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Introduction

Methane (CH,) is the most abundant component in natural gas. To reduce its harmful
environmental effect as a greenhouse gas, CH, can be utilized as a low-cost feed for the
synthesis of methanol by methanotrophs. In this study, several methanotrophs were examined
for their ability to produce methanol from CH,; including Methylocella silvestris, Methylocystis
bryophila, Methyloferula stellata, and Methylomonas methanica. Among these methanotrophs,
M. bryophila exhibited the highest methanol production. The optimum process parameters
aided in significant enhancement of methanol production up to 4.63 mM. Maximum methanol
production was observed at pH 6.8, 30°C, 175 rpm, 100 mM phosphate buffer, 50 mM MgCl, as
a methanol dehydrogenase inhibitor, 50% CH, concentration, 24 h of incubation, and 9 mg of
dry cell mass ml" inoculum load, respectively. Optimization of the process parameters,
screening of methanol dehydrogenase inhibitors, and supplementation with formate resulted
in significant improvements in methanol production using M. bryophila. This report suggests,
for the first time, the potential of using M. bryophila for industrial methanol production from
CH,.
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such as methanol. Compared with CH,, methanol can be
stored and transported more safely [6]. Methanol can be

Methane (CH,) is currently receiving great attention owing
to its severe impact on the environment as a greenhouse
gas (GHG). CH, is a primary component of biogas (produced
as a result of anaerobic digestion), including natural gas,
shale gas, and landfill gases [1, 4, 6, 8]. Therefore, there is
an urgent need to reduce the harmful environmental effects
due to the release of CH,. It is possible to capture CH, and
transform it into useful products for sustainable development.
Recent studies have suggested that biogas could be a
potential feed for the synthesis of biofuels and industrially
relevant organic chemicals [4, 35, 42]. Thus, the adoption of
various alternative processes is encouraged to permit efficient
utilization of CH, for the synthesis of valuable products,

synthesized industrially from CH, via traditional chemical
engineering approaches, or through the judicious use of
microorganisms [34, 39]. Biological conversion of methanol
from CH, has many industrial advantages over the traditional
methods, including lower energy consumption, higher
conversion efficiency, higher selectivity, and lower equipment
costs [6, 24, 28, 37].

Biotransformation of CH, into methanol is carried out
naturally by a group of microorganisms known as
methanotrophs. Methanotrophs belong to the Proteobacteria
group of prokaryotes. They can be found in diverse habitats,
including soils, peat bogs, wetlands, sediments, lakes, fresh
waters, and marine waters [1, 6, 23, 37]. Methanotrophs
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play a key role in the natural carbon cycle and in the
metabolism of CH, for the synthesis of biomass, releasing
carbon dioxide (CO,) as a final oxidation product [4, 23].
Methane monooxygenase (MMO) is the enzyme involved in
the single-step conversion of CH, into methanol. Subsequently,
methanol is metabolized to formaldehyde by methanol
dehydrogenase (MDH), which is converted in turn to
formate by formaldehyde dehydrogenase. Finally, formate
is metabolized by formate dehydrogenase, releasing CO.,.

Methanotrophs can possess two types of MMOs: particulate
(pMMO: associated with membranes) and soluble (sMMO).
Methanotrophs are broadly classified into three types (I, II,
and X) on the basis of the type of MMOs they contain. Type I
methanotrophs produce only pMMO. They assimilate CH,
through the ribulose monophosphate cycle, and include
Methylobacter, Methylomicrobium, Methylocaldum, Methylococcus,
Methyloglobulus, Methylohalobius, Methylomarinum, Methylomonas,
Methylosphaera, Methylosoma, Methylosarcina, Methylothermus,
and Methylovolum. Type II methanotrophs produce both
pMMO and sMMO. They can assimilate CH, through the
serine cycle, and include Methylosinus, Methylocapsa, Methylocella,
Methylocystis, and Methyloferula. Type X methanotrophs possess
certain properties of both Types I and II. Methylococcus
capsulatus is an example of a Type X methantroph [1, 4, 8, 36].

Previous studies have examined the bioconversion of CH,
to methanol in certain methanotrophic strains, including
Methylocaldum sp. [35], Methylococcus capsulatus [7], Methylosinus
trichosporium [9, 21, 22, 41], and Methylosinus sporium [33,
42]. In addition, various MDH inhibitors such as phosphate
buffer, ethylenediaminetetraacetic acid (EDTA), sodium
chloride (NaCl), and ammonium chloride (NH,CIl) have
been used to enhance methanol production. Methanol
accumulates upon inhibition of its metabolism by MDH [3,
7]. In light of these studies, we sought to explore the
feasibility and efficiency of methanol production using a
range of different methanotrophs. In this study, we screened
one Type I and three Type II methanotrophic species. The
Type I species we tested was Methylomonas methanica. The
Type II species tested were Methylocella silvestris, Methylocystis
bryophila, and Methyloferula stellata. Optimization of the process
parameters, screening of MDH inhibitors, and supplementation
with formate resulted in significant improvements in methanol
production using M. bryophila. Our results suggest that
M. bryophila, a Type II methanotroph, may have potential
to be developed for industrial methanol production.

