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Abstract: This study presents the development of an engineered strain of Methylomicrobium buryatense,
designated 5GB1C-RO1, optimized for methane bioconversion and contaminant removal. Through genetic
engineering, key metabolic pathways were enhanced, including the ribulose monophosphate (RuMP) cycle
and methane oxidation mechanisms, resulting in a 40% improvement in methane uptake rates and a methane-
to-biomass conversion efficiency of up to 80%. The strain also demonstrates advanced bioremediation
capabilities, with hydrogen sulfide (H=S) removal rates of up to 95% and the degradation of volatile organic
compounds (VOCs) such as toluene and xylene with an efficiency of over 85%. Novel bioreactor designs,
including a Two-Phase Partitioning Bioreactor (TPPB) using Deep Eutectic Solvents (DES), were introduced
to enhance methane mass transfer by 60% compared to conventional systems. The integration of these
biotechnological innovations enables the production of high-purity biomethane (>98%) while efficiently
removing contaminants, making this strain suitable for industrial applications in biogas upgrading, natural gas
processing, and environmental remediation. The scalability and robustness of this system offer promising
potential for sustainable methane valorization and greenhouse gas mitigation.

Keywords- Methane bioconversion, Methylomicrobium buryatense 5GB1C-RO1, CRISPR/Cas9, methane
oxidation, ribulose monophosphate (RuMP) cycle, volatile organic compounds (VOCSs).

I. INTRODUCTION

Methane (CHa4) is a potent greenhouse gas with a global warming potential 28-34 times that of carbon dioxide
over a 100-year period. Atmospheric methane concentrations have more than doubled since pre-industrial
times, largely due to anthropogenic activities. This rapid increase poses significant challenges for climate
change mitigation efforts, while simultaneously presenting opportunities for sustainable resource utilization.
Global Challenges in Methane Emissions and Utilization
Methane emissions originate from various sources, both natural and anthropogenic:
1. Agriculture: Enteric fermentation in livestock and rice cultivation contribute significantly to global
methane emissions.
2. Fossil fuel production and distribution: Leaks and venting in oil and gas systems, as well as coal
mining operations, release substantial amounts of methane.
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3. Landfills and waste management: Anaerobic decomposition of organic waste in landfills and
wastewater treatment facilities generates methane.
4. Natural wetlands: These ecosystems are the largest natural source of methane emissions.
While methane's impact on climate change is concerning, it also represents an untapped resource with
potential applications in energy production and as a feedstock for various industrial processes. Harnessing
this potential could contribute to both emissions reduction and sustainable resource utilization.

Potential of Methanotrophic Bacteria for Methane Bioconversion
Methanotrophic bacteria, capable of utilizing methane as their sole carbon and energy source, offer a
promising solution for both methane mitigation and valorization. These microorganisms possess unique
metabolic pathways that enable them to:

1. Oxidize methane to methanol using methane monooxygenase enzymes

2. Assimilate carbon through the ribulose monophosphate (RuMP) or serine pathways

3. Generate energy through the oxidation of methane-derived intermediates

The potential applications of methanotrophic bacteria include:

e Production of single-cell protein for animal feed
Biosynthesis of valuable metabolites (e.g., ectoine, biopolymers)
Bioremediation of methane emissions from various sources
Generation of biofuels and biochemicals

1.1 Limitations of Current Methanotrophic Strains
Despite their potential, the industrial application of methanotrophic bacteria faces several challenges:

1. Low methane conversion efficiency: Many strains exhibit suboptimal methane-to-biomass
conversion rates, typically ranging from 30-60%.

2. Slow growth rates: Most methanotrophs have relatively long doubling times (4-24 hours), limiting
biomass productivity and reactor throughput.

3. Oxygen sensitivity: Many methanotrophs are obligate aerobes, requiring precise control of oxygen
levels. Too little oxygen limits growth, while excess oxygen can lead to the formation of toxic
byproducts like formaldehyde.

4. Limited product spectrum: Most natural methanotrophs primarily produce biomass, with limited
capacity for synthesizing other valuable products.

5. Metabolic inflexibility: Many strains cannot efficiently utilize alternative carbon sources, limiting
their adaptability to fluctuating methane supplies.

6. Scale-up challenges: Issues with gas-liquid mass transfer, heat removal, and maintaining
homogeneous conditions in large-scale bioreactors have hindered industrial adoption.

7. Genetic intractability: Many methanotrophic strains lack well-developed genetic tools, impeding
metabolic engineering efforts to overcome their limitations.

1.2 Objectives of the Study
This study aims to address the limitations of current methanotrophic strains and develop an advanced platform
for efficient methane bioconversion.

The specific objectives are:

1. To engineer a novel strain of Methylomicrobium buryatense (designated 5GB1C-RO1) with
enhanced methane utilization capabilities and improved growth characteristics.

2. Tooptimize key metabolic pathways, including the ribulose monophosphate (RuUMP) cycle, methane
oxidation machinery, and energy generation systems, through advanced genetic engineering
techniques.

3. To introduce pathways for the production of high-value co-products, enhancing the economic
viability of the bioprocess.

4. Todevelop advanced bioreactor systems to overcome mass transfer limitations and improve methane
conversion efficiency.

5. Toestablish high-cell-density cultivation strategies and optimize process parameters for maximizing
biomass productivity and methane utilization.

6. To characterize the engineered strain's performance in terms of growth kinetics, methane uptake
rates, biomass composition, and co-product formation.
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7. To assess the potential applications of the developed strain in biogas upgrading and bioremediation
processes.

Key enzymes in the RuUMP cycle showed significant increases in activity. Hexulose-6-phosphate synthase
activity more than doubled, while 6-phospho-3-hexuloisomerase activity nearly tripled. These enhancements
resulted in a substantial increase in carbon flux through the RuMP cycle, as confirmed by metabolic flux
analysis.

By addressing these objectives, this study aims to contribute significantly to the field of methanotrophic
biotechnology, offering innovative solutions for methane mitigation and utilization in the context of global
climate change and sustainable resource management.

I1. Global challenges in methane emissions and utilization

Methane (CH.) is a potent greenhouse gas that plays a significant role in global climate change. Its impact on
the Earth's climate system is complex and multifaceted, presenting both challenges and opportunities for
global environmental management and sustainable resource utilization.

1. Methane as a Greenhouse Gas: Methane's global warming potential (GWP) is 28-34 times that of
carbon dioxide over a 100-year period, and 84-86 times over a 20-year period. Despite its shorter
atmospheric lifetime (approximately 12 years) compared to CO., methane's strong infrared
absorption properties make it a critical target for short-term climate change mitigation strategies.

2. Sources of Methane Emissions:

a) Anthropogenic Sources:
e Agriculture (40%): Enteric fermentation in livestock (especially cattle) and rice cultivation
are major contributors.
e Fossil Fuel Industry (35%): Leaks and intentional venting in natural gas and petroleum
systems, as well as coal mining operations.
e Waste Management (20%): Landfills and wastewater treatment facilities generate methane
through anaerobic decomposition of organic matter.
e Biomass Burning (5%): Forest fires and agricultural waste burning release methane.
b) Natural Sources:
e Wetlands: The largest natural source, contributing about 30% of global methane emissions.
e Termites and Wild Animals: Contribute a small but significant portion-of natural methane
emissions.
e Geological Sources: Including natural gas seeps and mud volcanoes.

3. Trends in Atmospheric Methane Concentrations: Atmospheric methane concentrations have
increased from pre-industrial levels of about 722 ppb to current levels exceeding 1,890 ppb, a rise of
over 160%. The rate of increase has accelerated in recent years, with a growth rate of 8.5 + 0.6 ppb
year ' observed between 2014 and 2021.

4. Challenges in Methane Mitigation:

a) Diverse and Diffuse Sources: The wide range of methane sources, many of which are diffuse or
hard to access, makes comprehensive mitigation strategies challenging to implement.

b) Measurement and Monitoring: Accurately quantifying methane emissions from various sources
remains a technical challenge, particularly for fugitive emissions in the oil and gas sector.

c) Regulatory Frameworks: Developing and implementing effective policies and regulations to
control methane emissions across different sectors and geographies is complex.

d) Economic Factors: The cost of implementing methane reduction technologies can be a barrier,
especially in developing countries or for small-scale emitters.

5. Opportunities in Methane Utilization:

a) Energy Production: Methane can be used as a cleaner-burning alternative to coal in power
generation, potentially serving as a "bridge fuel in the transition to renewable energy sources.

b) Biogas and Renewable Natural Gas: Capturing methane from landfills, wastewater treatment
plants, and agricultural sources can provide a renewable energy source while reducing
emissions.

c) Feedstock for Chemical Industry: Methane can serve as a raw material for the production of
hydrogen, methanol, and other valuable chemicals.

d) Biofuel Production: Methanotrophic bacteria can convert methane into liquid fuels or high-value
products, offering a path to valorize methane emissions.

6. Technological Innovations:
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a) Satellite Monitoring: Advanced satellite technologies are improving our ability to detect and
quantify methane emissions on a global scale.
b) Leak Detection and Repair (LDAR) Technologies: New sensors and imaging technologies are
enhancing the ability to identify and fix methane leaks in oil and gas infrastructure.
c) Biotechnology: Engineered methanotrophic bacteria and enzymatic systems offer new
possibilities for methane conversion and utilization.
d) Carbon Capture and Utilization (CCU): Emerging technologies aim to capture methane and
convert it into useful products, potentially creating economic incentives for emissions reduction.
7. Global Initiatives and Policies: The Global Methane Pledge, launched at COP26 in 2021, aims to
reduce methane emissions by 30% below 2020 levels by 2030. This initiative, along with various
national and regional policies, reflects the growing recognition of methane's importance in climate
change mitigation strategies.

Addressing the global challenges of methane emissions and utilization requires a multifaceted approach
combining technological innovation, policy implementation, and international cooperation. The development
of advanced biotechnological solutions, such as engineered methanotrophic bacteria, represents a promising
avenue for both mitigating methane emissions and harnessing this potent greenhouse gas as a valuable
resource. As research in this field progresses, it has the potential to contribute significantly to global efforts
in combating climate change and transitioning towards a more sustainable, circular economy.

2.1 Potential of methanotrophic bacteria for methane bioconversion

The engineered Methylomicrobium buryatense 5GB1C-RO1 strain represents a significant advancement in
methanotrophic biotechnology, addressing key limitations of wild-type strains while introducing novel
capabilities for methane bioconversion and bioremediation.

2.1.1 Enhanced Methane Oxidation Pathway:
The 5GB1C-ROL1 strain exhibits a remarkably improved methane oxidation pathway, achieved
through strategic genetic modifications:
a) Particulate Methane Monooxygenase (pPMMO) Enhancement:
e Optimization of the pmoCAB operon expression has resulted in a significant increase in
PMMO activity.
e Methane oxidation rates have been substantially improved compared to-the parent strain.
b) Methanol Dehydrogenase Optimization:
e Integration of an efficient methanol dehydrogenase has led to marked improvement in
methanol oxidation rates.
e The enzyme shows increased affinity for methanol, enhancing the overall efficiency of the
methane oxidation pathway.
2.1.2 Optimized Carbon Assimilation:
The primary carbon assimilation pathway in the 5GB1C-ROL1 strain has been significantly enhanced
through strategic metabolic engineering:

a) Enzyme Improvements: Key enzymes involved in carbon fixation have been optimized, resulting
in substantial increases in their activities. The specific enzymes targeted and the nature of the
modifications remain confidential.

b) Pathway Optimization: The expression levels of various enzymes in the carbon assimilation
pathway have been carefully adjusted to optimize the balance of metabolic intermediates. The exact
methods and targets for this optimization are proprietary.

These modifications collectively contribute to a significant increase in carbon flux through the RuMP cycle,
as determined by 13C metabolic flux analysis.

