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Abstract: The conversion of methane into liquid biofuels using methane-consuming bacteria, known
as methanotrophs, contributes to sustainable development, as it mitigates the problem of climate
change caused by greenhouse gases and aids in producing cleaner and renewable energy. In the
present research, an efficient methanotroph, Methylosarcina sp. LC-4, was studied as a prospective
organism for biodiesel production using methane. The methane uptake rate by the organism was
enhanced 1.6 times and 2.35 times by supplementing LC-4 with micronutrients, such as copper
and tungstate, respectively. This unique ability of the isolated organism enables the deployment of
methanotrophs-based processes in various industrial applications. A Plackett–Burman statistical
(PBD) design was used to quantify the role of the micronutrients and other media components
present in the nitrate minimal salt media (NMS) in biomass and fatty acid methyl esters (FAME)
yields. Nitrate, phosphate, and tungstate had a positive effect, whereas copper, magnesium, and
salinity had a negative effect. The modified NMS media, formulated according to the results from
the PBD analysis, increased the FAME yield (mg/L) by 85.7%, with the FAME content of 13 ± 1%
(w/w) among the highest reported in methanotrophs. The obtained FAME consisted majorly (~90%)
of C14–C18 saturated and monounsaturated fatty acids, making it suitable for use as biodiesel.

Keywords: biodiesel; biological gas to liquid; methanotroph

1. Introduction

Renewable fuels have gained tremendous importance due to the ever-increasing de-
mand for energy and depleting reserves of traditional fossil fuels. The biological production
of liquid fuels using plants or microbes is a promising alternative to the existing petroleum-
based fuels [1]. Microbially produced biofuel is often advantageous over other sources of
biofuels because of their short generation time, faster growth rates, and ease of upscaling.
Moreover, microbial processes are less affected by geographical and environmental factors
and are often less labor-intensive [2,3]. Over the past few years, microbes such as yeasts,
microalgae, and several bacteria have been exploited for biodiesel production because they
assimilate lipids with more than 20% of their cell dry weight [4]. However, the economic
feasibility of these microbes for biofuels is determined mainly by the carbon feedstock used,
which accounts for 50–70% of the total manufacturing cost [5]. Thus, the carbon source for
biomass production is the most critical factor influencing biofuel commercialization and
industrial production.

In recent years, the usage of methane as a next-generation carbon feedstock in biotech-
nological processes has attracted the attention of researchers [6]. Methane is also a re-
newable feedstock and the lowest-cost feedstock-generated by-product of the biological
degradation of organic matter [7,8]. It is a potent greenhouse gas (GHG), and its levels in the
atmosphere are increasing at an alarming rate, mainly due to anthropogenic sources, con-
tributing to 30% of global warming today [9]. High-concentration sources of methane, such
as natural and shale gas, can be tapped and used for beneficial purposes [10]. However, low
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methane concentrations from landfills, wastewater treatment plants, and coal mines have
little commercial value and are generally flared or left in the environment, contributing to
global warming [11]. Recently, biological gas-to-liquid (Bio-GTL) technology has emerged
as a solution to utilize these low-concentration methane sources [5,12,13], thus, reducing
the production cost and being a feasible solution to global warming by GHGs.

Bio-GTL technology of methane to next-generation fuels exploits methanotrophic
bacteria that can naturally oxidize and assimilate methane at atmospheric temperature and
pressure [10,14]. Methanotrophs have enormous industrial potential to transform methane
generated from waste into value-added products, such as methanol, single-cell protein,
bioplastics, and biodiesel [15–17]. However, most of these processes are laboratory studies
and function as a testbed for methane-based biorefineries.

Methanotrophs are a diverse group of organisms that have not been entirely explored
due to the difficulty in isolating them in pure cultures, and congruently deciding upon
an optimal species for biodiesel production is impossible with the limited knowledge
available [17,18]. Although there have been prior reports on biodiesel production using
methanotrophs, the research is still in its infancy, restricted to a few laboratory strains,
such as Methylomicrobium buryatense and Methylocystis sp. [19,20]. Moreover, most studies
on methanotrophic bacteria have been carried out in nitrate minimal salt (NMS) media,
whereas optimization of both macro and micronutrients in the media is often necessary for
improved yields of biomass and derived value-added products at an industrial scale [17].
Compared to other bacteria, methanotrophs have unique nutritional requirements, includ-
ing such micronutrients as copper, lanthanides (like cerium), and tungsten, which are
cofactors for key enzymes of the central methane oxidation pathway. The productivity
of methanotrophs depends on the methane monooxygenase (MMO) expressed to oxidize
methane to methanol and the central metabolic pathway governing the overall carbon
capture efficiency [10].