Materials and Methods

Bacterial Strains and Growth Conditions
Methylocella silvestris DSM 15510, Methylocystis bryophila DSM
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21852, Methyloferula stellata DSM 22108, and Methylomonas methanica
DSM 25384 were obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ). Cells were grown on
nitrate mineral salt (NMS) medium containing 0.26 g/1 KH,PO,,
0.716 g/1 Na,HPO,'12H,0, 1.0 g/ KNO,, 0.20 g/1 CaCl,, 1.0 g/1
MgSO,7H,O, 0.38 g/1 Fe-EDTA, and 0.026 g/1 Na,MO,2H,0.
Trace element solution (1 ml) was added to the medium. The trace
element solution contained 0.4 g/1 ZnSO,7H,0, 0.015 g/1 H;BO,,
0.05g/1 CoCl,6H,0, 0.25g/1 Na,-EDTA, 0.02 g/1 MnCl,4H,0,
and 0.01 g/1NiCl,-6H,0. The pH of the medium was adjusted to
7.0 using 1 M H,SO, and 1 M NaOH. Millipore water (18 MQ) was
used in all the reagent preparations and for each measurement.
All chemical reagents were of analytical grade and were
purchased from Sigma-Aldrich (USA). Pure CH, (99.995%) was
purchased (NK Co., Busan, Korea). Cells were cultivated ina 1L
flask (Duran-Schott, Germany) with an air-tight screw cap (Suba
seal) containing 200 ml of NMS under an atmosphere containing
20% of CH,. Cultures were incubated at 30°C on a rotary shaker
(Lab Champion IS-971R, USA) at 200 rpm for 5 days. During
cultivation, CH, was added every alternate day, to maintain its
concentration at 20%. Cell growth was measured by determining
the optical density (OD) at 595 nm with a UV /Vis spectrophotometer
(Jenway Scientific, UK) [2, 13]. At the completion of incubation,
cells were harvested by centrifugation (Gyrozen 1580 MGR, South
Korea) at 11,200 xg for 15 min at 4°C [5, 16, 25], and then washed
twice with sodium phosphate buffer (20 mM, pH 7.0). Harvested
cells were stored at 4°C until use [15]. The dry cell mass (DCM)
was calculated after incubation for 48 h at 70°C. The specific
growth rate (1) of M. bryophila was determined using the method
described previously [35]. Strains were maintained by subculturing
them every 3—4 weeks, and they were stored at 4°C on NMS agar
plates.

Methanol Production

The experiments assessing methanol production were carried
out using 120 ml serum bottles (Sigma-Aldrich, USA) containing a
total of 20ml of the reaction volume, under batch culture
conditions. The reaction mixture contained 10 uM of iron (II)
sulfate (Fe’*) solution, 5 uM of copper (II) sulfate (Cu*") solution,
and free cells from 3 mg of DCM ml™ as an inoculums in sodium
phosphate buffer. Pure CH, was added to the head space volume
until it completely displaced the air. The reaction mixture was
incubated for 120 h at 30°C, with shaking at 150 rpm. All the
values presented here are based on three different experiments.
All our data have been subjected to standard deviation analysis.

Assessing the Effect of the Copper Ions on Growth and Methanol
Production

To assess the effect of Cu** metal ion concentrations on growth
and methanol production, cells batches were initially cultured in
growth media (NMS) containing copper ions in the range of 1-
10 uM. Subsequently, the respective batches of cells were placed
in 20 mM phosphate buffer (pH 7.0) and used in the methanol



production experiments. In this set of copper-dependent experiments,
only a portion of the headspace air volume (30%) was replaced
with pure CH,. These cultures were incubated for 24 h at 30°C
with an agitation rate of 150 rpm.

Optimization of Process Parameters

Methanol production was evaluated using buffered solutions
covering a range of pH values (5.0-8.5). The reaction mixture was
incubated for 24 h at 150 rpm, with 30% CH, in the headspace as a
feed. To evaluate the effect of incubation temperature and agitation
rate on methanol production, the reaction mixture was incubated
at optimal pH 6.8 for 24 h at different temperatures (25°C-40°C)
and at different agitation rates (50-250 rpm).