2.1.3 Bioremediation Capabilities:
The 5GB1C-ROL1 strain demonstrates exceptional potential for bioremediation, particularly in the
context of biogas upgrading and environmental pollutant degradation:
a) H2S Removal:
e Enhanced sulfur oxidation pathways enable highly efficient H2S removal, making the strain
effective for biogas desulfurization.
b) VOC Degradation:
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e Integration of various catabolic pathways has expanded the strain's capability to degrade a
wide range of volatile organic compounds, including alkanes, aromatic compounds, and
halogenated substances.
e These modifications result in high VOC degradation efficiencies across a broad spectrum
of compounds.
c) Formaldehyde and Formate Oxidation:
e Optimized expression of key enzymes has improved the balance between formaldehyde
assimilation and dissimilation, reducing the accumulation of potentially toxic intermediates.
2.1.4 Advanced Bioreactor Designs:
To fully leverage the enhanced capabilities of the 5GB1C-RO1 strain, novel bioreactor
configurations have been developed:
a) Two-Phase Partitioning Bioreactor (TPPB):
e Utilizes a novel Deep Eutectic Solvent (DES) to significantly increase methane solubility
and improve mass transfer rates.
e Novel bioreactor designs were developed to enhance the performance of the engineered
strain. A Two-Phase Partitioning Bioreactor (TPPB) system was implemented, utilizing a
carefully selected Deep Eutectic Solvent to significantly improve methane solubility and
mass transfer. This system demonstrated substantial improvements in mass transfer
coefficients compared to conventional reactors. b) Inverse Membrane Bioreactor (IMBR):
e Custom-designed membrane module achieves higher methane utilization efficiency
compared to traditional bioreactor designs. An Inverse Membrane Bioreactor (IMBR)
design was also developed, featuring specialized membranes to optimize gas-liquid contact
and improve overall system efficiency. These innovative designs contributed significantly
to the enhanced performance of the engineered strain in methane bioconversion and
contaminant removal.
2.1.5 Process Performance:
Under optimized conditions, the 5GB1C-RO1 strain demonstrates exceptional performance metrics:
e Significantly increased growth rate and methane uptake rates compared to the parent strain.
e High methane-to-biomass carbon conversion efficiency.
e Sustained productivity in high-cell-density cultivations over extended periods.
2.1.6 Future Directions and Potential:
The 5GB1C-RO1 strain opens up new possibilities for integrated bioprocesses combining methane
mitigation, biogas upgrading, and value-added product formation:
e Potential for simultaneous biogas desulfurization, methane enrichment, and single-cell protein
production.
e Application in treating complex waste gas streams from various industrial and environmental
sources.
e Exploration of co-metabolic degradation of recalcitrant pollutants in the presence of methane.
e Development of bio-based systems for atmospheric methane oxidation, contributing to negative
emissions technologies.
The e Methylomicrobium buryatense 5GB1C-RO1 strain represents a significant advancement in
methanotrophic biotechnology, offering enhanced capabilities in methane bioconversion and bioremediation.
Its improved metabolic pathways, coupled with innovative bioreactor designs, provide a robust platform for
addressing critical environmental challenges while enabling the sustainable production of valuable products
from methane.

2.2 Limitations of current methanotrophic strains
Despite their potential for methane bioconversion and bioremediation, current methanotrophic strains face
several limitations that hinder their widespread industrial application. These limitations stem from their
natural metabolic constraints, growth characteristics, and process engineering challenges. Understanding
these limitations is crucial for developing improved strains like the Methylomicrobium buryatense 5GB1C-
ROL.
2.2.1 Methane Conversion Efficiency:
a) Low Carbon Conversion Yield:
e Many wild-type methanotrophs exhibit methane-to-biomass carbon conversion efficiencies
ranging from 30-60%.
e This relatively low efficiency results in significant carbon loss as CO2, reducing the overall
productivity of methane bioconversion processes.
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b) Incomplete Oxidation:
e Some strains incompletely oxidize methane, leading to the accumulation of intermediates
like methanol or formaldehyde, which can be inhibitory at high concentrations.
2.2.2 Growth Kinetics:
a) Slow Growth Rates:
e Many methanotrophic strains have doubling times ranging from 4 to 24 hours.
e This slow growth limits biomass productivity and increases the residence time required in
bioreactors, affecting process economics.
b) Low Biomass Yields:
e Biomass yields on methane are often suboptimal, typically ranging from 0.3-0.6 g dry cell
weight per gram of methane consumed.
2.2.3 Oxygen Sensitivity:
a) Obligate Aerobic Metabolism:
e Most methanotrophs are obligate aerobes, requiring a delicate balance of methane and
oxygen in the growth medium.
e Excess oxygen can lead to oxidative stress and the formation of toxic byproducts like
hydrogen peroxide.
b) Oxygen Limitation:
e In high-cell-density cultures, maintaining sufficient dissolved oxygen levels becomes
challenging due to the high oxygen demand of methanotrophic metabolism.
2.2.4 Substrate Specificity:
a) Limited Carbon Source Utilization:
e Many methanotrophs are obligate methylotrophs, unable to utilize multi-carbon compounds
as energy sources.
e This limitation reduces their flexibility in industrial applications where alternative
feedstocks might be available.
2.2.5 Product Spectrum:
a) Limited Range of Native Products:
e Wild-type methanotrophs primarily produce biomass, with limited capacity for synthesizing
other valuable products.
e The lack of diverse product formation pathways restricts their economic viability in
bioconversion processes.
2.2.6 Stress Tolerance:
a) Sensitivity to Environmental Fluctuations:
e Many strains are sensitive to changes in pH, temperature, and salinity, limiting their
applicability in diverse industrial settings.
b) Intolerance to High Substrate Concentrations:
e Some strains exhibit substrate inhibition at high methane concentrations, limiting the
operational range of bioconversion processes.
2.2.7 Genetic Tractability:
a) Limited Genetic Tools:
e Many methanotrophic strains lack well-developed genetic manipulation techniques,
hindering metabolic engineering efforts.
b) Genetic Instability:
e Some engineered strains exhibit genetic instability, reverting to wild-type phenotypes over
extended cultivation periods.
2.2.8 Process Engineering Challenges:
a) Gas-Liquid Mass Transfer Limitations:
e The low solubility of methane in aqueous media (approximately 1.5 mM at 25°C and 1 atm)
creates significant mass transfer limitations in conventional bioreactors.
e This limitation often results in methane-limited growth conditions, reducing overall process
efficiency.
b) Heat Management:
e The exothermic nature of methane oxidation can lead to heat accumulation in large-scale
bioreactors, potentially causing thermal stress to the microbial culture.
c) [Foam Formation:
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e High rates of gas sparging, combined with the production of extracellular polymeric
substances by some methanotrophs, can lead to excessive foam formation, complicating
reactor operation and reducing process efficiency.

2.2.9 Contaminant Sensitivity:
a) Inhibition by Trace Contaminants:

e Many methanotrophic strains are sensitive to trace contaminants commonly found in
industrial gas streams, such as hydrogen sulfide (H2S) and volatile organic compounds
(VOCs).

e This sensitivity limits their application in biogas upgrading and industrial off-gas treatment
without extensive pre-treatment.

2.2.10 Metabolic Imbalances:
a) Redox Imbalance:

e The high reducing power generated during methane oxidation can lead to redox imbalances,
particularly under oxygen-limited conditions.

e This imbalance can result in the accumulation of reduced cofactors (e.g., NADH),
potentially inhibiting key metabolic pathways.

b) Formaldehyde Toxicity:

e The accumulation of formaldehyde, a key intermediate in methane oxidation, can be toxic
to cells, necessitating tight regulation of formaldehyde assimilation and dissimilation
pathways.

Understanding these limitations has been crucial in the development of advanced strains like the
Methylomicrobium buryatense 5GB1C-RO1, which addresses many of these issues through targeted genetic
modifications and process optimizations. By overcoming these limitations, engineered methanotrophic strains
offer significantly improved potential for industrial-scale methane bioconversion and bioremediation
applications.

2.3 Objectives of the study

The primary aim of this research is to develop an advanced methanotrophic platform for efficient methane
bioconversion and bioremediation, addressing the limitations of current methanotrophic strains. The specific
objectives are as follows:

231

2.3.2

2.3.3

234

2.35

Strain Engineering for Enhanced Methane Utilization: a) To engineer .a novel strain of
Methylomicrobium buryatense (designated 5GB1C-RO1) with improved methane oxidation
capabilities. b) To optimize the ribulose monophosphate (RuMP). cycle for enhanced carbon
assimilation efficiency. ¢) To improve the strain's energy generation and redox balance mechanisms
to support increased metabolic activity.

Enhancement of Bioremediation Capabilities: a) To introduce and optimize pathways for efficient
hydrogen sulfide (H2S) removal, targeting a minimum 95% removal efficiency. b) To integrate broad-
spectrum volatile organic compound (VOC) degradation pathways, aiming for at least 85%
degradation efficiency across various compounds. ¢) To enhance the strain's tolerance to sulfide stress
and other potentially inhibitory compounds found in industrial gas streams.The engineered strain
demonstrated markedly improved methane oxidation capabilities. The rate of methane oxidation
increased by approximately one-third. Overall methane uptake rates showed a significant
improvement compared to the parent strain. The strain also exhibited enhanced affinity for methanol,
indicating improved efficiency in methanol oxidation.

Metabolic Pathway Optimization: a) To fine-tune the expression of key enzymes involved in methane
oxidation, including particulate methane monooxygenase (pMMO) and methanol dehydrogenase. b)
To optimize formaldehyde and formate oxidation pathways to prevent the accumulation of toxic
intermediates. ¢) To introduce and enhance pathways for the production of valuable co-products, such
as ectoine and polyhydroxyalkanoates.

Development of Advanced Bioreactor Systems: a) To design and optimize a Two-Phase Partitioning
Bioreactor (TPPB) using biocompatible Deep Eutectic Solvents (DES) for improved methane
solubility and mass transfer. b) To develop an Inverse Membrane Bioreactor (IMBR) configuration
for enhanced gas-liquid contact and methane utilization efficiency. ¢) To implement computational
fluid dynamics (CFD) simulations for optimizing bioreactor design and operating parameters.
Process Optimization for High-Density Cultivation: a) To establish cultivation strategies that support
cell densities of at least 30 g/L dry weight. b) To achieve and maintain a productivity of at least 2.5 ¢
L™ h! for extended periods (>120 hours). c) To develop feeding strategies that optimize the balance
between methane oxidation and biomass production.
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2.3.6 Characterization of Strain Performance: a) To quantify improvements in methane uptake rates,

2.3.7

2.3.8

2.3.9

2.3.10

targeting a minimum 40% increase over the parent strain. b) To assess the strain's growth kinetics,
aiming for a maximum specific growth rate (umax) of at least 0.28 h™'. ¢) To evaluate the methane-to-
biomass carbon conversion efficiency, with a target of 80% under optimized conditions.
Evaluation of Bioremediation Efficacy: a) To assess the strain's performance in removing H2S from
biogas streams, targeting concentrations suitable for pipeline injection. b) To characterize the strain's
ability to degrade a wide range of VOCs, including alkanes, aromatic compounds, and halogenated
hydrocarbons. ¢) To investigate the potential for co-metabolic degradation of recalcitrant pollutants in
the presence of methane.
Integration of Adaptive Laboratory Evolution: a) To employ adaptive laboratory evolution techniques
to further enhance the strain's tolerance to high concentrations of methane, H2S, and target VOCs. b)
To identify and characterize beneficial mutations arising from the adaptive evolution process.
Sustainability and Economic Assessment: a) To conduct a life cycle assessment of the bioprocess,
evaluating its potential for greenhouse gas mitigation. b) To perform an economic analysis of the
proposed bioprocess, considering both methane utilization and bioremediation applications. ¢) To
assess the scalability of the process and its potential for integration with existing industrial systems.
Exploration of Novel Applications: a) To investigate the potential of the engineered strain for
atmospheric methane oxidation, contributing to negative emissions technologies. b) To explore the
strain's applicability in treating complex waste gas streams from various industrial sources, including
landfills and wastewater treatment plants.

By addressing these objectives, this study aims to develop a highly efficient and versatile methanotrophic
platform capable of addressing critical challenges in methane mitigation, biogas upgrading, and industrial off-
gas treatment. The resulting 5GB1C-RO1 strain and associated bioprocesses are expected to significantly
advance the field of methanotrophic biotechnology, offering sustainable solutions for both environmental
remediation and value-added product formation from methane.

3.1

3.2

3.3

3.4

Materials and Methods Strain Development

Base Strain
The Methylomicrobium buryatense 5GB1C strain was used as the starting point for genetic modifications.
This strain was chosen for its relatively fast growth rate and genetic tractability.

CRISPR/Cas9 Gene Editing
A custom CRISPR/Cas9 system was designed for M. buryatense, utilizing the following components:
3.2.1 CRISPR/Cas9 Vector:
e Plasmid backbone: pPBBR1MCS-2 (broad-host-range, mobilizable)
e Cas9 expression cassette: PmxaF promoter, codon-optimized Cas9, rrnB T1 terminator
e SgRNA expression cassette: PJ23119 promoter, 76 nt optimized scaffold, SUP4 terminator
e Selection marker: Sh ble gene (zeocin resistance)
3.2.2 Guide RNA Design:
e 20-nucleotide spacer sequences complementary to target sites
e Off-target effects minimized using CHOPCHOP and CRISPR Design Tool
3.2.3 Homology-Directed Repair (HDR) Templates:
e Synthetic dSDNA fragments (1-3 kb) with 500-1000 bp homology arms

Horizontal Gene Transfer (HGT) HGT was employed to introduce heterologous genes:
3.3.1 Donor Strains:

e Methylobacterium extorquens: methanol dehydrogenase (mxaF gene)

e Synechococcus elongatus PCC 7942: RuBisCO genes (rbcL and rbcS)

e Halomonas elongata: ectoine biosynthesis genes (ectABC)
3.3.2 Gene Transfer Methods:

e Conjugation-based plasmid transfer

e Tn7 transposition for chromosomal integration

Strain Validation
e Whole-genome sequencing (Illumina NovaSeq, 150 bp paired-end reads, 100X coverage)
e RT-qPCR analysis of target gene expression
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e Enzyme activity assays
e 13C metabolic flux analysis

3.5 Metabolic Engineering for Methane Oxidation

Bioremediation capabilities were enhanced through the introduction and optimization of pathways for the
degradation of common contaminants, including hydrogen sulfide and various volatile organic compounds.
This involved integrating genes responsible for sulfur oxidation and VOC degradation. Additionally, stress
response mechanisms were improved to increase the strain's resilience in challenging environmental
conditions.

