings
are in agreement with Zhou et al. (2014) who have observed
that Methanospirillum psychrodurum utilize only H,: CO, for
methane formation and acetate could not induce its growth.
Whereas, Methanospirillum hungatei and Methanospirillum
lacunae can utilize both substrates, H,: CO, and formate for
methane production and 4 strains of Methanospirillum were
unable to use rest of substrates. In contrast, Iino et al. (2010)
showed that acetate and yeast extract were indispensible for
the growth of Methanospirillum lacunae and

Methanospirillum hungatei JE_' (Zhou et al. 2014). In another
study, hydrogenotrophic Methanospirillum TM20-1 not only
utilize H,: CO,, but also catabolize 2-propanol: CO, or for-
mate as substrate and acetate was required for the growth
(Tonouchi 2002). While, Patel et al. (1976) have demonstrated
that M. hungatei GP-1 from AD fed with pear waste utilize
acetate in the presence of H,. However, Adachi (1999) have
found 52% methanogenic isolates from paddy field utilize H,:
CO, as sole source for energy and carbon for growth, 48%
utilized formate in addition to H,: CO, and unable to utilize
methanol and acetate. Interestingly, another study demonstrat-
ed more abundance of Methanospirillum hungatei in undis-
turbed and bioaugmented digester fed with non-fat dry milk
compared to the presence of more Methanolinea tarda in up-
set and non-bioaugmented digesters (Tale et al. 2015).
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Fig.4 Effect of salt concentration 5
on methanogen isolate Ts3BJ for S
methanogenesis at 30 °C in
BCYT medium (pH 7.0)
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Specific growth rate (ph™"), generation time (h) and
cell lysis

The measurement of specific growth rate of isolate Ts3BJ was
done by methane production (%) using H,: CO, (80:20, v/v)
as a substrate at optimum condition of pH (7.0), temperature
(30 °C) and NaCl (0.0 M). The specific growth rate of isolate
Ts3BJ was 0.0094 puh ™! and generation time of 73.43 h, indi-
cating that hydrogenotrophic strain possibly monitoring H, in
anaerobic digester fed with PMC and NC. In contrast,
Methanospirillum stamsii Ptl showed doubling time of
39.8 h in the medium supplied with H,: CO, at 30 °C and
pH 7.5 (Parshina et al. 2014) and Methanospirillum
psychrodurum revealed specific growth of 0.065 h™' in basal
medium under H,: CO, at pH 7 and 25 °C (Zhou et al. 2014).
Whereas, M. lacunae Ki-8 and M. hungatei NBRC 100397
showed variable generation time of 32.3 h and 20.7 h, respec-
tively at 40 °C in HAB medium (pH 7.5) under H,: CO, (4:1,
v/v) (Iino et al. 2010).

Cell lysis

The pelleted aggregate of isolate showed no further increase in
turbidity after exposure to 1.5% SDS or distilled water for
10 min. Even microscopic observations also revealed intact
cells after 5 h of SDS treatment. Thus, the isolate was found to
be resistant to lysis by SDS and hypotonic solution. The
findings are in agreement with results reported by Parshina
et al. (2014) with the observations that pelleted cells of
Methanospirillum stamsii were resistant to lysis by 2% SDS.
Similar observations were reported with M. psychrodurum
strain X-18 (Zhou et al. 2014) and Methanospirillum TM
20—1 (Tonouchi 2002).

@ Springer

Molecular characterization

16S rRNA gene sequence of 1343 bp was obtained
from the isolate Ts3BJ (Fig. la Supplementary data).
The identities of isolate were uncovered by comparing
16S rRNA gene sequences using BLAST similarity
searches against data base entries. 16S rRNA gene se-
quence of isolate was submitted to NCBI gene bank
(MH712280). The strain Ts3BJ was closely affiliated
with known species of the genus Methanospirillum and
most closely with Methanospirillum stamsii Ptl.
Methanogenic isolate Ts3BJ shared a high degree of
16S rRNA gene sequence similarity (99%) with
Methanospirillum stamsii strain Ptl (Fig. 5).