Assessing the Effect of MDH Inhibitors and Na-Formate on
Methanol Production

Phosphate buffer has been reported to inhibit MDH, leading to
an accumulation of methanol. Initially, the effects of phosphate
buffers (concentrations ranging 25-125 mM, pH 6.8) were tested
under optimum conditions. For further enhancement of methanol
production, incubations of 24 h using 30% CH, were performed
that screened other MDH inhibitors, in combination with phosphate
buffer (100 mM, pH 6.8). These other chemicals that we tested
were MgCl, (5-75 mM), NaCl (10-100 mM), NH,Cl (5-75 mM),
and EDTA (0.05-1.5 mM). A possible supportive role of Na-formate
(concentration range 25-150 mM) for cofactor (NADH) regeneration
during methanol production was also evaluated.

MDH Activity Measurements

MDH activity was measured spectrophotometrically by monitoring
the change in absorbance at 600 nm induced by phenazine
methosulfate-mediated reduction of 2,6-dichlorophenol-indophenol
(DCPIP) [14]. The assay was performed in a 1 ml reaction volume
containing CaCl, (10 mM), NH,Cl (45 mM), phosphate buffer
(0.3 M, pH 7.5), the whole cell supernatant (5 mg of DCM), DCPIP
(0.13 uM), and phenazine methosulfate (3.3 uM).

Effect of Methane Concentration and the Inoculum Load on
Methanol Production

The methanol production profile was evaluated at different
concentrations of CH, (10-50% in the headspace) for up to 120 h of
incubation under optimum conditions (pH 6.8, 30°C, and 175 rpm).
The effect of altering the inoculum load was investigated by adding
DCM in the ranges of 1.5-9.0 mg/ml to the reaction mixture
under optimum conditions, containing 30% of CH, as a feed.

Analytical Methods

Methanol concentration was analyzed using an alcohol oxidase
assay (Sigma-Aldrich), instead of the KMnO, method described
previously [40]. Methanol concentration was also analyzed using
a gas chromatography (GC) system (Agilent 7890A) equipped
with an HP-5 column (Agilent 19091J-413) connected to an FID
detector. Helium was used as a carrier gas along with H, at a
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makeup flow of 25ml/min and air (300 ml/min). The oven
temperature was initially maintained at 35°C for 5 min. Following
this, the temperature was raised at the rate of 5°C/min to 150°C,
and subsequently at a rate of 20°C/min to 250°C. Injector and
detector temperatures were set at 220°C and 250°C, respectively.

Results

Screening of Methanotrophs for Methanol Production

One Type I methanotroph (Methylomonas methanica) and
three Type II methanotrophs (Methylocella silvestris,
Methylocystis bryophila, and Methyloferula stellata) were
screened for their methanol production potential in NMS
medium. Methanol production was observed in the range
of 0.01-1.00 mM (Table S1). Among these strains, M. bryophila
gave the highest methanol production, so it was selected
for further production optimization.

Influence of Copper Ions on Growth and Methanol Production

The growth of M. bryophila was significantly influenced
by the presence of Cu** metal ions, in the concentration
range of 1-10 uM in the NMS growth media (Table 1).
Growth rates (1) between 0.021 and 0.031 h™ were observed.
When Cu** was excluded from the medium as a control, a
rather low p value of 0.017 h' was obtained, and the
methanol production reached 1.00 mM. On the other hand,
methanol production was always higher in the presence of
Cu’*. Both maximum p (0.31 h™") and methanol production
(1.18 mM) were observed at 2.5 uM of Cu®*.

Effect of Process Parameters on Methanol Production

The process parameters (pH, incubation temperature, and
agitation rate) were optimized for methanol production
(Fig. 1). At different pH values, the methanol production
was observed in the range of 0.29-1.22 mM (Fig. 1A). In
the pH range between 6.5 and 8.5, methanol production
was steadily in the range of 1.01-1.22 mM, whereas acidic
pH values of 5.0, 5.5, and 6.0 resulted in lower methanol

Table 1. Effect of copper ions on methanol production and
growth of M. bryophila.