3.5.1 Materials and Methods
The development and characterization of the enhanced Methylomicrobium buryatense strain
involved a comprehensive approach encompassing several key areas:
a. Metabolic Engineering:
o  Optimization of carbon assimilation pathways
o Enhancement of methane oxidation capabilities
o Improvement of energy generation and redox balance
b. Bioremediation Pathway Engineering:
o Integration of pathways for H2S removal
o Enhancement of VOC degradation capabilities
o  Improvement of stress response mechanisms
c. Bioreactor Design and Operation:
o Development of novel bioreactor configurations
o  Optimization of operational parameters
o Application of computational modeling for process improvement
d. Analytical Methods:
o Utilization of various chromatography and spectroscopy techniques
o Implementation of enzyme activity assays
o  Employment of metabolic flux analysis
e. Bioremediation Performance Evaluation:
o Assessment of contaminant removal efficiencies
o Analysis of methane conversion efficiency
f.  Adaptive Laboratory Evolution:
o Implementation of stress-induced adaptation strategies
o Characterization of adapted strains
This methodology outlines the general experimental approaches used in developing and
characterizing the enhanced strain and its associated bioprocesses for methane bioconversion and
bioremediation.

35.2 Strain development

The development of the advanced Methylomicrobium buryatense 5GB1C-RO1 strain involved a

sophisticated combination of cutting-edge genetic engineering techniques. These methods were

carefully employed to enhance the strain's methane bioconversion capabilities and optimize its
performance for bioremediation and biofeed production.

a. Base Strain Selection: Methylomicrobium buryatense 5GB1C was chosen as the starting
organism due to its favorable characteristics, including rapid growth rate, high methane uptake
capacity, genetic tractability, and adaptability to various environmental conditions.

b. Advanced Genetic Engineering: A combination of state-of-the-art genetic modification
techniques was utilized to introduce targeted improvements to the base strain. These techniques
allowed for precise genomic alterations, focusing on key metabolic pathways and regulatory
elements.

c. Metabolic Pathway Optimization: Several critical metabolic pathways were enhanced to
improve the strain's performance:

o  Carbon Assimilation: The ribulose monophosphate (RuMP) cycle was optimized to increase
carbon flux and improve overall methane assimilation efficiency.

o Methane Oxidation: Key enzymes involved in the methane oxidation pathway were
enhanced to improve methane uptake and conversion rates.

IJCRT21X0289\ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ p502


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 10 October 2024 | ISSN: 2320-2882

g.

o Energy Generation and Redox Balance: Modifications were made to optimize energy
production and maintain proper redox balance within the cells.

Introduction of Novel Functionalities: New metabolic capabilities were introduced to expand the

strain's potential applications:

o Enhanced Bioremediation Capabilities: Pathways for efficient removal of hydrogen sulfide
(H2S) and degradation of various volatile organic compounds (VOCs) were incorporated.

o  StressResponse Mechanisms: Genes involved in stress tolerance were optimized to improve
the strain's robustness under various environmental conditions.

Strain Validation and Characterization: Extensive analysis was performed to validate the genetic

modifications and characterize the strain's performance:

o Genomic and Transcriptomic Analysis: Advanced sequencing techniques were used to
confirm genetic modifications and assess gene expression levels.

o Metabolic Flux Analysis: Sophisticated metabolomics techniques were employed to map
carbon flow through engineered pathways.

o Phenotypic Characterization: Comprehensive testing was conducted to assess growth
Kinetics, methane utilization efficiency, and bioremediation capabilities under various
conditions.

Adaptive Laboratory Evolution: The engineered strain underwent controlled evolution

experiments to further enhance its performance and stability:

o  Gradual Stress Exposure: The strain was subjected to increasing levels of various stressors
to improve its tolerance and efficiency.

o Selection of Adapted Variants: Promising variants were isolated and characterized for
improved traits.

Safety and Containment: All genetic modifications were performed in compliance with

institutional biosafety guidelines, ensuring the responsible development of the engineered strain.

This comprehensive strain development process resulted in the creation of Methylomicrobium
buryatense 5GB1C-RO1, a highly optimized methanotrophic strain with enhanced capabilities for
methane bioconversion, bioremediation, and biofeed production. The strain's improved metabolic
pathways, stress tolerance, and substrate utilization efficiency position it as a promising platform for
various industrial and environmental applications.

V.

Overview of genetic engineering approach

Methanotrophic bacteria are pivotal in methane oxidation, converting methane into biomass and valuable
biochemicals via the Ribulose Monophosphate (RuMP) cycle. Genetic engineering of these organisms
can enhance their metabolic pathways, increasing efficiency in bioconversion processes and
bioremediation applications. This study focuses on the engineered strain 5GB1C-RO1, derived from the
conventional 5GB1C strain, aiming to evaluate the improvements in metabolic performance and
application potential through extensive laboratory experimentation.

4.1 Materials and Methods
4.1.1 Strains and Culture Conditions

a.
b.

Strains: Methylotrophic bacteria 5GB1C (wild-type) and 5GB1C-ROL1 (engineered variant).
Culture Conditions: Both strains were cultured in a mineral salts medium supplemented with
20% v/v methane in the headspace, at 30°C and pH 7.0. Agitation was maintained at 200 rpm to
ensure adequate gas-liquid mass transfer.

4.1.2 Genetic Engineering of 5GB1C-RO1

a.

b.

Gene Overexpression: Key RuMP cycle enzymes—hexulose-6-phosphate synthase and 6-
phospho-3-hexuloisomerase—were overexpressed using optimized plasmid vectors.
CRISPR/Cas9 System: An enhanced CRISPR/Cas9 system with improved guide RNA design
was employed to introduce targeted mutations, reducing off-target effects.

4.2 Experimental Procedures

a.

RuMP Cycle Efficiency

o Enzyme activities were measured using spectrophotometric assays at 340 nm to monitor
NADH consumption.

o Carbon flux analysis was performed using ~13C-labeled methane, and metabolites were
analyzed via gas chromatography-mass spectrometry (GC-MS).
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b. Gene Editing Efficiency
o Transformation efficiency was assessed by counting colony-forming units (CFUs) on
selective media.
o Multiplexed gene editing success rates were determined using PCR and sequencing.
o Off-target effects were evaluated through whole-genome sequencing and bioinformatics
analysis.
c. Carbon Fixation and Conversion
o Methane uptake rates were measured using gas chromatography equipped with a flame
ionization detector (GC-FID).
o Biomass concentration was determined by dry cell weight measurements.
o Carbon conversion efficiency was calculated based on methane consumption and biomass
produced.
d. Bioremediation Capability
o Cultures were exposed to known concentrations of H.S and volatile organic compounds
(VOCs) such as toluene, xylene, and dichloromethane.
o Residual concentrations were measured using GC-MS.
o Tolerance studies involved gradually increasing pollutant concentrations and monitoring
growth and degradation rates.
e. Growth Kinetics and Productivity
o Continuous cultures were maintained in bioreactors with a working volume of 2 L.
o Dilution rates were set at 0.1 h™'.
o Parameters such as maximum specific growth rate (u_max), biomass yield, and maintenance
energy coefficients were calculated using established models.

4.3 Analytical Methods

e Spectrophotometric Assays: Enzyme activities were quantified by measuring absorbance
changes associated with cofactor oxidation or reduction.

e Gas Chromatography: Methane, H.S, and VOC concentrations were determined using
appropriate detectors (FID, sulfur chemiluminescence detector for H2S).

e Mass Spectrometry: Metabolic flux analysis was conducted using GC-MS to detect *13C
incorporation.

e Sequencing: PCR products and whole-genome samples were sequenced using next-generation
sequencing platforms.

4.4 Results
a. RuMP Cycle Efficiency
Table 1: Comparison of RUMP Cycle Parameters between 5GB1C and 5GB1C-RO1

Parameter 5GB1C5GB1C-RO1
RuMP Cycle Carbon Flux (AU) 100 140
Hexulose-6-phosphate Synthase Activity (U/mg) 0.8 2.0
6-Phospho-3-hexuloisomerase Activity (U/mg) 45 135
Ribulose-5-phosphate to Xylulose-5-phosphate Ratio1:1 1.2:1

Figure 1: Enhanced RuMP cycle enzyme activities and carbon flux in 5GB1C-RO1 compared to
5GB1C.
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The 5GB1C-ROL1 strain exhibited a 40% increase in RUMP cyéle carbon flux. Enzyme assays
showed a 2.5-fold increase in hexulose-6-phosphate synthase activity and a 3-fold increase in 6-
phospho-3-hexuloisomerase activity compared to the wild-type strain. The altered ribulose-5-

phosphate to xylulose-5-phosphate ratio indicates a shift towards more efficient carbon
assimilation.

b. Gene Editing Efficiency

Table 2: Gene Editing Efficiency Metrics

Parameter 5GB1C 5GB1C-RO1
Single Modification Efficiency (%)/9.5 + 0.5(18.5 + 1.0
Multiplexed Editing Efficiency (%)1.8 £ 0.2/6.5 + 0.5
Off-target Effects per Target 0.8 £0.1<0.05

Figure 2: Improved gene editing efficiencies and reduced off-target effects in 5GB1C-ROL1.
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Table 2: Gene Editing Efficiency Metrics
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The enhanced CRISPR/Cas9 system in 5GB1C-RO1 achieved nearly double the single
modification efficiency and significantly higher multiplexed editing efficiency. Whole-genome
sequencing confirmed minimal off-target mutations.

c. Carbon Fixation and Conversion

Table 3: Carbon Fixation Parameters

Parameter 5GB1C |5GB1C-RO1
Methane Uptake Rate (mmol-g'-h")[53.5+2.1 [75.0+25
Carbon Conversion Efficiency (%) [65+1.5 [80+2.0
Biomass Yield (g/g Methane) 0.58 £ 0.02/0.72 £ 0.03
Time to Reach Stationary Phase (h) 22.7+0.5 [185+0.4

Figure 3: Increased methane uptake and biomass yield in 5GB1C-RO1.
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The 5GB1C-RO1 strain demonstrated a 40% increase in methane uptake rate and a 23% increase
in biomass yield. The time to reach the stationary phase was reduced by approximately 18%,
indicating faster growth and metabolism.

J

d. Bioremediation Capability
Table 4: Bioremediation Efficiency
Parameter 5GB1C 5GB1C-RO1]

IJCRT21X0289\ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ p506


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 10 October 2024 | ISSN: 2320-2882
H.S Removal Efficiency (%) 50+2 95+1
VOC Degradation Efficiency (%) 30+1585+2
Tolerance to H>S (Max. Concentration, ppm)500 *+ 252000 + 50

Figure 4: Superior bioremediation performance of 5GB1C-RO1.
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Under controlled conditions, 5GB1C-RO1 removed up to 95% of H2S and 85% of VOCs,
significantly outperforming the wild-type strain. The engineered strain also tolerated four times
higher H-S concentrations.

e. Growth Kinetics and Productivity
Table 5: Growth Parameters under Continuous Culture

Parameter 5GB1C 5GB1C-RO1
Maximum Growth Rate (1 _max, h™) 0.231 + 0.005|0.280 + 0.006
Biomass Concentration at Steady State (g/L) 22 +0.8 30+1.0
Volumetric Productivity (g-L"'-h™") 18+0.05 [25+0.07
Maintenance Energy Coefficient (mmol ATP-g'-h1)3.2+0.1 - [2.5+0.08

Figure 5: Enhanced growth kinetics and productivity of 5GB1C-ROL.

Tabie 5: Growth Parameters under Continuous Culture

Maintenance Energy Costficient {mmol ATP.g-+h 1)
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The 5GB1C-RO1 strain achieved a higher maximum growth rate and steady-state biomass concentration,
leading to a 39% increase in volumetric productivity. The lower maintenance energy coefficient indicates
more efficient energy utilization.

The experimental results confirm that the engineered 5GB1C-ROL1 strain exhibits significant enhancements
over the parental 5GB1C strain across multiple metabolic and functional parameters.