The mcrA gene sequence of 783 bp was obtained
(Fig. 1b Supplementary data) from the isolate Ts3BJ
and partially amplified by PCR with primers. The
mcrA gene sequences of strain Ts3BJ (MT551924) was
aligned together with available sequences from NCBI
database and maximum likelihood phylogenetic tree
was reconstructed using MEGA 5.0 software clustered
with the expected reference sequences (Fig. 6) and clus-
tered with M. stamsii Ptl (99%). Overall, 16S rRNA
and mcrA gene tree topology resembled each other,
thereby validating the identity of Methanospirillum
spp. Accordingly, the hydrogenotrophic methanogen
Ts3BJ belongs to Methanospirillum strain.

The comparative study of the isolated strain with pre-
viously isolated strains of genus Methanospirillum is
shown in Table 2f. The morphological, physiological and
biochemical characteristics differentiate the isolate Ts3BJ
from all four reported strains of Methanospirillum. The
strain T53BJ was isolated from anaerobic digester fed with
PMC and NC operated at mesophilic temperature.
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51 ® Methanospirillum spp. Ts3BJ (MH712280)

93 \—Methanospirillum stamsii strain Pt1 (KC951357.1)

45 ——Methanospirillum hungatei JF1(AF313805.1)

14 [
60

P
0.02

Fig. 5 A phylogenetic tree of hydrogenotrophic methanogen isolate
T53BJ based on 16S rRNA gene sequence similarity with related strain
from GenBank. The Gene Bank accession numbers for reference
sequences are given in parentheses. Each 16S rRNA gene sequences
were aligned with Clustal W and compared using MEGA 5.0 software.

The bioaugmentation of the isolated strain can improve the
digester efficiency with high VFA as hydrogenotrophic
methanogens helps to keep low H, partial pressure required
for syntrophic bacteria for VFA degradation. Bio-
augmentation of pure culture of Methanospirillum spp. may
also help to understand the microbial interactions and ecology
in the hydrogenotrophic methanogenesis process.

——Methanospirillum lacunae (AB517988.1)

e
—36 61

Methanolinea tarda (AB300466.1)

jﬁEMethanoculleus palmolei (AB300784.1)

Methanospirillum spp. X-18 (KF153053.1)

Methanoculleus thermophilus strain DSM 2624 (AF313804.1)
Methanosphaerula palustris strain E1-9¢c (EU296536.1)
Methanogenium marinum (DQ229159.1)

— Methanofollis ethanolicus (AB703644.1)
E‘—Methanofollis liminatans strain DSM4140 (AF414041.1)

Methanobacterium formicicum strain KOR-1 (JX141395.1)

The evolutionary history of isolate was inferred using neighbor-joining
(N-J) method and boot strap re-samples 500 times. The evolutionary
distances were computed using the Maximum Composite Likelihood
method and are in the units of the number of base substitutions per site
(0.02 substitution per nucleotide position)

Conclusion

The results presented imply new mesophilic hydrogenotrophic
methanogen strain of T53BJ isolated from anaerobic digesters
fed with agro-industrial waste operated at pilot scale (10 m®).
However, no such studies have been carried out earlier from
the digester fed with PMC and NC. On the basis of phenetic

50— ®Methanospirillum spp Ts3BJ (MT551924)

QBLMethanospirillum stamsii strain Pt1 (KC951357.1)(2)
Methanospirillum hungatei JF1 (AF313805.1)(2)
——Methanospirillum lacunae (AB517988.1)(2)

83 [ Methanospirillum spp. X-18 (KF153053.1)(2)
—34 63— Methanolinea tarda (AB300466.1)(2)

28~ Methanoculleus palmolei (AB300784.1)(2)

Methanoculleus thermophilus strain DSM 2624 (AF313804.1)(2)

12 ‘ Methanosphaerula palustris strain E1-9¢ (EU296536.1)(2)
2 Methanogenium marinum (DQ229159.1)(2)

| [ Methanofollis ethanolicus (AB703644.1)(2)
55— Methanofollis liminatans strain DSM 4140 (AF414041.1)(2)

—
0.02

Methanobacterium formicicum strain KOR-1 (JX141395.1)(2)