Cu Specific growth rate Methanol production
(uM) (h) (mM)
0 0.017 £ 0.07 1.00 = 0.06
1 0.026 £ 0.15 1.09 +0.07
25 0.031 +0.18 1.18 £ 0.08
5 0.027 +0.16 1.12 £ 0.07
10 0.021 £0.15 1.04 +0.07
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Fig. 1. Effect of process parameters (pH (A), temperature (B),
and agitation rate (C)) on methanol production by M. bryophila.
Under batch culture experiments, methanol production was performed
in a serum bottle (120 ml) with a total working volume of 20 ml,
containing 30% CH, in the headspace as feed. The reaction mixture
consisted of Cu™* (5 uM), Fe™* (10 uM), and 3 mg of DCM ml” (inoculum)
in phosphate buffer (20 mM), incubated for 24 h. Each value represents

the mean of triplicate measurements that varied from the mean by no
more than 10%.

production. The optimum temperature for methanol
production was 30°C, producing a maximum concentration
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Table 2. Effect of phosphate buffer concentration and MDH
inhibition on methanol production.

Phosphate buffer Methanol production Relative MDH inhibition
(mM) (mM) (%)
25 1.39 +0.12 3.2+0.07
50 1.50 £ 0.14 9.8 £0.10
75 1.64 £ 0.15 15.5+0.14
100 1.88 £0.16 19.2 +£0.16
125 1.76 £ 0.16 219 +0.17

"MDH activity in 20 mM phosphate buffer was considered as 100%, with
methanol production of 1.22 + 0.09 mM.

of 1.22mM (Fig. 1B). As agitation rate increased from
50 rpm to 175 rpm, an increase in methanol production was
observed (0.68 mM to 1.34 mM, Fig. 1C). At higher agitation
rates up to 250 rpm, methanol production was quite stable,
with a value of 1.27 mM. Overall, the maximum methanol
production (1.34 mM) was observed at pH 6.8 after 24 h
incubation at 30°C and 175 rpm.

Effect of MDH Inhibitors

Inhibition of MDH is a primary route to reduce the
further metabolism of methanol. Initially, the effect of
phosphate buffer concentration was evaluated at pH 6.8
(Table 2). As the phosphate buffer concentration increased,
up to 100 mM, a significant improvement in methanol
production was observed, from 1.34 to 1.88 mM. MDH
activity assays demonstrated that this enhanced production
in the presence of 100 mM phosphate buffer was directly
related to the relative inhibition of MDH activity by 19.2%
(80.8% activity remained). Furthermore, an increase in the
buffer concentration to 125 mM resulted in higher relative
MDH inhibition of 21.9%, but a lower methanol production
of 1.76 mM. Thereafter, other MDH inhibitors were screened
to enhance methanol production, in combination with
phosphate buffer 100 mM (Table S2). The maximum methanol
production of 2.21, 2.05, 1.96, and 2.04 mM was observed at
optimum inhibitor concentration of 50 mM MgCl,, 50 mM
NaCl, 10 mM NH,Cl, and 0.1 mM EDTA, respectively. The
optimum concentration of these inhibitors, in combination
with phosphate buffer (100 mM), resulted in higher MDH
inhibition of 34.2%, 31.8%, 26.2%, and 48.4%, respectively
(Fig. 2). Overall, these other MDH inhibitors, in combination
with phosphate buffer, greatly enhanced methanol production.

Effect of Na-Formate
Supplementation of the production media with Na-formate
resulted in an enhancement of methanol production (Fig. 3).
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Fig. 2. Relative MDH inhibition (%) by different inhibitors in
phosphate buffer.

The 100% activity was defined as the initial MDH activity in 20 mM
phosphate buffer (pH 6.8). The relative decrease in MDH activity was
measured at optimum inhibitor concentrations of MgCl, (50 mM), NaCl
(50 mM), NH,CI (10 mM), and EDTA (0.1 mM), in combination with
100 mM of phosphate buffer. Each value represents the mean of triplicate
measurements that varied from the mean by no more than 10%.

An increase in methanol production from 2.21 to 4.15 mM
was obtained by increasing the Na-formate concentration
to 100 mM, which was the optimal concentration for methanol
production. Further increase of Na-formate concentration
to 150 mM resulted in lower methanol production (3.86 mM).

Effect of Methane Concentration

By altering the feed concentration of CH, in the headspace
of the culture vessel, significant enhancements in methanol
production could be produced. These enhancements were
only seen during the first 6 to 24 h of the incubation period.
Methanol production decreased thereafter, up to the 120 h
limit of our incubation periods (Fig. 4). Methanol production
increased with increasing feed concentrations of CH,, from
10% to 50%. The greatest proportionate increase in methanol
production occurred when CH, was increased from 10% to
30% under optimum conditions; the production increased
from 222 mM to 4.15mM. Further increasing the CH,
concentration to 50% only resulted in a slightly higher
methanol production of 4.24 mM.