From the literature, particulate membrane-associated methane monooxygenase (pMMO)-
expressing type-I methanotrophs that use the ribulose monophosphate pathway (RuMP)
exhibited the highest growth rate, methane-oxidizing, and assimilation capability com-
pared to other methanotrophs [18,21]. Our previous study reported a robust, fast-growing
pMMO-expressing type-I methanotroph Methylosarcina LC-4 with a high specific methane
uptake rate. The isolate LC-4 has a high carbon conversion efficiency, assimilating ~70% of
methane supplied, and requires lower oxygen per methane oxidized compared to other
known methanotrophs (lesser cost of aeration) [22]. Furthermore, LC-4, an obligate pMMO-
expressing methanotroph, is expected to produce extensive intracytoplasmic membranes
(ICM) to host this membrane-associated protein [23]. These membrane lipids are phospho-
lipids containing C14–C18 saturated and monounsaturated fatty acids and are suitable for
use in biodiesel [22,24]. The present study explores biodiesel as a by-product of methane
mitigation by Methylosarcina sp. LC4 and implores the role of micronutrients (copper,
cerium, tungstate) and macronutrients (such as nitrogen, phosphorus, and magnesium) in
this process.

2. Materials and Methods
2.1. Culture and Growth Conditions

Methylosarina sp. LC-4 isolated from the leachate sample of the municipal solid waste
dumpsite, Chennai, India, was used for the present study. The organism was grown on
Nitrate minimal salt (NMS) media containing 0.26 g/L KH2PO4, 0.62 g/L Na2HPO4·7H2O,
1 g/L KNO3, 1 g/L MgSO4·7H2O, 0.2 g/L CaCl2·H2O, 3.8 mg/L Fe-EDTA, and 0.5 mg/L
Na2Mo·4H2O supplemented with 1 mL/L trace element solution and 10 mL/L vitamin solu-
tion. The trace element solution contained 500 mg/L FeSO4·7H2O, 400 mg/L ZnSO4·7H2O,
20 mg/L MnCl2·7H2O, 50 mg/L CoCl2·6H2O, 10 mg/L NiCl2·6H2O, 15 mg/L H3BO3,
and 318 mg/L EDTA-Na2. The vitamin solution contained 2 mg/L biotin, 2 mg/L folic
acid, 5 mg/L thiamine HCl, 5 mg/L calcium pantothenate, 2 mg/L vitamin B12, 5 mg/L
riboflavin, 25 mg/L nicotinamide, 2 mg/L lipoic acid, 2 mg/L pyridoxal, and 2 mg/L
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4-aminobenzoic acid. The organism was grown in a 150 mL Erlenmeyer flask with 30 mL
NMS media and sealed with a silicone sleeve stopper septa. Methane (12% v/v) was
injected into this flask by a 10 mL gas-tight Hamilton syringe and incubated at 30 ◦C,
200 rpm.

2.2. Assessing the Effect of Trace Metal Ions on Methane Oxidation

Organism grown on 12% (v/v) of methane was used as the preculture for the experi-
ments, and 2 mL of this preculture was inoculated in 28 mL of NMS media. NMS media
was supplemented with varying concentrations of copper (0–150 µM), cerium (0–10 µM), or
tungstate (0–1 µM), as specified in the experiment. Wherever the concentration of copper
is not specified, NMS media supplemented with 10 µM of copper was used. The initial
methane concentration of 6% v/v was maintained. The concentrations of methane, oxygen,
and carbon dioxide were monitored every 3 h interval for 30 h. The initial and final biomass
concentrations were assessed using the optical density measurement at 600 nm. All the
experiments were done in triplicates. The Boltzmann equation (Equation (1)) was used to
determine the methane oxidation or uptake rate [22].

y =
dX
dt

=
A1 − A2

1 + e(x−x0)/dx
+ A2 (1)

where y and X represent the gas concentration (methane/oxygen/carbon dioxide) and
time, respectively, and A1, A2, d, and x0 are the Boltzmann parameters.