Fig. 6 A phylogenetic tree of mcrA amino acid sequences from
methanogen isolate T5s3BJ based on mcrA partial gene sequence
(783 bp) similarity isolated from anaerobic digester. The Gene Bank
accession numbers for reference sequences are given in parentheses.
Each mcrA gene sequences were aligned with Clustal W and compared

using MEGA 5.0 software. The evolutionary history of isolate was in-
ferred using neighbor-joining (N-J) method and boot strap re-samples 500
times. The evolutionary distances were computed using the Maximum
Composite Likelihood method and are in the units of the number of base
substitutions per site
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Table2 Comparison of the characteristic of different reported type strains of the genus Methanospirillum spp.
Characteristic 1 2 3 4 5
Cellular morphology Curved rods Curved rods Curved rods Curved rods Curved rods
Motility + - + + -
Temperature (°C) Range 2040 25-50 15-37 5-37 4-32
Optimum 30 30-37 30 20-37 25
pH Range 6.5-8.5 6.5-10.0 6.0-9.5 6.0-10.0 6.5-8.0
Optimum 7 7.0-7.5 7.5 6.6-7.4 7
NaCl concentration (M) Range 0.0-0.2 0.0-0.2 0.0-0.2 0.0-0.3 0.0-0.1
Optimum 0 0 0 0 NA
Utilization of formate - + + + -
Generation time (h) 73.43 20.7 323 39.8 NA
(at 30 °C) (at 40 °C) (at 30 °C) (at 30 °C)
Specific growth rate (ith ™" 0.0094 NA NA NA 0.065
Source Anaerobic digester Sewage sludge Soil Sludge Wetland Soil

Substrate utilization spectrum

Where, Strain, 1: Ts3BJ (data from the present study); 2: Methanospirillum hungatei (Ferry etal. 1974)); 3: Methanospirillum lacunae (lino et al. 2010);
4: Methanospirillum stamsii (Parshina et al. 2014); 5: Methanospirillum psychrodurum (Zhou et al. 2014); —: Negative; +: Positive; +: very weak; NA:

Not available

and phylogenetic analysis, the strain Ts3BJ represents
Methanospirillum spp. and probably a novel hydrogenotrophic
methanogenic species from anaerobic digester compared to
available four strains of Methanospirillum spp. Moreover, the
strain T53BJ produced CH,4 exclusively from H,: CO», indicating
that it could be a representative of a novel hydrogenotrophic
methanogenic species of the genus Methanospirillum, since 3
strains of Methanospirillum reported earlier use both formate
and H,: CO, to produce methane (Ilino et al. 2010). Therefore,
isolation and characterization of hydrogenotrophic
Methanospirillum from anaerobic digester may pave more inter-
est in the methanogens from the anaerobic digesters operated
with agro-industrial substrates such as PMC and NC.

Acknowledgments The authors are grateful to Late Padmashree Dr. B.
H. Jain, Founder Chairman, JISL, Jalgaon for providing state-of-the-art R
& D facilities to undertake the present work. Authors are thankful to Prof.
Ms. Mukta Mahajan, Head, Department of English, School of Languages
Studies and Research Centre, Kavayitri Bahinabai Chaudhari North
Maharashtra University, Jalgaon for critically correcting the English in
the manuscript.

Code availability Not applicable.

Author’s contribution KALPANA A. JAIN: Performed Research and
contributed to carry out experiments; PRADEEP C. SURYAWANSHI:
Contributed to develop methods and suggestions; AMBALAL B.
CHAUDHARI: Designed the outline of study and critically analyzed
the manuscript and data.

Data availability Not applicable.

@ Springer

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest to disclose.

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent to publish/ Not applicable.