Effect of Inoculum Load

The effect on methanol production of different M. bryophila
inoculum loads was evaluated (Fig. 5). An increase in the
inoculum loading from 1.5 to 9.0 mg of DCM ml™ increased
the methanol production from 3.04 mM to 4.53 mM. Here,
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Fig. 3. Effect of Na-formate on methanol production.

Methanol production was evaluated at different Na-formate concentrations
in the range of 20-120 mM, in phosphate buffer (100 mM, pH 6.8)
containing MgCl, (50 mM) as an MDH inhibitor and 30% of CH, as a
feed, incubated for 24 h. Each value represents the mean of triplicate
measurements that varied from the mean by no more than 10%.

higher inoculum loads (6 and 9 mg of DCM ml") resulted
in a more rapid methanol production, compared with
lower inoculum loads (1.5 and 3.0 mg of DCM ml™).

Discussion

The suitability of various alternative energy sources,

Methanol (mM)

0 b T T T T T
0 20 40 60 80 100 120

Incubation (h)

Fig. 4. Effect of CH, concentration on methanol production.
Methanol production was performed in phosphate buffer (100 mM,
pH 6.8) containing MgCl, (50 mM) as an MDH inhibitor, and
incubated up to 120h in the presence of different feed CH,
concentrations: @ (10%), O (20%), ¥ (30%), and A (50%). Each value
represents the mean of triplicate measurements that varied from the
mean by no more than 10%.
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Fig. 5. Effect of inoculum on methanol production.

Methanol production was performed in phosphate buffer (100 mM,

pH 6.8) containing MgCl, (50 mM) as an MDH inhibitor, incubated up

to 48 h with different inoculum loads (mg of DCM ml™): @ (1.5), O

(3.0), ¥ (6.0), and A (9.0). Each value represents the mean of triplicate
measurements that varied from the mean by no more than 10%.

such as alcohols, hydrogen gas, and CH,, has been widely
evaluated [ 3, 10-12, 17, 18, 20, 26, 27, 29, 30, 32, 34, 43].
Unlike hydrogen gas, CH, has received significant attention
owing to its harmful environmental effects as a GHG. To
minimize the adverse impact of CH,, it has been suggested
that it can be diverted for the production of methanol,
which is a starting material for the synthesis of valuable
organic compounds. Methanotrophs can use CH, to
produce methanol efficiently [4, 34, 37]. In spite of this,
only a handful of methanotrophs, such as Methylosinus
trichosporium and Methylosinus sporium strains, have been
characterized and shown experimentally to be able to
produce methanol from CH, [9, 33, 42]. In this study, we
evaluated methanol production by both Type I and Type II
methanotrophs. We tested the Type I methantroph
Methylomonas methanica, and the Type II methanotrophs
Methylocella silvestris, Methylocystis bryophila, and Methyloferula
stellata. Among these strains, M. bryophila produced the
most methanol. To the best of our knowledge, ours is the
first study to demonstrate the production of methanol from
CH, using M. bryophila.

The growth of methanotrophs is highly influenced by
metal ions such as Cu* in the NMS growth medium [22,
38]. The maximum u of M. bryophila was enhanced about
1.8-fold in the presence of 2.5 uM Cu’**, compared with a p
of 0.017h™ in the absence of any Cu®. During methanol
production, process parameters such as pH, temperature,
and agitation rate were critical for the well-studied strains
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M. tricosporium [3, 9] and Methylosinus sporium [33, 42]. The
optimum process parameters, resulting in maximum
methanol production, for M. bryophila were observed at pH
6.8, 30°C, and 175 rpm. Inhibition of MDH can enhance
methanol production by reducing methanol consumption
by the CH, metabolic pathway. A 1.4-fold increase in
methanol production was observed at a concentration of
100 mM of phosphate buffer, compared with the control
(phosphate buffer, 20 mM). Here, phosphate buffer
(100 mM) resulted in a higher MDH inhibition of 19.2%,
compared with the 9.3% inhibition reported for Methylosinus
trichosporium OB3b [9]. Supplementation of another MDH
inhibitor, MgCl, (50 mM), in combination with phosphate
buffer (100 mM) gave a maximum methanol production of
2.21 mM. Interestingly, greater inhibition of MDH activity
did not result in higher methanol production. Similar
results were reported for pure Methylosinus trichosporium
OB3b [9], and mixed cultures of Methylosinus sporium NCIMB
11126, Methylosinus trichosporium OB3b, and Methylococcus
capsulatus Bath [7]. Here, higher MDH inhibition might be
not suitable, due to the requirement for cofactor regeneration
during higher MMO activity [21]. On the other hand, a
significant enhancement (1.9-fold) in methanol production
was observed by M. bryophila when 100 mM Na-formate
was supplied in the production mixture, using 30% of CH,
as feed. According to previous studies, the enhanced
production seen upon addition of Na-formate in the Type II
methanotroph Methylosinus trichosporium NCIB1113 is
primarily due to the high regeneration of the NADH
cofactor [19, 21]. We speculate that a similar mechanism is
at work for M. bryophila in our study.