The biomass yield coefficient was determined by using Equation (2).

YX
S
=

gram o f dry biomass weight
gram o f substrate consumed

(2)

where YX/S is the biomass yield coefficient

2.3. Scanning Electron Microscopy with Energy Dispersive X-ray Analysis (SEM-EDX)

The organism grown in the NMS media was concentrated by centrifuging at 10,000 rpm
for 10 min. The obtained culture was washed with 1% (w/v) NaCl solution and centrifuged.
The culture was lyophilized and sputter-coated with gold for observation under a scanning
electron microscope with an EDX facility (SEM-EDX).

2.4. Transesterification and Extraction of Fatty Acid Methyl Esters from Biomass

Fatty acid methyl esters (FAME) were prepared by direct transesterification of biomass
in a single step by avoiding the step of lipid extraction [25]. Methanol: H2SO4 (2:1 v/v)
solution of 10 mL was added to 10 mg of dry biomass, along with 100 µL of heptadecanoic
acid (C17:0, 1 mg/mL) to act as an internal standard, and stirred at 150 rpm at 70 ◦C under
reflux for 6 h. FAME formed were then extracted by adding 20 mL of non-polar solvent
hexane. The mixture was allowed to stand for 10 min for phase separation, and the hexane
layer was separated. A rotary evaporator was used to concentrate the obtained organic
phase at 50 ◦C. The concentrated FAME was made up to 1 mL by adding hexane, and the
filtrate was analyzed using gas chromatography.

2.5. Optimization of Media Components by Plackett–Burman Design Method

A Plackett–Burman design (PBD) is a statistical method to screen important factors
in an experiment. The PBD experiment to identify and study the influence of essential
nutrients on lipid (FAME) production in Methylosarcina sp. LC-4 was generated using
Design-Expert software version 11 (Stat-Ease Inc., Minneapolis, MN, USA). For this study,
seven media components were chosen (A to G in Table 1). Each component was set at a high
concentration (+1) and low concentration (−1), as depicted in Table 1. The experiments were
carried out in 2.5 L glass bottles with a 600 mL working volume. NMS media were modified
per the PBD experiments’ specifications (Table 2). A 30 mL preculture was added and sealed
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with a Teflon stopper, silicone septa, and a screw cap. Initial methane concentration of 18%
v/v was maintained and incubated at 30 ◦C at 450 rpm for 30 h. All experiments were done
in triplicates (in 3 groups), and biomass (mg/L) and FAME yield (mg/L) was determined.
The FAME yield was considered the output variable for the PBD model. PBD follows a
linear method to quantify the contribution of each component on FAME and neglects the
interaction between them. From the ANOVA analysis, components of the NMS media
that showed a p-value < 0.05 were considered significant in the model. PBD following the
first-order polynomial equation was used to describe the model (Equation (3)).

Y = β0 + ΣβiXi (3)

where Y represents the average FAME yield (mg/L), β0 is the model’s intercept, βi is the
linear coefficient, and Xi is the value of the individual factor.

Table 1. The coded and actual values of NMS media components used in the Plackett–Burman design.

Component Unit Designation
Coded Values

−1 +1

Nitrogen (KNO3) mM A 1 10

Phosphorus (KH2PO4 -Na2HPO4 buffer) mM B 0.42 4.20

Copper (CuSO4) µM C 10 75

Tungstate (Na2WO4) µM D 0 0.5

Cerium (CeCl3) µM E 0 10

Magnesium (MgSO4) mM F 0.81 8.10

Salinity (NaCl) mM G 0 171

Table 2. Plackett–Burman design and the observed production of biomass and FAME yield.