RuMP Cycle Enhancement

The overexpression of key enzymes in the RUMP cycle led to increased enzyme activities and carbon flux.
The altered ribulose-5-phosphate to xylulose-5-phosphate ratio suggests a metabolic shift favoring efficient
carbon assimilation and incorporation into biomass.Key metabolic pathways were targeted for enhancement,
focusing on carbon assimilation, methane oxidation, and energy generation. This included optimizing
enzymes in the RUMP cycle, improving methane and methanol oxidation capabilities, and enhancing energy
production and redox balance. Some modifications involved the introduction of genes from other organisms
to improve specific metabolic functions.

Improved Genetic Engineering Outcomes

Optimization of the CRISPR/Cas9 system in 5GB1C-RO1 resulted in higher gene editing efficiencies and
markedly reduced off-target effects. This advancement not only accelerates strain development but also
ensures genomic stability.

Enhanced Carbon Fixation and Growth

The higher methane uptake rates and biomass yields indicate that 5GB1C-RO1 is more efficient in converting
methane to biomass. The reduced time to reach the stationary phase suggests potential for shorter fermentation
times, increasing industrial throughput.

Superior Bioremediation Capabilities

The strain's ability to effectively remove high levels of H>S and VOCs, along with increased tolerance to
pollutants, positions 5GB1C-RO1 as a strong candidate for environmental remediation applications,
particularly in gas purification and wastewater treatment.

Improved Growth Kinetics

The enhanced growth kinetics and lower maintenance energy requirements imply that 5GB1C-RO1 can
achieve higher productivity with lower energy input. This efficiency is crucial for the economic viability of
large-scale bioprocesses.

V. Genetic engineering with CRISPR-CAS9

Advancements in genetic engineering, particularly CRISPR/Cas9-mediated genome editing and horizontal
gene transfer (HGT), enable precise modifications to enhance microbial metabolic functions. This study
focuses on engineering the 5GB1C-RO1 strain to overcome the inherent limitations of the parental strain. By
optimizing key enzymes in the RuUMP cycle, introducing heterologous genes for methanol oxidation and
carbon fixation, and enhancing bioremediation pathways, we aim to create a robust strain suitable for
industrial methane conversion and environmental cleanup.

5.1 Materials and Methods
5.1.1 Strain Development
Genetic Engineering Strategies
The development of 5GB1C-ROL1 involved multiple genetic modifications to enhance metabolic
pathways:
a. CRISPR/Cas9 Gene Editing
o Targeted overexpression and mutation of RuMP cycle enzymes.
o Optimization of the pentose phosphate pathway.
b. Horizontal Gene Transfer (HGT)
o Introduction of heterologous genes for methanol oxidation and RuBisCO-mediated carbon
fixation.
o Incorporation of genes for enhanced bioremediation of H2S and VOCs.
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5.2 Culture Conditions
a. Media: Mineral salts medium supplemented with trace elements and vitamins.
b. Gas Phase: 20% v/v methane in the headspace; balance air.
c. Incubation: 30°C with shaking at 200 rpm.
d. pH: Maintained at 7.0 using a buffered medium.

5.3 Genetic Modifications
CRISPR/Cas9-Mediated Modifications
Design and Construction
a. Plasmid Construction: A CRISPR/Cas9 system was custom designed for efficient genome
editing in M. bury tense
b. Transformation: Electrocompetent 5GB1C cells were transformed with the plasmids.
c. Selection: Transformants were selected on kanamycin-containing plates.

The system included a carefully selected plasmid backbone, an optimized Cas9 expression cassette, and a
guide RNA expression system tailored for the target organism. The Cas9 gene was codon-optimized to ensure
high expression in M. buryatense. Guide RNAs were designed using state-of-the-art bioinformatics tools to
maximize on-target efficiency while minimizing potential off-target effects. The system incorporated a
selection marker for efficient identification of transformants. Homology-directed repair (HDR) templates
were designed to facilitate precise genomic modifications. The lengths of the homology arms were optimized
to ensure high efficiency of the desired genetic alterations. This CRISPR/Cas9 system was used to introduce
targeted modifications to key metabolic pathways in M. buryatense, enhancing its capabilities for methane
bioconversion and bioremediation.

5.4 Verification of Genetic Modifications
a. PCR and Gel Electrophoresis: Amplification of modified regions to confirm gene
integration.
b. Sequencing: Sanger sequencing to verify mutations and insertions.
c. gRT-PCR: Quantification of gene expression levels.
d. Western Blotting: Confirmation of protein expression for key enzymes.

5.5 Enzyme Activity Assays

a. Hexulose-6-Phosphate Synthase Activity
o Method: Spectrophotometric assay measuring NADH consumption at 340 nm.

b. 6-Phospho-3-Hexuloisomerase Activity
o Method: Monitoring the interconversion of phosphohexulose sugars.

c. Methanol Dehydrogenase Activity
o Method: Dye-linked assay using  phenazine  methosulfate and  2,6-

dichlorophenolindophenol.

5.6 Growth and Metabolic Analysis
a. Batch Cultures: Growth curves generated by measuring optical density at 600 nm (OD600).

b. Methane Uptake: Gas chromatography with flame ionization detector (GC-FID).

c. Biomass Determination: Dry cell weight measurements.

d. Carbon Conversion Efficiency: Calculated based on methane consumed and biomass
produced.

5.7 Bioremediation Experiments
a. H:S Degradation
o  Cultures exposed to varying concentrations of HS.
o H.S levels measured using gas chromatography with sulfur chemiluminescence detector.
b. VOC Degradation
o Exposure to toluene, xylene, and dichloromethane.
o VOC concentrations monitored using GC-MS.

5.8 Statistical Analysis
a. Data presented as mean + standard deviation from triplicate experiments.
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b. Statistical significance determined using Student's t-test (p < 0.05 considered significant).

5.9 Results

a. Verification of Genetic Modifications
PCR amplification and sequencing confirmed successful integration and mutation of target genes
in 5GB1C-ROL1. gRT-PCR showed significant upregulation of hps and phi genes.

Western blot analysis confirmed increased expression of target proteins.

Table 6: gRT-PCR Expression Levels

Gene Relative Expression in 5GB1C Relative Expression in 5GB1C-RO1
hps 1.0 35%0.2
phi 1.0 42+0.3
mxaF ND 28+0.1
rbcL/S |[ND 3.0+0.2

ND: Not Detected in 5GB1C.

Table 6: qRT-PCR Expression Levels

B

=

b. Enhanced Enzyme Activities '
The engineered strain exhibited significantly higher enzyme activities compared to the parental

strain.

Table 7: Enzyme Activities

LR

5GB1C Activity (U/mg) | 5GB1C-RO1 Activity (U/mg)

Enzyme

Hexulose-6-Phosphate Synthase /0.8 + 0.05 [2.0+0.08
6-Phospho-3-Hexuloisomerase 45+ 2 11355
Methanol Dehydrogenase 60 + 3 90+4
RuBisCO ND 25+1

Tabie 7

Hexulose 6-Phasphate Synthase

¢c. Growth Kinetics and Methane Conversion

Enzyme Activities

114 5 -0

& Phospho 3 Hexuloomerase
Methano! Dehydrogehase

IJCRT21X0289\ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ p510



http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 10 October 2024 | ISSN: 2320-2882
The 5GB1C-RO1 strain showed improved growth rates and methane utilization.
The engineered strain reached the stationary phase faster, with a higher maximum OD600.

Table 8: Growth Parameters

Parameter 5GB1C 5GB1C-RO1
Maximum Specific Growth Rate (h™)[0.231 + 0.0050.280 + 0.006
Biomass Yield (g/g Methane) 0.58+0.02 (0.72+0.03
Time to Stationary Phase (h) 227+05 |185+04

Table B: Growth Parameters
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Figure 8: Growth Curves of 5GB1C and 5GB1C-RO1

d. Enhanced Methane Uptake and Carbon Fixation
Methane uptake rates and carbon conversion efficiencies were significantly higher in 5GB1C-

RO1.
Table 9: Methane Uptake and Carbon Conversion
Parameter 5GB1C |5GB1C-RO1

Methane Uptake Rate (mmol-g'-h")53.5+2.175.0 + 2.5
Carbon Conversion Efficiency (%) [65+1.5 [80+2.0

Table 9: Methane Uptake and Carbon Conversion 0.0
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Figure 9: Carbon Fixation and Uptake Difference

VI. Introduction of RuBisCO
The presence of RuBisCO activity in 5GB1C-RO1 provided an alternative carbon fixation pathway,
contributing to the overall increase in biomass yield.
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6.1 Bioremediation Capabilities

a. HaS Degradation
o 5GB1C-RO1 demonstrated the ability to degrade H-S concentrations up to 2000 ppm.
o Removal efficiency reached 95 * 1%.
The engineered strain showed substantially improved capabilities in removing common
contaminants. H2S removal efficiency nearly doubled, approaching complete removal. VOC
degradation efficiency increased by almost threefold. The strain demonstrated high tolerance to
H2S, effectively degrading concentrations several times higher than the parent strain could
handle.

b. VOC Degradation
o The engineered strain degraded up to 85 + 2% of VOCs tested.
o Expanded substrate range included alkanes and aromatic compounds.
Table 10: Bioremediation Performance

Pollutant 5GB1C Removal5GB1C-RO1 Removal Efficiency
Efficiency (%) (%)

Hydrogen Sulfide50 + 2 95+1

(H2S)

Toluene 35+1.2 82+15

Xylene 30+£1.0 85+1.8

Dichloromethane 25+0.8 80+1.6

10: Bloremediaton Performance

1l

6.2 Gene Editing Efficiency
The improved CRISPR/Cas9 system in 5GB1C- RO1
resulted in higher editing efficiencies and reduced off-

target effects.

Table 11: Gene Editing Metrics

Metric 5GB1C 5GB1C-RO1
Single Modification Efficiency (%)|9.5 + 0.5(18.5 + 1.0
Multiplexed Editing Efficiency (%)[1.8 £ 0.2/6.5 + 0.5
Off-target Effects per Target 0.8 + 0.1)<0.05

6.3 Stress Tolerance
a. 5GB1C-ROL1 showed enhanced growth in high-sulfide environments.
b. Expression of stress response genes contributed to increased resilience.
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6.4 Discussion
The comprehensive genetic modifications in 5GB1C-RO1 have led to significant enhancements in
metabolic performance and bioremediation capabilities:

a.

Metabolic Pathway Optimization

o  Overexpression and mutation of hps and phi increased carbon flux through the RuMP cycle.

o Introduction of RuBisCO provided an alternative carbon fixation pathway, improving
biomass yield.

Enhanced Methanol Oxidation

o Integration of mxaF alleviated the methanol oxidation bottleneck, increasing methane
conversion efficiency.

Improved Bioremediation

o Incorporation of sulfur oxidation genes enhanced H.S degradation.

o VOC degradation pathways expanded the strain's capability to remediate various pollutants.

Gene Editing Advancements

o The optimized CRISPR/Cas9 system improved editing efficiencies, facilitating rapid strain
development.

o Reduced off-target effects ensured genomic stability.

Stress Resistance

o Upregulation of stress response genes enhanced the strain's tolerance to harsh environmental
conditions.

6.5 Industrial Implications

a.

b.

Methane Bioconversion

o Higher methane uptake rates and biomass yields make 5GB1C-RO1 suitable for large-scale
methane-to-biomass conversion processes.

o Potential for bioplastic and biofuel production through downstream processing.

Environmental Remediation

o The strain's ability to degrade H.S and VOCs positions it as a candidate for bioreactors
treating industrial emissions and wastewater.

o Enhanced stress tolerance allows for application in variable and  contaminated
environments.

6.6 Future Perspectives

a.

b.

C.

Scale-Up Studies

o Pilot-scale bioreactor experiments to evaluate performance under industrial conditions.
Metabolic Engineering

o Further optimization of metabolic pathways for production of specific biochemicals.
Environmental Applications
o Field trials in contaminated sites to assess bioremediation efficacy.

VII. CRISPR/Cas9 Gene Editing for Metabolic Pathway Enhancement

CRISPR/Cas9 technology was utilized to introduce targeted modifications aimed at increasing the efficiency
of methane oxidation and carbon assimilation in the 5GB1C-ROL1 strain. Specific genes within the ribulose
monophosphate (RuMP) cycle were selected for optimization.

7.1 Targeted Enhancement of Key Enzymes
Critical enzymes involved in methane metabolism were enhanced to improve overall flux through
the RuMP cycle. Using CRISPR/Cas9-mediated genome editing, promoters were optimized, and
specific amino acid substitutions were introduced to increase catalytic efficiency.

a.

b.

Genes Targeted: Key enzymes in the RUMP cycle (e.g., hexulose-6-phosphate synthase and 6-
phospho-3-hexuloisomerase).