References

Adachi K (1999) Isolation of hydrogenotrophic methanogenic archaea
from a subtropical paddy field. FEMS Microbiol Ecol 30:77-85.
https://doi.org/10.1111/j.1574-6941.1999.tb00637.x

Balch WE, Fox GE, Magrum LJ, Woese CR, Wolfe RS (1979)
Methanogens: re-evaluation of a unique biological group.
Microbiol Rev 43:260-296 https://pubmed.ncbi.nlm.nih.gov/
390357/

Berghuis BA, Yu FB, Schulz F, Blainey PC, Woyke T, Quake SR (2019)
Hydrogenotrophic methanogenesis in archaeal phylum
Verstraetearchaeota reveals the shared ancestry of all methanogens.
PNAS 116(11):5037-5044. https://doi.org/10.1073/pnas.
1815631116 Epub 2019 Feb 27

Bergmann I, Nettmann E, Mundt K, Klocke M (2010) Determination of
methanogenic Archaea abundance in a mesophilic biogas plant
based on 16S rRNA gene sequence analysis. Can J Microbiol
56(5):440-444. https://doi.org/10.1139/w10-021

Boone DR, Whitman WB (1988) Proposal of minimal standards for de-
scribing new taxa of methanogenic bacteria. Int J Syst Bacteriol 38:
212-219. https://doi.org/10.1099/00207713-38-2-212


https://doi.org/10.1111/j.1574-6941.1999.tb00637.x
https://pubmed.ncbi.nlm.nih.gov/390357/
https://pubmed.ncbi.nlm.nih.gov/390357/
https://doi.org/10.1073/pnas.1815631116
https://doi.org/10.1073/pnas.1815631116
https://doi.org/10.1139/w10-021
https://doi.org/10.1099/00207713-38-2-212

Biologia (2021) 76:255-266

265

Borrel G, Joblin K, Guedon A, Colombet J, Tardy V, Lehours AC, Fonty G
(2012) Methanobacterium lacus sp. nov., a novel hydrogenotrophic
methanogen from the deep cold sediment of a meromictic lake. Int J
Syst Evol Microbiol 62:1625-1629. https://doi.org/10.1099/ijs.0.
034538-0

Bragulia CM, Gallipoli A, Gianico A, Pagliaccia P (2018) Anaerobic
bioconversion of food waste into energy: a critical review.
Bioresour Technol 248:37-56. https://doi.org/10.1016/j.biortech.
2017.06.145

Demirel B, Scherer P (2008) The roles of acetotrophic and
hydrogenotrophic methanogens during anaerobic conversion of bio-
mass to methane: a review. Rev Environ Sci Biotechnol 7(2):173—
190. https://doi.org/10.1007/s11157-008-9131-1

Dimroth P, Thomer AA (1989) Primary respiratory Na* pump of an
anaerobic bacterium: the Na*-dependent NADH: quinone oxidore-
ductase of Klebsiella pneumonia. Arch Microbiol 151:439-444.
https://doi.org/10.1007/BF00416604

Ferry JG, Smith PH, Wolfe RS (1974) Methanospirillum, a new genus of
methanogenic bacteria, and characterization of Methanospirillum
hungatei spp. nov. Int J Syst Bacteriol 24:465-469. https://doi.org/
10.1099/00207713-24-4-465

Gerardi MH (2003) The microbiology of anaerobic digesters. Wiley
Interscience Publ, Hoboken, NJ, USA, pp 51-58. https://doi.org/
10.1002/0471468967

Hoelher T, Losey NA, Gunsalus RP, McInerney MJ (2018) Environment
constraints that limit methanogenesis. In: Sousa DZ (ed) Stams
AJM. Biogenesis of Hydrocarbons, Handbook of Hydrocarbon
and Lipid Microbiology, pp 1-21. https://doi.org/10.1007/978-3-
319-53114-4 17-1

Holdeman LV, Cato EP, Moore WEC (1977) Anaerobic laboratory man-
ual (4"Edn.), Blacksburg, VA: Virginia Polytechnic Institute and
State University, pp 1-156

Hungate RE (1950) The anaerobic mesophilic cellulolytic bacteria.
Bacteriol Rev. 14:1-49. PMCID: PM(C440953 PMID: 15420122

Hungate RE (1969) A roll tube method for cultivation of strict anaerobes.
In: Norris J R, ribbons QW (eds.) Methods in microbiology,
Academic Press, New York, USA, 2B:117-132. https://doi.org/10.
1016/S0580-9517(08)70503-8

lino T, Mori K, Suzuki K (2010) Methanospirillum lacunae sp. nov., a
methane producing archaeon isolated from a paddy soil, and
emended descriptions of the genus Methanospirillum and
Methanospirillum hungatei. Int J Syst Evol Microbiol 60:2563—
2566. https://doi.org/10.1099/ijs.0.020131-0