Run A B C D E F G Biomass (mg/L) FAME Yield (mg/L)

1. +1 −1 −1 −1 +1 +1 +1 56 ± 1.3 6.3 ± 0.1

2. +1 +1 −1 −1 −1 +1 +1 53 ± 3.4 5.4 ± 0.4

3. +1 +1 +1 −1 −1 −1 +1 38.8 ± 3 4.1 ± 0.3

4. +1 +1 +1 +1 −1 −1 −1 302.2 ± 9.5 48.7 ± 1.6

5. −1 +1 +1 +1 +1 −1 −1 293.3 ± 1 30.7 ± 3.5

6. −1 −1 +1 +1 +1 +1 −1 42 ± 2 4.6 ± 0.2

7. −1 −1 −1 +1 +1 +1 +1 57.6 ± 2.5 5.9 ± 0.3

8. −1 −1 −1 −1 −1 −1 −1 312.7 ± 11.6 32.7 ± 1.2

2.6. Analytical Techniques
2.6.1. Ultraviolet (UV)-Visible Spectrophotometer

The biomass concentration was determined based on the optical density at 600 nm
(OD600), obtained using a UV-visible spectrophotometer (Agilent Cary 100, Agilent). The
following correlation was used to determine the dry biomass concentration (Equation (4)).
This correlation has been obtained in our previous study by plotting dry biomass weight
versus OD600 of the LC-4 culture [22].

Dry biomass concentration
(mg

L

)
=

OD600

0.00143
(4)
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2.6.2. Gas Chromatography (GC)

Agilent GC 7890A, equipped with a thermal conductivity detector (TCD) and flame
ionization detector (FID), was used for the gas and FAME analysis, respectively.

Gas analysis

GC analyzed the headspace gas with a TCD detector. Approximately 0.5 mL of
headspace gas sample was collected in a 5 mL Hamilton gas-tight syringe, injected in
GC with carboxen 1000 packed column as the stationary phase, and analyzed as per the
previously reported method [22].

FAME analysis

The FAME was analyzed by GC equipped with an HP-5 column (30 m, internal
diameter 0.25 mm, film thickness 0.25 µm) with an FID detector. Helium was used as the
carrier gas. Injector and detector temperatures were set at 280 ◦C. The oven temperature
was programmed as follows: 120 ◦C hold for 5 min, 2 ◦C/min to 175 ◦C, hold for 15 min,
10 ◦C/min to 220 ◦C, hold for 10 min, 10 ◦C/min to 280 ◦C, and hold for 15 min. Then,
1 µL of filtered FAME sample was injected into the injector port at a split ratio of 10:1. The
chromatography data were acquired, and the total FAME content was calculated by using
the European standard method EN14103:2011 by expressing in terms of mass fraction of
methyl C17:0 internal standard (Equation (5)) [26].

Total FAME (mg) =
ΣA − AIS

AIS
× CIS × VIS (5)

where ΣA is the total peak area (C12:0–C22:0), AIS is the peak area of internal standard
heptadecanoic acid methyl ester (C17:0), CIS is the concentration of internal standard, and
VIS is the volume of the internal standard taken for the transesterification reaction.

The % FAME was calculated as a percent of the weight of the dry biomass sample
initially taken for the transesterification process (Equation (6)).

% FAME =
Total FAME

Biomass weight (mg)
× 100 (6)

The FAME yield (mg/L) at different growth conditions was estimated by the follow-
ing Equation (7), where the dry biomass concentration is estimated from the UV-visible
spectrophotometer.

FAME yield (in mg/L) = % FAME × Dry biomass concentration (in mg/L) (7)

3. Results
3.1. Effect of Metal Ions on Methane Oxidation Rates
3.1.1. Copper

With the increase in the copper concentration from 0 to 25 µM, the specific methane
oxidation rate increased from 3.25 ± 0.5 to 5.14 ± 0.2 mg CH4/mg dry biomass/day.
Further increase in the copper concentration from 25 to 100 µM did not significantly affect
the methane oxidation rate. A high concentration of copper >100 µM decreased the specific
methane oxidation rate. With increasing copper concentrations, there was a steady decrease
in biomass yield, even at concentrations with enhanced specific methane oxidation rates
(Figure 1).

The increasing concentrations of copper led to the loss of sarcina formation (Figure S1
in Supplementary Materials) and induced deformations in the cell morphology, as observed
from the SEM micrographs (Figure 2). The accumulation of copper by the organism was
confirmed by SEM-EDX analysis of the dried cell mass (Figure 2). The SDS-PAGE anal-
ysis of the homogenized biomass grown with various copper concentrations showed an
increased intensity of ~45 kDa and ~26 kDa fragments (Figure S2 in Supplementary Mate-
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rials), corresponding to the α subunit and β/γ subunits of pMMO, suggesting increased
expression of pMMO [27].
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3.1.2. Cerium

Adding cerium as CeCl3 to NMS media did not significantly affect the methane
oxidation rate or the final biomass concentration of LC-4 when added in the concentration
range of 0–10 µM, reportedly inducing the expression of lanthanide-dependent methanol
dehydrogenase [28].