In previous studies, differing feed CH, concentrations
resulted in variable methanol yields, depending on the
type of methanotrophic strains, and on optimum production
conditions [3, 28, 31, 33]. Here, M. bryophila produced
methanol efficiently during an incubation period of 24 h, in
contrast to the longer incubations times of 27, 40, and 48 h
reported for Methylosinus sporium KCTC 22312 [42],
Methylosinus trichosporium OB3b [3], and Methylocaldum sp.
14B [35], respectively. The decreasing methanol production
in M. bryophila thereafter, up to 120 h of incubation, might
be due to the incomplete inhibition of MDH activity, which
allowed further metabolism of methanol. The effect of
inoculum loads on methanol production was quite variable
in Methylosinus sporium and Methylosinus trichosporium
strains [3, 33]. A significant increase in methanol production
(1.5-fold) was observed in M. bryophila upon increasing the
cell biomass in the inoculum loads from 1.5 to 9.0 mg of
DCM ml". Inoculum loads needed for enhanced methanol



production were reported as being much higher (105 mg of
DCM ml™) for Methylosinus sporium B2121, with 0.35 mM of
maximum methanol production [31]. Here, M. bryophila
had almost a 13-fold higher methanol production than
Methylosinus sporium B2121, and did so at much lower
inoculum of 9.0 mg of DCM mL" using pure CH,. Moreover,
our work has resulted in much higher methanol production
than the maximum production of 0.71 mM and 0.02 mM
reported for Methylosinus sporium KCTC 22312 [42] and
Methylosinus trichosporium IMV 3011 [41] grown on synthetic
biogas feed.

In conclusion, biological methanol production by
methanotrophs seems a suitable and environmentally friendly
approach to reduce GHGs such as CH,. M. bryophila, a Type II
methanotroph, produced methanol in much higher
concentration than other previous reports, for example using
Methylosinus sporium strains and Methylosinus trichosporium
IMV 3011. This is the first report of methanol production
from CH, using M. bryophila. Our results demonstrate that
M. bryophila can be used as a potential methanol producer.
Furthermore, methanol production using biogas, originating
from anaerobic digestion, may be a promising low-cost
approach.

Acknowledgments

This research was supported by the Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science
and Technology (NRF-2013R1A1A2012159 and NRF-
2013R1A1A2007561). This work was also supported by the
2015 KU Brain Pool Fellowship of Konkuk University.

References

1. Chi Z-F, Lu W-J, Wang H-T. 2015. Spatial patterns of
methane oxidation and methanotrophic diversity in landfill
cover soils of Southern China. ]. Microbiol. Biotechnol. 25:
423-430.

2. Dhiman SS, Haw J-R, Kalyani D, Kalia VC, Kang YC, Lee J-
K. 2015. Simultaneous pretreatment and saccharification:
green technology for enhanced sugar yields from biomass
using a fungal consortium. Bioresour. Technol. 179: 50-57.

3. Duan C, Luo M, Xing X. 2011. High-rate conversion of
methane to methanol by Methylosinus trichosporium OB3b.
Bioresour. Technol. 102: 7349-7353.

4. Fei Q, Guarnieri MT, Tao L, Laurens LML, Dowe N,
Pienkos PT. 2014. Bioconversion of natural gas to liquid
fuel: opportunities and challenges. Biotechnol. Adv. 32: 596-614.

5. Gao H, Kim I-W, Choi J-H, Khera E, Wen F, Lee J-K. 2015.

11.

12.

13.

14.

15.

16.

17.

18.

Methanol Biosynthesis by Methylocystis bryophila 723

Repeated production of L-xylulose by an immobilized whole-
cell biocatalyst harboring L-arabinitol dehydrogenase coupled
with an NAD" regeneration system. Biochem. Eng. . 96: 23-28.

. Ge X, Yang L, Sheets JP, Yu Z, Li Y. 2014. Biological

conversion of methane to liquid fuels: status and

opportunities. Biotechnol. Adv. 32: 1460-1475.

. Han J-S, Ahn C-M, Mahanty B, Kim C-G. 2013. Partial

oxidative conversion of methane to methanol through selective
inhibition of methanol dehydrogenase in methanotrophic
consortium from landfill cover soil. Appl. Biochem. Biotechnol.
171: 1487-1499.