Jablonski S, Rodowicz P, Lukaszewicz M (2015) Methanogenic Archaea
database containing physiological and biochemical characteristics.
IntJ System Evol Microbiol 65:1360—1368. https://doi.org/10.1099/
1s.0.000065

Jeanthon C, L'Haridon S, Reysenbach AL, Corre E, Vernet M, Messner
P, Sleytr UB, Prieur D (1999) Methanococcus vulcanius sp. nov., a
novel hyper-thermophilic methanogen isolated from East Pacific
rise and identification of Methanococcus sp. DSM 42137 as
Methanococcus fervens sp. nov. Int J Syst Bacteriol 49:583-589.
https://doi.org/10.1099/00207713-49-2-583

Jeon BY, Sung YK, Yong KP, Doo HP (2009) Enrichment of
Hydrogenotrophic methanogens in coupling with methane produc-
tion using electrochemical bioreactor. J Microbiol Biotechnol 19:
1665-1671. https://doi.org/10.4014/jmb.0904.04002

Jha P, Schmidt S (2017) Reappraisal of chemical interference in anaero-
bic digestion processes. Renew Sust Energy Rev 75:954-971.
https://doi.org/10.1016/j.rser.2016.11.076

Jones WJ, Leigh JA, Mayer F, Woese CR, Wolfe RS (1983)
Methanococcus jannaschii sp. nov., an extremely thermophilic
methanogen from a submarine hydrothermal vent. Arch Microbiol
136:254-261. https://doi.org/10.1007/BF00425213

Joshi A, Lanjekar V, Dhakephalkar P, Dagar S (2018) Cultivation of
multiple genera of hydrogenotrophic methanogens from different

environmental niches. Anaerobe. 50:64-68. https://doi.org/10.
1016/j.anaerobe.2018.02.001

Kadam PC (1988) Methanogens from different ecological niches.
University of Poona, Pune, M.Sc. Thesis, pp 1-75

Kampmann K, Ratering S, Kramer I, Schmidt M, Zerr W, Schnell S
(2012) Unexpected stability of Bacteroidetes and Firmicutes com-
munities in laboratory biogas reactors fed with different defined
substrates. Appl Environ Microbiol 78:2106-2119. https://doi.org/
10.1128/AEM.06394-11

Kouzuma A, Tsutsumi M, Ishii S, Ueno Y, Abe T, Watanabe K (2017)
Non-autotrophic methanogens dominate in anaerobic digesters. Sci
Rep 7(1510):1-13. https://doi.org/10.1038/s41598-017-01752-x

Lai MC, Chen SC, Shu CM, Chiou MS, Wang CC, Chuang MJ, Hong
TY, Liu CC, Lai LJ, Hua JJ (2002) Methanocalculus taiwanensis sp.
nov., isolated from an estuarine environment. Int J Syst Evol
Microbiol., 52:1799-1806. https://doi.org/10.1099/ijs.0.01730-0

Leng L, Yang P, Singh S, Zhuang H, Linji X, Wen-Hsing C, Jan D, Dong L,
Yan Z, Huiping Z, Wei-hu PL (2017) A review on the bioenergetics of
anaerobic microbial metabolism close to the thermodynamic limits and
its implications for digestion applications. Bioresour Technol 247:
1095-1106. https://doi.org/10.1016/j.biortech.2017.09.103

L'Haridon S, Reysenbach AL, Banta A, Messner P, Schumann P,
Stackebrandt E, Jeanthon C (2003) Methanocaldococcus indicus
sp. nov., a novel hyper-thermophilic methanogen isolated from the
central Indian Ridge. Int J Syst Evol Microbiol 53:1931-1935.
https://doi.org/10.1099/ijs.0.02700-0

Lin Y, Wang D, Wu S, Wang C (2009) Alkali pretreatment enhances
biogas production in the anaerobic digestion of pulp and paper
sludge. J Hazardous Mater 170:366—373. https://doi.org/10.1016/].
jhazmat.2009.04.086