3.1.3. Tungstate

The supplementation of NMS media with up to 0.5 µM tungstate led to a more than
twofold increase in the specific methane oxidation rate, from 3.37 ± 0.27 to 7.93 mg CH4/mg
dry biomass/day. Further increased tungstate concentrations were detrimental to methane
oxidation rates, and at 1 µM tungstate, the growth of LC-4 was completely inhibited.
However, similar to copper supplementation, there was a steady decrease in biomass yield,
even at concentrations at enhanced specific methane oxidation rates (Figure 3). The LC-4
cells grown in media supplemented with tungstate showed high nitroblue tetrazolium
(NBT) reduction and accumulation in comparison to the cells grown without tungstate,
suggesting an increase in the reducing power of the organism; this can be corroborated
with the increase in the formate dehydrogenase activity when grown with tungstate [29,30]
(Figure S3 in Supplementary Materials).
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3.2. Determination of Significant Components in the NMS Media Using the Plackett–Burman
Design (PBD)

Seven variables described above were screened with eight experiments in PBD, as sum-
marized in Table 1. The total FAME concentration (mg/L) determined from the biomass
concentration (mg/L) and % FAME, as described earlier, was considered the output variable.
Values of FAME concentration in all eight experiments conducted according to PBD are spec-
ified in Table 2. The biomass yield varied widely from 38.8 ± 3 mg/L to 312.7 ± 11.6 mg/L,
with FAME yields ranging from 4.1 ± 0.3 mg/L to 48.7 ± 1.6 mg/L. The contribution of
each component considered in PBD and its statistical significance were determined from
the ANOVA analysis, as summarized in Table 3. The significant variables were selected
based on the p-value, and the variables with a p-value of < 0.05 were considered accurate.
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The results suggest that 6 components from the NMS media significantly affected the FAME
yield with a p-value < 0.0001. Cerium showed a very negligible effect, corroborating the
obtained batch studies data. A significant inhibitory effect by copper, salinity (NaCl), and
magnesium was observed, while nitrogen, tungstate, and phosphate contributed positively
(Table 3). A Pareto chart represents the relative significance level of the nutrients on lipid
biosynthesis (Figure 4). Based on the p-value of various factors, a first-order polynomial
equation was constructed considering the significant factors. ANOVA was used for the
statistical analyses of the model. The regression analyses of the model showed a high
determination coefficient (R2) of 0.99, indicating that the model is 99% accurate for the data.
The coefficient of variation (CV), F-value, and p-value obtained in this model are 11.38%,
252.5, and <0.0001, respectively.

Table 3. Statistical analysis of the NMS media components considered in the Plackett–Burman design.

Symbol Component Effect Contribution (%) F-Value p-Value

A Nitrogen 14.46 7.6 85.44 <0.0001

B Phosphorus 6.45 1.5 16.99 0.0008

C Copper −30 33.3 367.93 <0.0001

D Tungstate 14.25 7.7 83.05 <0.0001

E Cerium 0.39 0.005 0.06 0.81

F Magnesium −21.99 17.8 197.6 <0.0001

G Salinity (NaCl) −28.80 30.7 339.05 <0.0001
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3.3. Effect of Optimized Media on FAME Content and Composition

The modified NMS media containing 0.2 g/L of MgSO4 supplemented with 25 µM
of CuSO4 and 0.5 µM Na2WO4, with the remaining components unchanged, was formu-
lated based on the PBD experiment. Using the optimized media improved the FAME
yield by almost 85.7%, from 28 ± 0.4 mg/L in unmodified NMS to 52 ± 0.6 mg/L with
modified NMS.

This increase was contributed by both an increase in biomass yields and the lipid
content of the biomass. The composition of the FAME obtained from the organism LC-4
grown on NMS and modified-NMS media is mentioned in Table 4.

Table 4. Fatty acid composition of lipids from LC-4 grown in NMS and modified NMS media.