. Hwang 1Y, Hur DH, Lee JH, Park C-H, Chang IS, Lee JW,

Lee EY. 2015. Batch conversion of methane to methanol
using Methylosinus trichosporium OB3b as biocatalyst. J.
Microbiol. Biotechnol. 25: 375-380.

. Hwang IY, Lee SH, Choi YS, Park SJ, Na JG, Chang IS, et al.

2014. Biocatalytic conversion of methane to methanol as a
key step for development of methane-based biorefineries. J.
Microbiol. Biotechnol. 24: 1597-1605.

. Jamil M, Ahmad F, Jeon Y]J. 2016. Renewable energy

technologies adopted by the UAE: prospects and challenges
- A comprehensive overview. Renew. Sustain. Energy Rev. 55:
1181-1194.

Jung S-J, Kim S-H, Chung I-M. 2015. Comparison of lignin,
cellulose, and hemicellulose contents for biofuels utilization
among 4 types of lignocellulosic crops. Biomass Bioenergy 83:
322-327.

Kalyani D, Lee K-M, Kim T-S, Li J, Dhiman SS, Kang YC,
Lee J-K. 2013. Microbial consortia for saccharification of
woody biomass and ethanol fermentation. Fuel 107: 815-822.
Kalyani D, Tiwari MK, Li ], Kim SC, Kalia VC, Kang YC,
Lee J-K. 2015. A highly efficient recombinant laccase from
the yeast Yarrowia lipolytica and its application in the
hydrolysis of biomass. PLoS One 10: e0120156.

Kalyuzhnaya MG, Hristova KR, Lidstrom ME, Chistoserdova
L. 2008. Characterization of a novel methanol dehydrogenase
in representatives of Burkholderiales: implications for
environmental detection of methylotrophy and evidence for
convergent evolution. J. Bacteriol. 190: 3817-3823.

Kim HJ, Kim YH, Shin J-H, Bhatia SK, Sathiyanarayanan G,
Seo H-M, et al. 2015. Optimization of direct lysine
decarboxylase biotransformation for cadaverine production
with whole-cell biocatalysts at high lysine concentration. J.
Microbiol. Biotechnol. 25: 1108-1113.

Kim T-S, Jung H-M, Kim S-Y, Zhang L, Sigdel S, Park J-H,
et al. 2015. Reduction of acetate and lactate contributed to
enhancement of a recombinant protein production in E. coli
BL21. J. Microbiol. Biotechnol. 25: 1093-1100.

Kumar P, Patel SKS, Lee J-K, Kalia VC. 2013. Extending the
limits of Bacillus for novel biotechnological applications.
Biotechnol. Adv. 31: 1543-1561.

Kumar P, Sharma R, Ray S, Mehariya S, Patel SKS, Lee J-K,
Kalia VC. 2015. Dark fermentative bioconversion of glycerol

April 2016 | Vol. 26 | No. 4



724

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Patel et al.

to hydrogen by Bacillus thuringiensis. Bioresour. Technol. 182:
383-388.

Lee SG, Goo JH, Kim HG, Oh J-I, Kim YM, Kim SW. 2004.
Optimization of methanol biosynthesis from methane using
Methylosinus trichosporium OB3b. Biotechnol. Lett. 26: 947-950.
Lee S-H, Kwon M-A, Choi S, Kim S, Kim J, Shin Y-A, Kim
K-H. 2015. A new shuttle plasmid that stably replicates in
Clostridium acetobutylicum. ]. Microbiol. Biotechnol. 25: 1702-
1708.

Mehta PK, Mishra S, Ghose TK. 1991. Methanol biosynthesis
by covalently immobilized cells of Methylosinus trichosporium:
batch and continuous studies. Biotechnol. Bioeng. 37: 551-556.
Mountfort DO, Pybus V, Wilson R. 1990. Metal ion-
mediated accumulation of alcohols during alkane oxidation
by whole cells of Methylosinus trichosporium. Enzyme Microb.
Technol. 12: 343-348.

Murrell JC, Jetten MS. 2009. The microbial methane cycle.
Environ. Microbiol. Rep. 1: 279-284.

Park D, Lee J. 2013. Biological conversion of methane to
methanol. Korean J. Chem. Eng. 30: 977-987.

Patel SKS, Kalia VC, Choi JH, Haw JR, Kim IW, Lee JK.
2014. Immobilization of laccase on SiO, nanocarriers improves
its stability and reusability. . Microbiol. Biotechnol. 24: 639-647.
Patel SKS, Kumar P, Mehariya S, Purohit HJ, Lee JK, Kalia
VC. 2014. Enhancement in hydrogen production by co-
cultures of Bacillus and Enterobacter. Int. ]. Hydrogen Energy
39: 14663-14668.