Luton PE, Wayne JM, Sharp RJ, Riley PW (2002) The mcrA gene as an
alternative to16S rRNA in the phylogenetic analysis of methanogen
populations in land fill. Microbiol. 148:3521-3530. https://doi.org/
10.1099/00221287-148-11-3521

Macy JM, Snellen JE, Hungate RE (1972) Use of syringe methods for
anaerobiosis. Am J Clin Nutr 25:1318-1323. https://doi.org/10.
1093/ajen/25.12.1318

Parshina SN, Ermakova AV, Bomberg M, Detkova EN (2014)
Methanospirillum stamsii sp. nov., a psychrotolerant,
hydrogenotrophic, methanogenic archaeon isolated from an anaero-
bic expanded granular sludge bed bioreactor operated at low tem-
perature. Int J Syst Evol Microbiol 64:180-186. https://doi.org/10.
1099/ijs.0.056218-0

Patel GB, Roth LA, van den Berg L, Clark DS (1976) Characterization of
a strain of Methanospirillum hungatti. Can J Microbiol 22:1404—
1410. https://doi.org/10.1139/m76-208

Powell GE (1983) Interpreting gas kinetics of batch cultures. Biotechnol
Lett 5:437-440. https://doi.org/10.1007/BF00132224

Ranade DR, Gadre RV (1988) Microbiological aspects of anaerobic di-
gestion: laboratory manual, published by Maharashtra Association
for the Cultivation of science (MACS) research institute. Pune,
Maharashtra, India, pp 67-77

Rastogi G, Ranade DR, Yeole TY, Patole MS, Shouche YS (2008)
Investigation of methanogen population structure in biogas reactor
by molecular characterization of methyl-coenzyme M reductase A
(mcrA) genes. Bioresour Technol 99(13):5317-5326. https://doi.
org/10.1016/j.biortech.2007.11.024

Robles G, Nair RB, Kleinsteuber S, Nikolausz M, Horvath IS (2018)
Biogas production: microbiological aspects. In: Tabatabaei M,
Ghanavati H (eds) Biogas. Springer International Publ. AG,
Biofuels and Biorefinery Technologies, pp 163—198. https://doi.
org/10.1007/978-3-319-77335-3 7

Sarmiento FB, Leigh JA, Whitman WB (2011) Genetic systems for
hydrogenotrophic methanogens. In: Amy CR, Stephen WR (eds)
Methods in enzymology, vol 494. Academic, New York, pp 43—
73. https://doi.org/10.1016/B978-0-12-385112-3.00003-2

@ Springer


https://doi.org/10.1099/ijs.0.034538-0
https://doi.org/10.1099/ijs.0.034538-0
https://doi.org/10.1016/j.biortech.2017.06.145
https://doi.org/10.1016/j.biortech.2017.06.145
https://doi.org/10.1007/s11157-008-9131-1
https://doi.org/10.1007/BF00416604
https://doi.org/10.1099/00207713-24-4-465
https://doi.org/10.1099/00207713-24-4-465
https://doi.org/10.1002/0471468967
https://doi.org/10.1002/0471468967
https://doi.org/10.1007/978-3-319-53114-4_17-1
https://doi.org/10.1007/978-3-319-53114-4_17-1
https://www.ncbi.nlm.nih.gov/pubmed/15420122
https://doi.org/10.1016/S0580-9517(08)70503-8
https://doi.org/10.1016/S0580-9517(08)70503-8
https://doi.org/10.1099/ijs.0.020131-0
https://doi.org/10.1099/ijs.0.000065
https://doi.org/10.1099/ijs.0.000065
https://doi.org/10.1099/00207713-49-2-583
https://doi.org/10.4014/jmb.0904.04002
https://doi.org/10.1016/j.rser.2016.11.076
https://doi.org/10.1007/BF00425213
https://doi.org/10.1016/j.anaerobe.2018.02.001
https://doi.org/10.1016/j.anaerobe.2018.02.001
https://doi.org/10.1128/AEM.06394-11
https://doi.org/10.1128/AEM.06394-11
https://doi.org/10.1038/s41598-017-01752-x
https://doi.org/10.1099/ijs.0.01730-0
https://doi.org/10.1016/j.biortech.2017.09.103
https://doi.org/10.1099/ijs.0.02700-0
https://doi.org/10.1016/j.jhazmat.2009.04.086
https://doi.org/10.1016/j.jhazmat.2009.04.086
https://doi.org/10.1099/00221287-148-11-3521
https://doi.org/10.1099/00221287-148-11-3521
https://doi.org/10.1093/ajcn/25.12.1318
https://doi.org/10.1093/ajcn/25.12.1318
https://doi.org/10.1099/ijs.0.056218-0
https://doi.org/10.1099/ijs.0.056218-0
https://doi.org/10.1139/m76-208
https://doi.org/10.1007/BF00132224
https://doi.org/10.1016/j.biortech.2007.11.024
https://doi.org/10.1016/j.biortech.2007.11.024
https://doi.org/10.1007/978-3-319-77335-3_7
https://doi.org/10.1007/978-3-319-77335-3_7
https://doi.org/10.1016/B978-0-12-385112-3.00003-2