FAME
(mg/L)

NMS Media NMS Modified Media

28 52

FAME composition

C14:0 3.87 7.31

ΣC14:1 5.59 7.78

C15:0 2.76 14.03

ΣC15:1 - 10.78

C16:0 23.49 26.37

ΣC16:1 34.09 17.77

C18:0 5.17 9.63

ΣC18:1 - 6.76

C14–C18 97.58 89.65

C14–C18 unsaturated FAME 50.46 32.31

C14–C18 saturated FAME 47.12 57.34

Total unsaturated FAME 52.1 34.43

Total saturated FAME 47.9 65.61

4. Discussion

Methanotrophs are unique bacteria having the capability to oxidize and assimilate
methane. However, the research on methanotrophs is still in its infancy. Optimized media
conditions are necessary for improved yields of biomass and derived value-added products
from methanotrophs [17]. Although methanotrophic bacteria are subdivided into three
types based on the pathway by which they assimilate methane, the central metabolic
pathway by which they oxidize methane to carbon dioxide to generate energy is common
in all methanotrophs (Figure 5) [21].

The first step in the methane assimilation pathway is the oxidation of methane to
methanol by the enzyme methane monooxygenase (MMO), which is restricted only to
methanotrophs. MMOs can be of two types: particulate membrane-bound (pMMO) form
and soluble form (sMMO) in the cytoplasm [31]. pMMO is the most predominant form of
MMO expressed by methanotrophs [32]. pMMO is a metalloenzyme composed of three
subunits with copper in its active site. The available copper in the media regulates its
activity and expression [31]. In methanotrophs that can express both sMMO and pMMO,
the expression of specific MMO is regulated by a copper switch. At high copper, biomass
ratio, expression of sMMO is inhibited, and there is an increase in the levels of pMMO [33].
In addition, copper plays a profound role in methane metabolism by inducing the devel-
opment of internal membranes, leading to increased surface area for housing pMMO and
inducing the expression of the downstream formaldehyde dehydrogenases and other pro-
teins involved in copper assimilation, regulation, and transport [27]. Thus, the availability
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of copper strongly influences the methane oxidation rate and methanotrophic activity in
the environment. Methylosarcina sp. LC-4 is a type-I methanotroph and expresses pMMO
only [22]. The effect of the available copper concentration on the methane oxidation rate
by LC-4 was studied in a shake flask. Furthermore, it was observed that supplementation
with 25 µM copper enhanced specific methane oxidation by 58%, which can be attributed
to the increase in activity and expression of pMMO from the SDS-PAGE analysis. Higher
concentrations of copper (>50 µM) are known to inhibit pMMO activity [34]. SEM images
of the organism grown at increasing copper concentrations also suggest a change in the
morphology of the organism when grown at concentrations of copper with loss of the
sarcina-like form, which might be due to its toxic effect.
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Methanol dehydrogenase is a periplasmic membrane-associated protein that is known
to function in close association with pMMO. Methanol dehydrogenase oxidizes methanol to
formaldehyde with the generation of reduced cofactor shuttled to pMMO [35,36]. Methanol
dehydrogenase is also known to occur in two forms: calcium-dependent MxaB and
lanthanide-dependent XoxF [33]. Supplementation of lanthanides, such as cerium (III)
and lanthanum (III), in the media is known to induce XoxF and suppress the expression
of MxaB in a few methanotrophs [28]. In the methanotroph, Methylomicrobium alcaliphilum
20ZR, expression of XoxF-methanol dehydrogenase led to increased growth and methane
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uptake rates [37]. However, supplementation of cerium as CeCl3 did not significantly affect
the methane oxidation rate or final biomass concentration in LC-4.

The oxidation of formate catalyzed by formate dehydrogenases is the last step in
the oxidation of methane to carbon dioxide. Formate dehydrogenases are also metalloen-
zymes requiring either tungstate or molybdate for activity [38]. When LC-4 was grown on
methane, it was observed that organic acid, predominantly formate, was released into the
medium. This formate was later slowly oxidized to carbon dioxide [22]. This suggested
that formate oxidation by formate dehydrogenase might be the rate-limiting step. Since
the NMS media already contained molybdate, the effect of tungstate supplementation
on methane oxidation was studied. Adding up to 0.5 µM tungstate led to a more than
twofold increase in the specific methane oxidation rate. This step generates a reducing
equivalent of NAD(P)H, which might provide electrons for methane oxidation by pMMO.
Increased formate dehydrogenase activity in biomass grown in tungstate-supplemented
media corroborates that the increased methane oxidation rate is attributed to reduced
cofactor availability. These results are consistent with the experimental studies and the lit-
erature, where external formate supplementation leads to increased conversion of methane
to methanol [39].