Modifications:

o Promoter Optimization: Enhanced promoter regions to increase transcriptional activity.
o Site-Directed Mutagenesis: Introduced amino acid changes to improve enzyme Kinetics.
Outcome: Significant increases in enzyme activities leading to enhanced carbon flux through
the RuMP cycle.
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Table 1: Summary of CRISPR/Cas9-Mediated Genetic Modifications

Enzyme

Modification Type Functional Outcome

Hexulose-6-Phosphate Synthase

Promoter optimization |Increased transcription and enzyme
levels

6-Phospho-3-Hexuloisomerase |Amino acidEnhanced catalytic efficiency
substitutions

Pentose Phosphate  Pathway|Gene expression/Optimized metabolic flux

Enzymes balancing

Figure 1: Schematic Representation of CRISPR/Cas9 Editing Strategy

7.2

7.3

7.4

7.5

7.6

Diagram illustrating the targeted genes and the nature of the modifications.

Pentose Phosphate Pathway Modifications

To ensure a balanced flow of metabolic intermediates, additional optimizations were implemented
in the pentose phosphate pathway:

a. Approach: Modulating the expression of enzymes to harmonize precursor availability.

b. Outcome: Improved efficiency of the pathway, supporting enhanced methane utilization.

Horizontal Gene Transfer (HGT) for Metabolic Expansion

HGT was employed to introduce novel genes that expanded the metabolic capabilities of 5GB1C-
RO1. Genes were sourced from organisms known for their proficiency in methane oxidation and
pollutant degradation.

Methanol Oxidation Pathway Expansion

Genes involved in methanol oxidation were integrated to alleviate metabolic bottlenecks:

a. Introduced Genes: Methanol dehydrogenase genes from compatible methylotrophic bacteria.
b. Integration Method: Stable genomic integration using a proprietary vector system.

c. Outcome: 50% increase in methanol oxidation rates, enhancing methane conversion efficiency.

Carbon Fixation Pathway Introduction

Additional carbon fixation genes were introduced to complement existing pathways:

a. Introduced Genes: Carbon fixation genes from photosynthetic microorganisms.

b. Outcome: 15% increase in overall carbon conversion efficiency and biomass production.

Bioremediation Capabilities
Genes responsible for degrading sulfur compounds and VOCs were introduced:

a. Introduced Genes:
o Sulfide oxidation genes from sulfur-oxidizing bacteria.
o VOC degradation genes from hydrocarbon-degrading microorganisms.
b. Outcome: Enhanced ability to detoxify pollutants, improving H>S removal efficiency to 95%

and VOC degradation efficiency to 85%.

Table 2: Genes Introduced via Horizontal Gene Transfer

Functional Source |Organism Category|Gene Function Outcome

Methanol Oxidation Methylotrophic Methanol dehydrogenase |Increased methanol
bacteria oxidation

Carbon Fixation Photosynthetic Carbon fixation enzymes [Enhanced carbon
microbes assimilation

Sulfur ~ CompoundSulfur-oxidizing  |Sulfide oxidase Improved H.S

Degradation bacteria degradation

\VVOC Degradation |Hydrocarbon Monooxygenases andExpanded VOC
degraders dioxygenases degradation capabilities

e Flowchart depicting the integration of new metabolic pathways.
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7.7 Enhanced Stress Response and Industrial Resilience

To improve performance under industrial conditions, stress response genes were upregulated:

a. Genes Modulated: Stress response regulators and protective proteins.

b. Outcome: Increased resilience in high-sulfide and high-VOC environments, ensuring stable

operation under harsh

7.8 Verification of Genetic Modifications
All genetic modifications were confirmed through a combination of molecular biology techniques:
a. PCR Amplification and Sequencing: Verified the presence and correctness of inserted genes

and mutations.

conditions.

b. QRT-PCR: Assessed the expression levels of targeted genes.

c. Enzyme Activity Assays:

enhancements.

Measured the functional activity of enzymes to confirm

Table 3: Verification Methods and Outcomes

Verification Method TargetOutcome

PCR and Sequencing  [Modified genes Successful integration confirmed
gRT-PCR Gene expression levels |Increased expression of target genes
Enzyme Activity AssaysKey metabolic enzymes|Significant activity enhancements

7.9 Results

a. Enhanced Enzyme Activities
The genetic modifications led to significant increases in the activities of key enzymes:
Table 12: Enzyme Activities in 5GB1C and 5GB1C-RO1

Enzyme 5GB1C 5GB1C-RO1 Percentage
Activity Activity (U/mg) Increase (%)
(U/mg)

Hexulose-6-Phosphate 0.8 £0.05 2.0+0.08 150

Synthase

6-Phospho-3- 45 + 2 135+5 200

Hexuloisomerase

Methanol Dehydrogenase (60 + 3 90+4 50

Figurel2: Comparative Enzyme Activities
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Table 12: Enzyme Activities in 5GB1C and 5GB1C-RO1
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b. Improved Metabolic Performance
The enhancements translated into improved metabolic performance:
o Methane Uptake Rate: Increased by 40%.
o Carbon Conversion Efficiency: Improved from 65% to 80%.
o Biomass Yield: Increased from 0.58 g/g methane to 0.72 g/g methane.

Table 13: Metabolic Performance Metrics
Parameter 5GB1C |5GB1C-RO1Percentage Improvement (%)
Methane Uptake Rate (mmol-g'-h")53.5+2.1 [75.0+£25 40
Carbon Conversion Efficiency (%) [65+15 [80+2.0 23
Biomass Yield (g/g Methane) 0.58 +0.020.72 +0.03 24

Figure 13: Enhanced Metabolic Performance Metrics

Figure 13: Enhanced Metabolic Performance Metrics (Methane Uptake and Biomass Yield)

= Methane Uptake Rate (mmol.g*h~') —0:—5’;0|nass Yiedd {g/g Methane) . g 72
70t
- 0.70
= 60f R
o 0.68 &
g 50 %
£ 0.66 -
5 40f °
¢ 0.64 *
: 062 &
£ 20 -
- 0.60
10
0.58
© 5GB1C 5GB1C-RO1
c. Enhanced Bioremediation Capabilities
The strain demonstrated superior degradation of pollutants:
Table 14: Bioremediation Efficiency
Pollutant 5GB1C 5GB1C-RO1 Improvement|
Removal Removal Efficiency|(%)
Efficiency (%) (%)
Hydrogen Sulfide (H.S) |50 +2 95+1 90
Volatile Organic30 £ 1.5 85+2 183
Compounds (VOCs)

Figure 14: Bioremediation Performance Comparison
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VIII.

5.10Discussion
The application of CRISPR/Cas9 and HGT techniques resulted in a methanotrophic strain with
significantly enhanced capabilities:

a.

Metabolic Pathway Enhancement

o RuMP Cycle Optimization: By increasing the activities of key enzymes, we enhanced the
carbon flux, leading to higher methane oxidation rates.

o Pentose Phosphate Pathway Balancing: Adjustments ensured efficient precursor
availability, supporting increased metabolic demands.

Expansion of Metabolic Capabilities

o Methanol Oxidation: Introduction of methanol dehydrogenase genes alleviated
bottlenecks, improving methane conversion efficiency. '

o Carbon Fixation: Additional pathways increased biomass yield, contributing to greater
carbon sequestration.

o Bioremediation: Genes enabling degradation of H2S and VOCs expanded the strain's
applicability in environmental remediation.

Stress Resistance and Industrial Applicability

o Enhanced Resilience: Upregulation of stress response genes improved tolerance to harsh
conditions, crucial for industrial operations.

o Stable Genetic Modifications: Verification methods confirmed the integrity and stability
of genetic enhancements.

Implications for Biotechnology

The success of 5GB1C-ROL1 underscores the potential of combining CRISPR/Cas9 and HGT

for strain improvement:

o Industrial Bioconversion: Enhanced methane uptake and biomass production make the
strain suitable for biofuel and bioplastic production.

o Environmental Remediation: Superior pollutant degradation capabilities position the
strain as a valuable tool for cleaning industrial emissions and wastewater.

Metabolic Engineering for Enhanced Methane Oxidation

The genetically engineered strain Methylomicrobium buryatense 5GB1C-RO1 has been optimized for
superior methane oxidation through strategic metabolic engineering. Methane, being a potent greenhouse gas,
requires efficient conversion pathways for industrial bioconversion and environmental remediation. The
parental strain, 5GB1C, already exhibits robust methanotrophic activity; however, its natural metabolic limits
hinder its full potential. By employing CRISPR/Cas9 gene editing and horizontal gene transfer (HGT),
we have introduced precise genetic enhancements to maximize methane uptake, improve carbon fixation, and
integrate novel metabolic pathways to enhance overall methane oxidation efficiency in 5GB1C-RO1.
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8.1

8.2

8.3

Optimization of Methane Oxidation Pathways

The primary metabolic pathway responsible for methane oxidation in methanotrophs is the Ribulose
Monophosphate (RuMP) cycle, which converts methane to methanol, and subsequently into
formaldehyde, which feeds into central carbon metabolism. The key focus of our metabolic
engineering efforts was to optimize the activity of critical enzymes in the RUMP cycle, enhance
downstream processing of methanol, and increase carbon flux through essential biochemical
pathways.

a. Enhanced RuMP Cycle Efficiency:

o The RuMP cycle was targeted for optimization through CRISPR/Cas9-mediated gene
editing. By fine-tuning the expression levels of hexulose-6-phosphate synthase (hps) and
6-phospho-3-hexuloisomerase (phi), we significantly improved the conversion of
formaldehyde to ribulose-5-phosphate, a key intermediate in the cycle. The introduction of
stronger promoters, coupled with subtle amino acid modifications to increase enzyme
affinity and turnover rates, led to a 40% increase in overall RUMP cycle efficiency
compared to the parental strain. Specific genetic details, such as promoter sequences and
mutation sites, remain confidential to protect our proprietary approach.

b. Methanol Oxidation Pathway Optimization:

o Methanol oxidation, a bottleneck in methane conversion, was enhanced by introducing a
heterologous methanol dehydrogenase (mxaF) gene from a high-efficiency
methylotroph. This gene was integrated into the 5GB1C-RO1 genome using horizontal
gene transfer (HGT) techniques, allowing for stable expression and increased methanol
oxidation capacity. The enhanced methanol dehydrogenase activity resulted in a 50%
increase in methanol oxidation rates, alleviating the bottleneck in methane-to-
formaldehyde conversion. Specific details on the integration site and gene sequence have
been withheld to ensure the security of this technology.

Methanol Oxidation Pathway Optimization
Methanol oxidation is a bottleneck in methane metabolism due to the rate-limiting activity of
methanol dehydrogenase. To alleviate this constraint:
a. Introduction of Heterologous mxaF Gene:
o A methanol dehydrogenase gene (mxaF) from a high-efficiency- methylotroph was

integrated via HGT.
o Outcome: 50% increase in methanol oxidation rates.
(C)
Table 15: Methanol Oxidation Rates
Strain Methanol Oxidation Rate (U/mg)|Percentage Increase (%)
5GB1C 60+3 —
5GB1C-R0O190 + 4 50

Carbon Fixation and Utilization
To enhance carbon assimilation:
a. Introduction of RuBisCO Genes:
o Genes encoding ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) were
introduced.
o Outcome: 15% increase in carbon conversion efficiency, providing an alternative pathway
for formaldehyde assimilation.

Table 16: Carbon Conversion Efficiency and Biomass Yield
Parameter 5GB1C |5GB1C-RO1|Percentage Increase (%)
Carbon Conversion Efficiency (%)65+1.5 [80+2.0 23
Biomass Yield (g/g methane) 0.58£0.020.72 £0.03 |24
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0.72

Table 16: Carbon Conversion Efficiency and Biomass Yield

g0 | ™= Carbon Conversion Efficiency (%) —— B?;;;ass Yield {g/g methane) - 0.72
70 -0.70
£ =
2 60} -0.68
o -
< sof E
b -0.66 o
5 S
40t 2
z -0.64 2
g ym
O 30 2
c E =
8 0.62 g
% 20} e

()
-0.60
101
-0.58
0

5GB1C 5GB1C-RO1

Carbon Fixation and Utilization:

o The RuMP cycle’s efficiency is also limited by the availability of ribulose-5-phosphate for
continued operation. To address this, we introduced genes encoding ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), which provided an alternative carbon
fixation route. The RuBisCO pathway, while not naturally present in 5GB1C, contributed
significantly to increasing carbon conversion efficiency by providing a secondary sink for
formaldehyde and improving overall biomass yield. This pathway was integrated via HGT,
and while the functional improvements are discussed, the exact genes and their sources are
protected under proprietary confidentiality.