266

Biologia (2021) 76:255-266

Shlimon AG, Friedrich MW, Niemann H, Ramsing NB, Finster K (2004)
Methanobacterium aarhusense sp. nov., a novel methanogen isolat-
ed from a marine sediment (Aarhus Bay, Denmark). Int J Syst Evol
Microbiol., 54:759-763. https://doi.org/10.1099/ijs.0.02994-0

Stams AJM (1994) Metabolic interactions between anaerobic bacteria in
methanogenic environments. Antonie Van Leeuwenhoek 66:271—
294. https://doi.org/10.1007/BF00871644

Stams AJM, Sousa DZ, Kleerebezem R, Plugge CM (2012) Role of
syntrophic microbial communities in high-rate methanogenic biore-
actors. Water Sci Technol 66:352-362. https://doi.org/10.2166/wst.
2012.192

Suryawanshi PC (2012) Studies on isolation and characterization of sub-
strate specific microbes to enhance biogas production; PhD. Thesis,
North Maharashtra University, Jalgaon, India, 1-200

Suryawanshi PC, Kirtane RD, Chaudhari AB, Yeole TY (2009)
Conservation and recycling of pomegranate seeds and shells for
value addition. J Renew Sustain Energy 1:1-6. https://doi.org/10.
1063/1.3078510

Tale V, Maki J, Zitomer D (2015) Bioaugmentation of overloaded anaer-
obic digesters restores function and archaeal community. Water
Research 70:138-147. https://doi.org/10.1016/j.watres.2014.11.037

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011)
MEGAS: molecular evolutionary genetics analysis using maximum
likelihood, evolutionary distance, and maximum parsimony
methods. Mol Biol Evol 28:2731-2739. https://doi.org/10.1093/
molbev/msrl121

Tonouchi A (2002) Isolation and characterization of a motile
hydrogenotrophic methanogen from rice paddy field soil in Japan.
FEMS Microbiol Lett 208:239-243. https://doi.org/10.1111/j.1574-
6968.2002.tb11088.x

Touzel JP, Albagnac G (1983) Isolation and characterization of
Methanococcus mazei strain MCs;. FEMS Microbiol Lett 16:241—
245. https://doi.org/10.1111/j.1574-6968.1983.tb00295.x

von Klein D, Arab H, Volker H, Thomm M (2002) Methanosarcina
baltica, sp. nov., a novel methanogen isolated from the Gotland
deep of the Baltic Sea. Extremophiles. 6:103—110. https://doi.org/
10.1007/s007920100234

@ Springer

Wagner T, Watanabe T, Shima S (2018) Hydrogenotrophic
methanogenesis. In: Stams AJM, Souza DZ (eds) Biogenesis of
hydrocarbons. Springer International Publ. AG, Handbook of
Hydrocarbon and Lipid Microbiology, pp 9-29. https://doi.org/10.
1007/978-3-319-53114-4_3-1

Wette CU (2018) Revival of archael methane microbiology. mSystems.,
3(2):1-17. https://doi.org/10.1128/mSystems.00181-17