Despite the increase in the methane uptake rate with the addition of copper and
tungstate, the biomass yields decreased. It was suspected that growth in a shake flask led
to severe gas–liquid mass transfer limitations for methane. Since the equation relates maxi-
mum biomass concentrations and methane transport rate, the increase in specific methane
oxidation/consumption rates (qmethane) leads to lower maximum biomass concentrations
due to limited gas–liquid mass transfer for methane (Equation (8)) [40].

Xmax =
kLaC∗

qmethane
(8)

where Xmax is the maximum biomass concentration, kLa is the mass transfer coefficient of
methane, and C* is the saturating concentration of methane in the liquid phase.

The typical values for kLa for shake-flask cultivation range from 25–50 h−1 for oxy-
gen, and methane values are typically 85% of the value for oxygen [40]. Thus, a kLa
of 30 h−1 and headspace methane concentration of 3% limits biomass concentrations to
135 mg/L for qmethane of 3.37 mg CH4/mg dry biomass/day and to only 60 mg/l for qmethane
of 7.93 mg CH4/mg dry biomass/day. Thus, meaningful interpretation of results on en-
hanced methane oxidation needs experimental setups that support better gas–liquid mass
transfer. Hence, further experiments were carried out in stirred reactor bottles, allowing
for better kLa owing to better mixing efficiency at higher mixing speed [41]. Addition-
ally, the culture volumes were scaled up to 600 mL to allow biodiesel extraction from the
cultured conditions.

A Plackett–Burman Design (PBD) is a widely used statistical method for screening
and preliminary optimization of important components in culture media. In the present
study, PBD was adopted to find the most significant components among the macro and
micronutrients in the NMS media contributing to both the biomass and lipid synthesis
analyzed in the form of fatty acid methyl esters (FAME), as described in Section 2.5 of this
study. In addition to the micronutrients copper, cerium, and tungstate that play a pivotal
role in the central metabolic pathway, magnesium (as MgSO4), phosphorus (as phosphate),
and nitrogen (as nitrate) were considered variables in the PBD. In addition to being impor-
tant macronutrients essential for growth, they also influence lipid accumulation in several
ways. Magnesium is an essential cofactor for pyruvate dehydrogenase, the key enzyme
that controls the carbon flux [42]. It is also known to inhibit methanol dehydrogenase
activity in methanotrophs [43]. Phosphorus and nitrogen are essential components of
biomass, and their limitation leads to a slowdown of cell proliferation and promotes lipid
accumulation in many organisms [44,45]. In a recent report, phosphate limitation leads to
remodeling the membrane lipids in the methanotroph Methylosinus trichosporium OB3b [46].
Salinity-induced stress also leads to lipid remodeling with more acid phospholipids and
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unbranched fatty acids in Methylomicrobium alcaliphilus 20Z [47]. Hence, sodium chloride
(NaCl) was also considered a parameter in the PBD.

Copper showed the most significant adverse effect on biomass and FAME yields.
As discussed previously, beyond specific concentrations, copper exerts a toxic effect on
most organisms, as is evident in the scanning electron micrographs of LC-4. Salinity and
magnesium also displayed a strong negative effect on biomass yields. The negative impact
of magnesium and sodium chloride is likely due to the inhibitory effect on the calcium-
dependent methanol dehydrogenase, one of the central enzymes in methane metabolism,
which catalyzes the conversion of methanol to formate [48]. Inhibition by magnesium and
no significant effect due to cerium indicate the absence of lanthanide-dependent methanol
dehydrogenase in LC-4. The inhibition of methanol dehydrogenase decreases the carbon
flux to the RuMP pathway for biomass formation, thus, contributing to the overall decrease
in the biomass and the total lipid. Although the negative impact on the biomass and FAME
concentration was more evident in comparison to the positive effect in the experimental
design, the positive influence of nitrogen, tungstate, and phosphate in total, contributing
16.8%, cannot be neglected (Table 3). Nitrogen and phosphorus are essential components of
biomass and are expected to benefit biomass yields. In type-I methanotrophs expressing
pMMO, membrane lipids containing phospholipids constitute the major fraction of the
total lipids; these membrane lipids act as a housing for pMMO, a membrane protein that
alone contributes to 20% of the total protein. Limitations in either nitrogen or phosphorus,
thus, directly influence the growth and biomass yield, affecting the overall FAME yields.
In addition, tungstate contributed 7.7% to the FAME yields, among the various factors
considered. As discussed earlier, tungstate, the cofactor for formate dehydrogenase, is
expected to improve the methane uptake rate and biomass yields by providing the extra
reducing equivalents obtained from formate oxidation to the pMMO enzyme.