Table 17: Enzyme Activities in 5GB1C and 5GB1C-RO1 , '
Enzyme Activity inlActivity in 5GB1C-Percentage

5GB1C (U/mg) |RO1 (U/mg) - |Increase (%)
Hexulose-6- 0.8+0.05 2.0 +0.08 150
phosphate synthase : AR
6-Phospho-3- 45 +2 1355 200
hexuloisomerase

IJCRT21X0289\ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ p519


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 10 October 2024 | ISSN: 2320-2882

Activity (U/mg)

140}

120¢

100 ¢

80F

60

40

20

Table 17: Enzyme Activities in 5GB1C and 5GB1C-RO1
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Figure 1: Schematic representation of the enhanced RuMP cycle in 5GB1C-RO1, highlighting
overexpressed enzymes and increased metabolic flux.The data suggest a robust enhancement in
metabolic efficiency, indicating that the modifications not only optimize carbon flow but also position
5GB1C-ROL1 as a promising candidate for industrial applications in bioconversion processes.

8.4 Improved Electron Transport and Energy Generation

A key limitation in methane oxidation is the availability of reducing power and ATP for driving
biochemical reactions.

The engineering of 5GB1C-ROL1 included modifications to enhance electron transport and energy

generation through oxidative phosphorylation:

e NADH oxidoreductase and ATP synthase subunits were upregulated, improving the
efficiency of electron flow through the respiratory chain and increasing ATP yield. This
upregulation provided the necessary energy for sustaining higher rates of methane oxidation and
biomass generation. The precise regulatory elements controlling this upregulation remain
undisclosed to safeguard the innovation.

8.5 Integrated Bioremediation and Methane Oxidation

In addition to enhanced methane oxidation, 5GB1C-RO1 was engineered for bioremediation of
harmful compounds often associated with industrial methane emissions, such as hydrogen sulfide
(H2S) and volatile organic compounds (VOCs). Genes responsible for sulfur and VOC degradation
were introduced, allowing the strain to simultaneously oxidize methane while detoxifying these
pollutants. This dual-function capability makes the strain ideal for applications in contaminated
industrial environments. The integration of these pathways has been described broadly, but specific
gene sequences and expression strategies have been withheld.

To address environmental pollutants:
e Introduction of Bioremediation Genes:
o Genes responsible for hydrogen sulfide (H2S) and volatile organic compounds (VOCs)
degradation were integrated.
o Outcome: Enabled simultaneous methane oxidation and pollutant detoxification.

Table 18: Bioremediation Capabilities

Pollutant Removal Efficiency in 5GB1C|Removal Efficiency in 5GB1C-
(%) RO1 (%)
Hydrogen Sulfide (H2S) [50+2 95+1
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Volatile Organic30+1.5 85+2
Compounds

Figure 18: Comparative bioremediation performance, showing enhanced pollutant degradation in
5GB1C-ROL.

Table 18: Bioremediation Capabilities
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8.6 Enhanced Methane Uptake Rates and Growth Kinetics

The combination of pathway optimizations and metabolic balancing resulted in significant

improvements in methane uptake rates and growth Kinetics in 5GB1C-RO1:

a. Methane Uptake Rates: The engineered strain exhibited methane uptake rates of 75
mmol-g'-h™, a 40% improvement over the parental strain. This increase in methane oxidation
capacity is directly attributed to the combined enhancements in methanol oxidation, RuMP cycle
efficiency, and electron transport.

b. Growth Kinetics: The maximum specific growth rate (1_max) of SGBlC RO1 was measured
at 0.280 h*, compared to 0.231 h™ in the parental strain. This improvement is consistent with
the enhanced metabolic throughput achieved through genetic modifications.

Enhanced Methane Uptake Rates and Growth Kinetics
The cumulative metabolic enhancements resulted in:

a. Methane Uptake Rates:
o 5GB1C-RO1:75.0+£2.5 mmol-g'-h™!
o Improvement: 40% over 5GB1C.
b. Growth Kinetics:
o  Maximum Specific Growth Rate (p_max):
m 5GB1C:0.231+0.005h™
m 5GB1C-RO1:0.280+0.006 h
m Improvement: 21%

Table 19: Growth Kinetics and Methane Uptake
Parameter 5GB1C 5GB1C-ROL1 |Percentage Increase (%)
Methane Uptake Rate (mmol-g'-h™) 53.5+2.1 [75.0+2.5 |40
Maximum Specific Growth Rate (h™)0.231 +0.0050.280 +0.00621

Figure 19: Growth curves of 5GB1C and 5GB1C-RO1, demonstrating enhanced growth kinetics in
the engineered strain.
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Through the integration of these modifications and the metabolic engineering of Methylomicrobium
buryatense 5GB1C-RO1 for enhanced methane oxidation we validated the fact that it represents a
significant advance in the field of methanotrophy. By targeting key enzymatic pathways through
CRISPR/Cas9 gene editing and introducing novel metabolic functions via horizontal gene
transfer (HGT), we have created a strain that exhibits superior methane uptake, improved carbon
fixation, and the ability to remediate industrial pollutants. Critical aspects of the genetic
modifications, including specific gene sequences, promoters, and integration strategies, have been
omitted from this report to protect the proprietary nature of the technology, ensuring that the strain's
performance advantages remain exclusive.

IX.  General Strategies for Improving Methane Utilization

The utilization of methane by methanotrophic bacteria holds great promise for biotechnological applications,
particularly in the conversion of methane into value-added products and the mitigation of its environmental
impact. However, natural methanotrophs face inherent metabolic limitations in terms of methane oxidation
efficiency, carbon fixation, and energy production. This section outlines the general strategies employed in
the development of the genetically engineered strain 5GB1C-RO1, focusing on enhancing methane utilization
through targeted metabolic and genetic modifications. These strategies were designed to overcome the
metabolic bottlenecks found in the parental strain 5GB1C, while keeping specific genetic and process details
confidential to protect proprietary knowledge.

9.1 Enhancing Methane Oxidation Efficiency
Methane oxidation in methanotrophs begins with the conversion of methane into methanol, catalyzed
by methane monooxygenase enzymes. This is followed by the conversion of methanol into
formaldehyde, which is then assimilated through central metabolic pathways. Optimizing these steps
is crucial for improving methane utilization, as the efficiency of these processes determines the
overall methane flux through the cell.

a. Optimizing Key Enzymes in the RuMP Cycle:

o The Ribulose Monophosphate (RuMP) cycle is central to formaldehyde assimilation in
methanotrophs. To improve methane oxidation efficiency, key enzymes in this cycle were
targeted for overexpression and activity enhancement. By increasing the availability of
ribulose-5-phosphate and accelerating the conversion of formaldehyde to central
metabolites, methane flux was significantly improved.

o Modifying enzymes such as hexulose-6-phosphate synthase (hps) and 6-phospho-3-
hexuloisomerase (phi) has been a key strategy. While specific mutations and regulatory
elements have been developed to enhance enzyme activity, these details remain protected
to prevent replication.

IJCRT21X0289\ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ p522


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 10 October 2024 | ISSN: 2320-2882
Table 20: Comparison of Enzyme Activities in 5GB1C and 5GB1C-RO1

Enzyme Activity in 5GB1C (U/mg)|/Activity in 5GB1C-RO1 (U/mg)Fold Increase
Hexulose-6-phosphate synthase|0.8 + 0.05 2.0+0.08 2.5x
6-Phospho-3-hexuloisomerase 45+2 135+£5 3%

Figure 20: Schematic representation of the RuMP cycle enhancements in 5GB1C-RO1, highlighting
overexpressed enzymes and increased metabolic flux.

Table 20: Comparison of Enzyme Activities in SGB1C and 5GB1C-RO1
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b. Reducing Bottlenecks in Methanol Oxidation:
One of the common bottlenecks in methane utilization is the rate at which methanol is oxidized
to formaldehyde. By integrating a more efficient methanol dehydrogenase (mxaF) gene from
a high-performing methylotroph, the strain's methanol oxidation rate was significantly increased.
This alleviated a critical metabolic bottleneck and contributed.to the overall improvement in
methane conversion. Although the concept of improving. methanol oxidation through
heterologous gene introduction is shared, the specific integration techniques and genetic
sequences remain undisclosed.The oxidation of methanol to formaldehyde is a known bottleneck
in methane metabolism due to the limited activity of native methanol dehydrogenase enzymes.
o Introduction of a Heterologous mxaF Gene: A methanol dehydrogenase gene (mxaF)
from a high-efficiency methylotroph was integrated into the genome of 5GB1C-RO1 using
horizontal gene transfer (HGT) techniques.
o Outcome: Enhanced methanol oxidation activity resulted in a 50% increase in methanol
oxidation rates compared to the parental strain.
Table 21: Methanol Oxidation Rates in 5GB1C and 5GB1C-RO1

Strain Methanol Oxidation Rate (U/mg)Percentage Increase (%)
5GB1C 60+3 —
5GB1C-RO190 + 4 50

9.2 Improving Carbon Fixation and Biomass Yield
Maximizing methane utilization also depends on improving the efficiency of carbon fixation
pathways, which assimilate carbon from formaldehyde into biomass. In natural methanotrophs, the
RuMP cycle is the primary carbon fixation route. However, the introduction of alternative carbon
fixation pathways can complement the RuMP cycle and enhance overall carbon conversion
efficiency.

a. Introduction of the RuBisCO Pathway:
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Enhancing methane utilization also requires improving the efficiency of carbon fixation
pathways that assimilate carbon from formaldehyde into biomass.

Introduction of the RuBisCO Pathway

To complement the RuMP cycle and provide an additional route for carbon assimilation:

O

o

Integration of RuBisCO Genes: Genes encoding ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) were introduced into 5GB1C-RO1 via HGT.
Outcome: The incorporation of the RuBisCO pathway led to a 15% increase in overall
carbon conversion efficiency and improved biomass yields.

To provide an additional sink for formaldehyde-derived carbon, genes encoding ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) were introduced into 5GB1C-ROL1.
This pathway, typically absent in methanotrophs, enables the strain to fix carbon via an
alternative route. The integration of the RuBisCO pathway improved overall carbon fixation
efficiency by 15%, leading to increased biomass yields. The specifics of how this pathway
was integrated and regulated are proprietary and have been withheld.

The combined use of the RuMP and RuBisCO pathways allowed for more flexible and
efficient carbon assimilation, resulting in enhanced methane utilization for both energy and
biomass production.

Table 22: Carbon Conversion Efficiency and Biomass Yield

Parameter 5GB1C |5GB1C-RO1Percentage Increase (%)

Carbon Conversion Efficiency (%)65+1.5 80 +2.0 23

Biomass Yield (g/g methane) 0.58 +0.02/0.72 £0.03 24

Figure 22: Comparative analysis of biomass yields and carbon conversion efficiency between
5GB1C and 5GB1C-RO1.
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b. Optimization of Energy Generation Pathways:

©)

Methane utilization is closely linked to the energy status of the cell, as ATP and reducing
power (NADH) are required for both methane oxidation and carbon fixation. To support the
increased metabolic demand associated with enhanced methane oxidation and carbon
fixation, key components of the electron transport chain were upregulated.

Specifically, components of the NADH oxidoreductase complex and ATP synthase were
targeted for upregulation. This led to improved ATP production, allowing the engineered
strain to sustain higher metabolic rates. Details of the genetic modifications involved in
these optimizations remain confidential to protect the proprietary nature of the work.

To support increased metabolic activity:

o

o

Upregulation of Electron Transport Chain Components: Key components of the NADH
dehydrogenase complex and ATP synthase were upregulated to enhance ATP production.
Outcome: Improved energy availability supported higher rates of methane oxidation and
biomass synthesis.

Table 23: ATP Production Rates

Strain ATP Production Rate (umol ATP/mg protein/h)|Percentage Increase (%)
5GB1C 120+5 —
5GB1C-RO1150 + 6 25

9.3 Expanding Substrate Range for Methane Utilization
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Natural methanotrophs are often limited by the types of carbon compounds they can process. To
maximize methane utilization in diverse industrial and environmental contexts, 5GB1C-RO1 was
engineered to expand its substrate range beyond methane, including the ability to process additional
volatile organic compounds (VOCSs) and other industrial pollutants.

To maximize methane utilization in various industrial and environmental contexts, expanding the

substrate range is essential.

a. Bioremediation Coupled with Methane Utilization:

o The capacity to degrade pollutants such as hydrogen sulfide (H.S) and VOCs was
introduced into 5GB1C-RO1 through the incorporation of sulfur and VOC degradation
pathways. By equipping the strain with genes responsible for detoxifying these compounds,
methane utilization can proceed alongside bioremediation processes, particularly in
industrial settings where methane emissions are often accompanied by pollutants.

o The exact gene constructs and integration methods for expanding the strain’s bioremediation
capabilities are kept confidential, while the general strategy of coupling methane oxidation
with environmental cleanup remains an innovative aspect of this work.

b. Introduction of Pollutant Degradation Pathways: Genes responsible for the degradation of
hydrogen sulfide (H-S) and volatile organic compounds (VOCs) were integrated into 5GB1C-
RO1.

c. Outcome: The engineered strain demonstrated the ability to simultaneously oxidize methane
and degrade pollutants, enhancing its applicability in contaminated industrial environments.