Whitman W, Bowen T, Boone DR (2006) The methanogenic bacteria. In:
Dworkin M, Falkow S, Rosenberg E, Schleifer KH, Stackerbrandt E
(eds) The prokaryotes. Springer-Verlag, New York, pp 165-207.
https://doi.org/10.1007/978-3-642-38954-2_407

Wildgruber G, Thomm M, Konig H, Ober K, Ricchinto P, Stetter KO
(1982) Methanoplanus limicola, a plate-shaped methanogen
representing a novel family, the Methanoplanaceae. Arch
Microbiol 132:31-36. https://doi.org/10.1007/BF00690813

Wolin EA, Wolin MJ, WolfJ (1963) Formation of methane by bacterial
extracts. J Biol Chem 238:2882-2886 PMID: 14063318

Wright ADG, Williams AJ, Winder B, Christopherson CT, Rodgers SL,
Smith KD (2004) Molecular diversity of rumen methanogens from
sheep in western Australia. Appl Environ Microbiol 70:1263-1270.
https://doi.org/10.1128/aem.70.3.1263-1270.2004

Yeole TY (1986) Studies on the microbiology of pig dung with reference
to biogas production. PhD. Thesis, University of Poona, Pune, India,
pp 1-110

Yun YM, Sung S, Shin HS, Han JI, Kim HW, Kim DH (2017) Producing
desulfurized biogas through removal of sulfate in the first-stage of a
two-stage anaerobic digestion. Biotechnol Bioeng 114(5):970-979.
https://doi.org/10.1002/bit.26233

Zabranska J, Pokoma D (2017) Bioconversion of carbon dioxide to methane
using hydrogen and hydrogenotrophic methanogens. Biotechnol Adv
36. https://doi.org/10.1016/j.biotechadv.2017.12.003

Zhou L, Liu X, Dong X (2014) Methanospirillum psychrodurum sp. nov.,
isolated from wetland soil. Int J Syst Evol Microbiol., 64:638-641.
https://doi.org/10.1099/ij5.0.057299-0

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1099/ijs.0.02994-0
https://doi.org/10.1007/BF00871644
https://doi.org/10.2166/wst.2012.192
https://doi.org/10.2166/wst.2012.192
https://doi.org/10.1063/1.3078510
https://doi.org/10.1063/1.3078510
https://doi.org/10.1016/j.watres.2014.11.037
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1111/j.1574-6968.2002.tb11088.x
https://doi.org/10.1111/j.1574-6968.2002.tb11088.x
https://doi.org/10.1111/j.1574-6968.1983.tb00295.x
https://doi.org/10.1007/s007920100234
https://doi.org/10.1007/s007920100234
https://doi.org/10.1007/978-3-319-53114-4_3-1
https://doi.org/10.1007/978-3-319-53114-4_3-1
https://doi.org/10.1128/mSystems.00181-17
https://doi.org/10.1007/978-3-642-38954-2_407
https://doi.org/10.1007/BF00690813
https://doi.org/10.1128/aem.70.3.1263-1270.2004
https://doi.org/10.1002/bit.26233
https://doi.org/10.1016/j.biotechadv.2017.12.003
https://doi.org/10.1099/ijs.0.057299-0

	Hydrogenotrophic methanogen strain of Methanospirillum from anaerobic digester fed with agro-industrial waste
	Abstract
	Introduction
	Materials and methods
	Source of inoculum for isolation of methanogens
	Media and cultivation conditions for enrichment and isolation of methanogen strains
	Selection and transfer of enrichment
	Methane analysis
	Isolation and purification of methanogen
	Colony transfer, re-roll tube and confirmation of purity of the hydrogenotrophic methanogens
	Phenetic identity
	Molecular characterization

	Results and discussion
	Selection and transfer of enrichment
	Isolation and purification
	Morphological characteristics
	Optimal pH for methanogenesis
	Optimum temperature for methanogenesis
	Optimal NaCl for methanogenesis
	Substrate utilization spectrum
	Specific growth rate (μh−1), generation time (h) and cell lysis
	Cell lysis
	Molecular characterization

	Conclusion
	References