Patel SKS, Kumar P, Singh M, Lee JK, Kalia VC. 2015.
Integrative approach to produce hydrogen and polyhydroxy
alkanoate from biowaste using defined bacterial cultures.
Bioresour. Technol. 176: 136-141.

Pen N, Soussan L, Belleville M-P, Sanchez J, Charmette C,
Paolucci-Jeanjean D. 2014. An innovative membrane bioreactor
for methane biohydroxylation. Bioresour. Technol. 174: 42-52.
Pierie F, Van Someren CE], Benders RM]J, Bekkering J, Van
Gemert WJT, Moll HC. 2015. Environmental and energy
system analysis of bio-methane production pathways: a
comparison between feedstocks and process optimizations.
Appl. Energy 160: 456-466.

Ra CH, Jung JH, Sunwoo 1Y, Kang CH, Jeong G-T, Kim S-K.
2015. Detoxification of Eucheuma spinosum hydrolysates with
activated carbon for ethanol production by the salt-tolerant
yeast Candida tropicalis. |. Microbiol. Biotechnol. 25: 856-862.
Razumovsky SD, Efremenko EN, Makhlis TA, Senko OV,
Bikhovsky MY, Podmasterev VV, Varfolomeev SD. 2008.
Effect of immobilization on the main dynamic characteristics

J. Microbiol. Biotechnol.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

of the enzymatic oxidation of methane to methanol by
bacteria Methylosinus sporium B-2121. Russ. Chem. Bull. Int.
Ed. 57: 1633-1636.

Ricci MA, Russo A, Pisano I, Palmieri L, Angelis MD,
Agrimi G. 2015. Improved 1,3-propanediol synthesis from
glycerol by the robust Lactobacillus reuteri strain DSM 20016.
J. Microbiol. Biotechnol. 25: 893-902.

Senko O, Makhlis T, Bihovsky M, Podmasterev V, Efremenko
E, Razumovsky S, Varfolomeyev S. 2007. Methanol production
in the flow system with immobilized cells Methylosinus
sporium. XV International Workshop on Bioencapsulation.
Vienna, Austria, September 6-8, P2-16:1-4.

Shamsul NS, Kamarudin SK, Rahman NA, Kofli NT. 2014.
An overview on the production of bio-methanol as potential
renewable energy. Renew. Sustain. Energy Rev. 31: 578-588.
Sheets JP, Ge X, Li Y-F, Yu Z, Li Y. 2016. Biological conversion
of biogas to methanol using methanotrophs isolated from
solid-state anaerobic digestate. Bioresour. Technol. 201: 50-57.
Sigdel S, Hui G, Smith TJ, Murrell JC, Lee JK. 2015.
Molecular dynamics simulation to rationalize regioselective
hydroxylation of aromatic substrates by soluble methane
monooxygenase. Bioorg. Med. Chem. Lett. 25: 1611-1615.
Strong PJ, Xie S, Clarke WP. 2015. Methane as a resource:
can the methanotrophs add value? Environ. Sci. Technol. 49:
4001-4018.

Takeguchi M, Furuto T, Sugimori D, Okura I. 1997.
Optimization of methanol biosynthesis by Methylosinus
trichosporium OB3b: an approach to improve methanol
accumulation. Appl. Biochem. Biotechnol. 68: 143-152.

Trop P, Anicic B, Goricanec D. 2014. Production of methanol
from a mixture of torrefied biomass and coal. Energy 77:
125-132.

Wood PJ, Siddiqui R. 1971. Determination of methanol and
its application to measurement of pectin ester content and
pectin methyl esterase activity. Anal. Biochem. 39: 418-428.
Xin J-Y, Cui J-R, Niu J-Z, Hua S-F, Xia C-G, Li S-B, Zhu
L-M. 2004. Biosynthesis of methanol from CO, and CH, by
methanotrophic bacteria. Biotechnology 3: 67-71.

Yoo Y-S, Hana J-S, Ahn C-M, Kim C-G. 2015. Comparative
enzyme inhibitive methanol production by Methylosinus
sporium from simulated biogas. Environ. Technol. 36: 983-991.
Zhao C, Deng Y, Wang X, Li Q, Huang Y, Liu B. 2014.
Identification and characterization of an anaerobic ethanol-
producing cellulolytic bacterial consortium from great basin
hot springs with agricultural residues and energy crops. J.
Microbiol. Biotechnol. 24: 1280-1290.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