Table 24: Bioremediation Performance

Pollutant Removal Efficiency  inRemoval Efficiency in 5GB1C-
5GB1C (%) RO1 (%)

Hydrogen Sulfide[50 =2 95+1

(H2S)

Toluene 35+£1.2 82+1.5

Xylene 30+1.0 85+1.8

Dichloromethane 25+0.8 80+1.6

Figure 24: Comparison of pollutant degradation efficiencies between 5GB1C and 5GB1C-ROL1.
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Bioremediation Performance (All Pollutants)

- SGEIC
- 5GB1C-RO1

H:S Toluene Xylene Dichloromethane

9.4 Improving Stress Tolerance for Industrial Application

In industrial and environmental settings, methanotrophic bacteria are often exposed to harsh
conditions such as fluctuations in temperature, pH, and the presence of toxic compounds. Enhancing
the stress tolerance of methanotrophs is therefore crucial to improving methane utilization under real -
world conditions.

Enhancing stress tolerance is crucial for maintaining methane utilization under industrial conditions.
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Growth Rate (h-})

a. Upregulation of Stress Response Genes:

o Genes involved in general stress responses, such as cstA (carbon starvation) and uspA
(universal stress protein), were introduced and upregulated to increase the strain’s resilience
to environmental fluctuations. This enhanced the strain’s ability to maintain methane
utilization rates even under suboptimal conditions, such as high-sulfide environments.

o The specifics of how these genes were regulated and introduced are proprietary to protect
the technology from replication.

b. Improved Sulfur Assimilation for Detoxification:

o Tofurther protect the strain from environmental stress, genes involved in sulfur assimilation
were upregulated, allowing the strain to tolerate and detoxify elevated sulfur levels in
polluted environments. This modification not only supported methane oxidation but also
expanded the strain’s potential applications in bioremediation.

Upregulation of Stress Response Genes

o Modulation of Stress Response Pathways: Genes involved in stress responses, such as
those associated with carbon starvation and universal stress proteins, were upregulated.

o Outcome: Increased resilience to environmental fluctuations, enabling sustained methane
utilization in high-sulfide and high-VOC environments.

Table 25: Growth Performance Under Stress Conditions

Condition Strain Growth Rate (h™")|Percentage Maintenance of Growth (%)
Optimal Conditions 5GB1C 0.231+£0.005 100

5GB1C-R0O1/0.280 +0.006 100

High Sulfide Conditions5GB1C 0.150+£0.004 |65

5GB1C-R0O1/0.260 +0.005 93

Figure 25: Growth rates of 5GB1C and 5GB1C-RO1 under optimal and high-sulfide conditions,
illustrating enhanced stress tolerance in the engineered strain.
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9.5 Integration of Horizontal Gene Transfer (HGT) for Functional Expansion
One of the key strategies in improving methane utilization in 5GB1C-RO1 was the use of horizontal
gene transfer (HGT) to introduce novel metabolic functions. By integrating genes from other
microorganisms with specialized metabolic capabilities, the strain's methane oxidation capacity and
environmental resilience were significantly enhanced.
e Heterologous Gene Integration for Expanded Capabilities:
o Through HGT, genes that were not naturally present in the parental strain were introduced
to expand the range of substrates the strain could process. This included genes for methanol
oxidation, carbon fixation, and pollutant degradation. The exact methods for gene
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integration and stabilization have been developed to maintain the strain’s genetic stability

over multiple generations, and these proprietary techniques remain undisclosed.
The strategies employed in 5GB1C-RO1 for enhancing methane utilization are based on a
combination of metabolic engineering, pathway optimization, stress tolerance improvements, and the
introduction of novel capabilities via horizontal gene transfer. These strategies allowed the strain to
overcome natural metabolic limitations, resulting in a robust methanotrophic system capable of
efficient methane oxidation, carbon fixation, and pollutant degradation. Key genetic details, pathway
modifications, and integration methods have been withheld to ensure that the proprietary nature of
the technology remains protected, while the overall concept is presented for scientific discussion.

X. Bioremediation Capabilities of Methylomicrobium buryatense 5GB1C-RO1

Methano

trophic bacteria are not only effective at methane oxidation but also present unique opportunities for

bioremediation, particularly in environments polluted by hazardous compounds such as hydrogen sulfide
(H2S) and volatile organic compounds (VOCs). The engineered strain Methylomicrobium buryatense 5GB1C-
RO1 was designed to capitalize on this potential, coupling enhanced methane utilization with advanced
bioremediation capabilities. Through a combination of genetic engineering and horizontal gene transfer
(HGT), the strain has been optimized for the degradation and detoxification of H.S and a range of VOCs,

making i

t a robust candidate for industrial and environmental cleanup operations. This section explores the

specific strategies employed to enhance the bioremediation functions of 5GB1C-RO1, while ensuring that

sensitive

10.1

10.2

proprietary information is not disclosed.

Hydrogen Sulfide (H:S) Degradation

Hydrogen sulfide is a toxic gas frequently found in industrial emissions, particularly in oil and gas,

wastewater treatment, and biogas production facilities. 5GB1C-RO1 was specifically engineered

to degrade H-S, reducing its toxicity and environmental impact.

10.1.1 Incorporation of Sulfide Oxidation Pathways
The bioremediation potential of 5GB1C-RO1 for H.S degradation was significantly enhanced
by incorporating genes responsible for sulfide oxidation from sulfur-oxidizing bacteria via
HGT. The strain’s capacity to degrade contaminants such as hydrogen sulfide was significantly
enhanced by introducing genes responsible for sulfur metabolism. This modification enabled
the strain to effectively remove hydrogen sulfide at high concentrations, achieving over 90%
removal efficiency in bioremediation applications.

Table 1: H:S Degradation Performance

Strain Maximum H:S Concentration Degraded H.S Removal Efficiency
(ppm) (%)

5GB1C 500 +£25 50+2

5GB1C-  2000+50 95+1

RO1

Figure 1: Schematic representation of the enhanced sulfide oxidation pathway in 5GB1C-RO1,
highlighting the roles of specific SQR and FCCAB enzymes.

10.1.2 Enhanced Sulfur Assimilation
To further increase the strain’s ability to detoxify high concentrations of H=S, genes involved
in sulfur assimilation, such as cysteine synthase (cysK) and serine acetyltransferase (cysE),
were upregulated. These genes enhance the incorporation of sulfur into amino acids and other
essential biomolecules, improving the strain’s ability to tolerate and thrive in sulfur-rich
environments.

10.1.3 Sulfide Stress Response
Stress response genes, including carbon starvation protein A (cstA) and universal stress protein
A (uspA), were introduced to improve the strain’s resilience to high concentrations of HzS.
These genes help 5GB1C-RO1 withstand sulfide stress by regulating metabolic processes and
activating protective pathways that prevent cellular damage under harsh conditions.

Volatile Organic Compounds (VOC) Degradation

Volatile organic compounds, including hydrocarbons, aromatic compounds, and chlorinated
solvents, are common pollutants in industrial environments. 5GB1C-RO1 has been engineered to
degrade a broad range of VOCs, expanding its application potential in polluted environments.
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10.2.1 Introduction of Alkane and Aromatic Compound Degradation Pathways

Genes encoding key enzymes for the degradation of short-chain alkanes and aromatic

compounds were introduced into 5GB1C-ROL1 via HGT:

o Alkane Degradation: The alkB gene, encoding alkane hydroxylase, was integrated to
facilitate the oxidation of alkanes to alcohols.

o Aromatic Compound Degradation: The todC1C2BA gene cluster was introduced to
enable the degradation of aromatic hydrocarbons such as toluene and xylene.

Table 26: VOC Degradation Efficiency

Compound Removal Efficiency inRemoval Efficiency in 5GB1C-
5GB1C (%) RO1 (%)

Toluene 35+1.2 82+1.5

Xylene 30+ 1.0 85+1.8

Dichloromethane25 + 0.8 80+1.6

Phenol ND 75+1.5

ND: Not Detected in 5GB1C
Figure 2: Bar graph comparing VOC degradation efficiencies between 5GB1C and 5GB1C-RO1,
demonstrating the enhanced capabilities of the engineered strain.

10.2.2 Expanded Degradation of Aromatic Compounds
To broaden the range of degradable aromatic compounds, the dmpKLMNOP gene cluster,
encoding a phenol hydroxylase complex, was integrated. This allowed 5GB1C-RO1 to
degrade phenol and related compounds effectively.

10.2.3 Halogenated Compound Degradation
The dehH1 gene, encoding a dehalogenase enzyme, was introduced to enable the degradation
of halogenated compounds such as dichloromethane. This provided 5GB1C-RO1 with the
ability to detoxify persistent and toxic halogenated organic pollutants.

10.3 Integration of Bioremediation and Methane Oxidation
10.3.1 Methane Oxidation and Pollutant Degradation Synergy
A key feature of 5GB1C-ROL1 is its ability to couple bioremediation with methane oxidation,
enabling simultaneous methane conversion and pollutant detoxification. The strain utilizes
methane as a primary energy source while degrading co-occurring pollutants, making it
particularly valuable in industrial applications where methane emissions are accompanied by
hazardous pollutants.

Table27: Combined Methane Oxidation and Bioremediation Performance

Parameter 5GB1C |5GB1C-RO1
Methane Uptake Rate (mmol-g'-h™)[53.5 £2.1/75.0 £ 2.5
H-S Removal Efficiency (%) 50+£2 95+1

\VVOC Degradation Efficiency (%) [30+1.5 [85+2

Figure 27: Schematic diagram illustrating the integration of methane oxidation and pollutant
degradation pathways in 5GB1C-RO1.
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Combined Methane Oxidation and Bioremediation Performance
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Methane Uptake Rate H:S Removal Efficiency VOC Degradation Efficiency

The bioremediation capabilities of Methylomicrobium buryatense 5GB1C-RO1 have been
significantly enhanced through genetic engineering, allowing the strain to degrade hazardous
pollutants such as hydrogen sulfide (H.S) and wvolatile organic compounds (VOCs). By
incorporating key degradation pathways via horizontal gene transfer and optimizing sulfur

Engineered Pathways for Hydrogen Sulfide (H2S) Degradation
Hydrogen sulfide is a common byproduct in industries such as oil refining, natural gas processing,
and wastewater treatment. It is highly toxic and corrosive, posing serious environmental and health
risks. 5GB1C-RO1 was engineered to efficiently degrade H.S by incorporating pathways that
oxidize sulfide into less harmful compounds, such as elemental sulfur, sulfite, and sulfate.
10.4.1 Sulfide Oxidation via the Sulfide Oxidoreductase (SQR) Pathway
One of the key enzymes introduced into 5GB1C-RO1 is sulfide oxidoreductase (SQR), which
catalyzes the initial oxidation of sulfide (H-S) to elemental sulfur or polysulfide. This reaction
occurs in the presence of quinones acting as electron acceptors and represents the first step in
detoxifying H-S. :

Table 1: Enzymatic Conversion of H2S by SOR

Reaction Enzyme Substrate Product
H:S + quinone — S° + quinol  SQR Hydrogen sulfide Elemental sulfur (S°),
(H2S) quinol

10.4.2 Flavocytochrome ¢ Sulfide Dehydrogenase (FCC) for Sulfide to Sulfite Conversion
Following the initial oxidation by SQR, flavocytochrome c sulfide dehydrogenase (FCC)
facilitates the conversion of elemental sulfur or sulfide into sulfite. FCC is introduced from
sulfur-oxidizing bacteria and enables further oxidation of sulfur compounds during aerobic
respiration.

10.4.3 Integration of the Sulfur Assimilation Pathway
To enhance the strain’s capacity to handle increased sulfur loads, genes involved in sulfur
assimilation, such as cysteine synthase (cysK) and serine acetyltransferase (cysE), were
upregulated. These enzymes are critical for incorporating sulfur into essential biomolecules
like amino acids, reducing intracellular sulfur stress and allowing 5GB1C-RO1 to thrive in
sulfur-rich environments.

Table 2: Upregulated Sulfur Assimilation Enzymes in 5GB1C-RO1

Enzyme Gene Function
Cysteine synthase cysK  Synthesis of cysteine from O-acetylserine and sulfide
Serine acetyltransferase cysE Formation of O-acetylserine from serine
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10.5

10.6

10.4.4 Enhanced Sulfide Stress Response
In addition to the degradation pathways, 5GB1C-RO1 was engineered to tolerate high
concentrations of H.S through the upregulation of stress response genes, such as carbon
starvation protein A (cstA) and universal stress protein A (uspA). These genes enable the strain
to survive and function in environments with elevated sulfide levels, making it suitable for
bioremediation applications in industrial settings.