The modified NMS media formulated based on the PBD resulted in about 86% of the
FAME yield. The FAME content of 13 ± 1% is among the highest in methanotrophs, others
being 9.5–10.7% in Methylomicrobium buryatense 5GB1, 9% in Methylocystis sp. Rockwell,
and 13% in Methylomonas methanica [19,20,49,50]. The FAME composition also changed
compared to FAME from the organism LC-4 grown on unmodified NMS media. The
physical and chemical properties of biodiesel are dependent on its FAME composition.
Fatty acids belonging to C14–C18 are considered the most suitable for biodiesel applications.
In the present study, the significant fraction of FAME in the modified NMS media is palmitic
acid (C16:0) and ΣC16:1, with 26.37% and 17.77%, respectively, the characteristic feature
of type-I methanotrophs. The other major fatty acids include pentadecanoic acid (C15:0),
ΣC15:1, stearic acid (C18:0), and ΣC18:1. Although there was a decrease in the C14–C18
FAME fraction from 97.6% to 89.7%, the saturated fraction increased from 47% to 57% when
LC-4 was grown in the optimized media. The ratio of saturated to unsaturated fatty acids
is an important factor in choosing biodiesel for usage. Saturated fatty acids contribute to
a higher cetane number and stability from oxidative damage, whereas unsaturated fatty
acids prevent solidification in low temperatures. The saturated to unsaturated fatty acids
(C14–C18) are higher in FAME from modified NMS media (57.3:32.3) in comparison to NMS
media (47.1:50.5).

Thus, media optimization using the Plackett–Burman design led to improved yields
of FAME and a higher fraction of saturated fatty acids, improving the applicability for use
as biodiesel. Further, scale-up studies involving continuous cultivation in a reactor can
lead to the increased productivity of biomass and, in turn, lipids, making the biological
gas-to-liquid technology for converting methane to liquid biofuels a practical and viable
process for conversion of both the concerns of greenhouse gas emissions and sustainable
biofuel production.
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5. Summary and Conclusions

Methylosarcina sp. LC-4 is a pMMO-expressing type-I and a model methanotroph
that has the potential for applications in bio-augmented systems in mitigating low con-
centrations of methane. The specific methane uptake rate and the methane capture in
biomass are greatly influenced by the chemical composition of media, especially the mi-
cronutrients that act as cofactors for vital enzymes involved in the metabolic pathway of
methane assimilation. In the present study, the specific methane uptake rate by the isolate
LC-4 was improved from 3.25 ± 0.5 to 5.14 ± 0.2 mg CH4/mg dry biomass/day and from
3.37 ± 0.27 to 7.93 mg CH4/mg dry biomass/day by the supplementation of copper and
tungstate, respectively, thus, making it a robust organism for biological methane fixation
and other industrial applications. The effect of micro and macronutrients present in the
NMS media on the biomass and fatty acid methyl ester (FAME) yield of LC-4 was studied
in a pragmatic approach using the Plackett–Burman design, and the critical nutrients were
optimized. As a result, the FAME yield increased from 28 ± 0.4 mg/L in unmodified NMS
to 52 ± 0.6 mg/L with a FAME content of 13 ± 1%, the highest among the methanotrophs
reported to date. Upon analyzing the FAME content, 89.6% of the fatty acids belong to
the C14–C18 fraction, with palmitic acid (C16:0) and ΣC16:1 as the major fraction, making
it suitable for use as biodiesel. Considering the need to curb methane emissions and to
generate clean, renewable energy, the productivity using Methylosarcina sp. LC-4 can further
be improved by increasing the solubility of methane.
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//www.mdpi.com/article/10.3390/su15010505/s1. Figures S1–S3 are available in the supplementary
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