Engineered Pathways for VOC Degradation
Volatile organic compounds (VOCs) include a wide range of pollutants, from short-chain alkanes
to complex aromatic and halogenated hydrocarbons. They are found in industrial emissions,
solvents, and chemical waste, and are often persistent and difficult to degrade. 5GB1C-RO1 was
engineered to degrade a broad spectrum of VOCs by incorporating multiple metabolic pathways
that target specific classes of organic compounds.
10.5.1 Alkane Degradation Pathway via Alkane Hydroxylase (AlkB)
Short-chain alkanes are degraded by the enzyme alkane hydroxylase (AIkB), which catalyzes
the initial oxidation of alkanes to alcohols. This enzyme was introduced into 5GB1C-RO1 via
horizontal gene transfer, enabling the strain to utilize alkanes as carbon and energy sources.
Figure 2: Alkane Degradation Pathway in 5GB1C-RO1

10.5.2 Aromatic Hydrocarbon Degradation via Toluene Dioxygenase (Tod)
Aromatic hydrocarbons, such as toluene and xylene, are common components of VOC
emissions. The tod gene cluster encoding toluene dioxygenase was introduced into 5GB1C-
RO1 to enable the degradation of these compounds.

Table 28: Enzymes Involved in Aromatic Compound Degradation
Enzyme Gene Substrate Product
Toluene dioxygenase todC1C2BA Toluene  cis-Dihydrodiol intermediates

10.5.3 Degradation of Phenolic Compounds via Phenol Hydroxylase
To expand the degradation capability to phenolic compounds, the dmpKLMNOP gene cluster
encoding phenol hydroxylase was integrated. This enzyme complex. hydroxylates phenol to
catechol, which can then enter the beta-ketoadipate pathway.

10.5.4 Halogenated Hydrocarbon Degradation via Dehalogenase
To address the challenge of halogenated compounds, such as chlorinated solvents, 5GB1C-
RO1 was engineered to express dehalogenase enzymes (e.g., dehH1), enabling the cleavage of
carbon-halogen bonds and detoxification of compounds like dichloromethane.

Dual-functionality: Coupling Bioremediation with Methane Oxidation
5GB1C-RO1 was designed to couple methane oxidation with pollutant degradation, enabling
simultaneous methane bioconversion and bioremediation. This dual functionality is particularly
valuable in industrial applications where methane emissions are often accompanied by hazardous
pollutants like H.S and VOC:s.

Table 29: Performance Metrics of 5GB1C-RO1 in Methane Oxidation and Pollutant Degradation

Parameter 5GB1C 5GB1C-RO1
Methane Uptake Rate (mmol-g'-h™) 53.5+2.1 75.0£2.5
H:S Degradation Efficiency (%) 50+2 95+1

VOC Degradation Efficiency (%0) 30+£1.5 85+2

*Figure 29: Schematic Overview of Dual Methane Oxidation and Pollutant Degradation in 5GB1C-
RO1
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The engineered pathways for H.S and VOC degradation in 5GB1C-RO1 provide the strain with
enhanced bioremediation capabilities. By integrating key enzymes for sulfide oxidation, alkane
degradation, aromatic compound breakdown, and halogenated hydrocarbon detoxification, the
strain is capable of efficiently degrading a wide range of pollutants. This, coupled with its methane
oxidation capabilities, makes 5GB1C-RO1 a powerful candidate for industrial and environmental
applications in bioremediation. Specific details of the genetic engineering techniques, gene
sequences, and pathway integration have been withheld to protect the proprietary nature of the
technology.

Methane purification performance

The genetically engineered strain Methylomicrobium buryatense 5GB1C-RO1 has been optimized for
methane purification, leveraging advanced metabolic pathways to remove contaminants while maintaining
high methane oxidation efficiency. This section highlights the key strategies and-performance metrics
demonstrating 5GB1C-RO1 as a robust candidate for methane purification in industrial and environmental
settings, while protecting sensitive proprietary details.

11.1 Methane Oxidation and Contaminant Removal

The methane oxidation pathway in 5GB1C-RO1 has been enhanced through CRISPR/Cas9-
mediated modifications to key enzymes in the Ribulose Monophosphate (RuMP) cycle. These
modifications allow for faster methane-to-methanol conversion and efficient assimilation of
formaldehyde, which is subsequently fixed into biomass.
The strain exhibited a methane oxidation rate of 75 mmol-g ' -h™!, a 40% improvement over the
parent strain. This improvement is directly attributable to the enhanced activity of enzymes such as
hexulose-6-phosphate synthase (hps) and 6-phospho-3-hexuloisomerase (phi), which were
genetically modified for increased catalytic efficiency and expression levels.
Methane oxidation serves as both the energy source for the bacterium and as the purification
mechanism for methane streams, where 5GB1C-RO1 can efficiently metabolize methane while
purifying the gas.
5GB1C-R0O1 has been designed to simultaneously oxidize methane and remove contaminants such
as H2S and VOCs, which are commonly found in raw methane streams from biogas, landfill gas,
and natural gas wells. The ability to couple these processes is central to the strain’s methane
purification performance.
11.1.1 Enhanced Methane Oxidation Capacity
The methane oxidation pathway in 5GB1C-RO1 has been enhanced through genetic
modifications to key enzymes in the ribulose monophosphate (RuMP) cycle. These
modifications allow for faster methane-to-methanol conversion and efficient assimilation of
formaldehyde into biomass.
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o Methane Oxidation Rate: The strain exhibits a methane oxidation rate of
75 £ 2.5 mmol-g'-h™, a 40% improvement over the parent strain 5GB1C.
Table 30: Comparison of Methae Oxidation Rates

Strain Methane Oxidation Rate<br>(mmol-g*'-h™)
5GB1C 53.5+2.1
5GB1C-RO1 75.0£2.5

.1.2 Contaminant Degradation
The removal of H.S and VOCs such as alkanes, toluene, and phenol is a key aspect of 5GB1C-
RO1's methane purification capabilities. The engineered pathways for sulfur oxidation and
aromatic compound degradation enable the strain to simultaneously detoxify methane streams,
ensuring that impurities are removed without compromising the efficiency of methane
oxidation.
The strain has been shown to degrade up to 95% of H-S and 85% of VOC:s, including aromatic
hydrocarbons, under conditions mimicking those found in biogas and landfill gas sources.
These impurities are degraded through the activity of enzymes such as sulfide oxidoreductase
(SQR) and toluene dioxygenase (TodC1C2BA), which were introduced via horizontal gene
transfer (HGT).
The removal of H.S and VOCs is a key aspect of 5GB1C-RO1's methane purification
capabilities. The engineered pathways for sulfur oxidation and VOC degradation enable the
strain to detoxify methane streams efficiently.
o  Hydrogen Sulfide (H2S) Degradation
Hydrogen sulfide is one of the most common and problematic impurities in raw methane
streams. It is highly corrosive, toxic, and must be removed to meet methane quality
standards for energy use. 5GB1C-RO1's ability to degrade H-S is a critical component of
its methane purification performance.
e Sulfide Oxidation Pathway:
The introduction of the sulfide oxidoreductase (SQR) and flavocytochrome c sulfide
dehydrogenase (FCCAB) enzymes enables 5GB1C-ROI to efficiently oxidize H2S
into elemental sulfur and sulfite. This process detoxifies the methane stream, allowing
for the removal of harmful sulfur compounds while maintaining methane oxidation.
The strain has demonstrated the ability to degrade H.S concentrations up to 2000 ppm,
with a removal efficiency of 95 + 1%. The strain’s capacity to degrade contaminants
such as hydrogen sulfide was significantly enhanced by introducing genes responsible
for sulfur metabolism. This modification enabled the strain to effectively remove
hydrogen sulfide at high concentrations, achieving over 90% removal efficiency in
bioremediation applications."
H:S Degradation Efficiency: The strain demonstrates the ability to degrade H.S
concentrations up to 2000 + 50 ppm, with a removal efficiency of 95 +1%.

Table 31: H»S Degradation Performance

Strain Max H:S Concentration Degraded H:S Removal Efficiency
(ppm) (%)

5GB1C 500 +25 50+£2

5GB1C- 200050 95+1

RO1

o Volatile Organic Compounds (VOCs) Degradation
e VOC Degradation Efficiency: The strain achieves up to 85+2% degradation
efficiency for various VOC:s.

Table 32: VOC Degradation Efficiency

Compound Removal Efficiency in Removal  Efficiency in
5GB1C (%) 5GB1C-RO1 (%)

Toluene 35+1.2 82+1.5

Xylene 30+£1.0 85+1.8

Phenol ND 75+1.5
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11.2

11.3

11.4

Dichloromethane 25+0.8 80+1.6
ND: Not Detected in 5GB1C

Sulfide Removal and Methane Purity
Following H-S degradation, the resulting methane stream achieves a purity level suitable for
industrial use, with sulfur concentrations reduced to below detectable limits. This makes 5GB1C-
RO1 an ideal candidate for applications such as biogas upgrading, where high methane purity is
essential for energy production or injection into natural gas grids.
The strain’s ability to handle fluctuating HzS levels, common in industrial methane streams, further
enhances its applicability in real-world settings where Hz=S concentrations may vary.
11.2.1 Sulfide Oxidation Pathway
The introduction of SQR and FCC enzymes enables 5GB1C-RO1 to efficiently oxidize H.S
into less harmful compounds, enhancing methane purity.
11.2.2 Impact on Methane Purity
Following H-S degradation, the methane stream achieves a purity level suitable for industrial
use, with sulfur concentrations reduced to below detectable limits.

Table 33: Methane Purity after Treatment with 5GB1C-RO1

Parameter Before Treatment After Treatment with 5GB1C-RO1
Methane Purity (%) 85+2 98 +1

H-S Concentration (ppm) 2000 + 50 <1

Total VOCs (ppm) 1500 £40 200+10

Volatile Organic Compound (VOC) Removal

VOCs are another class of contaminants found in raw methane streams, particularly in biogas and
landfill gas. These compounds can include hydrocarbons, aromatics, and chlorinated solvents, all
of which reduce the quality and usability of methane. 5GB1C-ROL1 has been engineered to degrade
a broad range of VOCs, expanding its methane purification capabilities.

11.3.1 Aromatic Hydrocarbon Degradation:

o Theengineered 5GB1C-RO1 strain has been optimized to degrade aromatic hydrocarbons,
including toluene, xylene, and phenol. Through enhanced enzymatic pathways, these
volatile organic compounds (VOCs) are broken down into less harmful intermediates,
which are subsequently converted into cellular biomass.

o The strain achieved a degradation efficiency of up to 85 + 2% for a variety of VOCs,
effectively purifying methane streams from these contaminants.

11.3.2 Halogenated VOC Degradation:

o 5GB1C-RO1 was also engineered to degrade halogenated VOCs, such as
dichloromethane, which are prevalent in certain industrial emissions. The introduction of
the dehalogenase (dehH1) enzyme allows the strain to break the carbon-halogen bonds in
these pollutants, detoxifying the methane stream while maintaining high methane
oxidation efficiency.

o  The strain’s ability to degrade both aromatic and halogenated VOCs makes it versatile for
methane purification in industries with complex pollutant profiles.

Coupling Methane Oxidation with Bioremediation
11.4.1 Metabolic Flexibility
The engineered pathways allow 5GB1C-ROL1 to efficiently oxidize methane while degrading
contaminants, without compromising either process.
One of the key advantages of 5GB1C-ROL1 is its ability to couple methane oxidation with
bioremediation of contaminants such as H.S and VOCs. This dual-function capability ensures
that methane can be purified to meet energy standards while simultaneously addressing
environmental pollution.
o Metabolic Flexibility: The engineered pathways for methane oxidation and pollutant
degradation are metabolically integrated, allowing 5GB1C-RO1 to efficiently switch
between methane oxidation and contaminant detoxification depending on the conditions.
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This flexibility ensures that methane purification is not compromised even in the presence
of high levels of pollutants.

Industrial Applications: The coupling of these pathways makes 5GB1C-RO1
particularly well-suited for applications in biogas upgrading, landfill gas treatment, and
natural gas purification. By simultaneously purifying methane and reducing environmental
pollution, the strain provides a sustainable solution for industries looking to reduce their
carbon and sulfur footprints.

11.4.2 Industrial Applications

EMic

This dual functionality is particularly beneficial in biogas upgrading, landfill gas treatment,
and natural gas purification.

Table 34: Performance Metrics of 5GB1C-RO1 in Methane Purification

Parameter Value

Methane Oxidation Rate 75+ 2.5 mmol-g!-h™!

H:S Removal Efficiency 95+1%

VOC Removal Efficiency 85+2%

Methane Purity Achieved 98 +1%

Operational Stability Maintained over 30-day continuous run

34: Operational Stability of 5GB1C-RO1

Operational Stability of SGB1C-RO1 Over 30 Days

== Methane Oxidation Efficency
HsS Removal Efcancy
wde=YOC Removal Efficency

Days

The overall performance of 5GB1C-RO1 in methane purification can be summarized by its
ability to handle large volumes of methane with varying levels of contaminants. Key
performance metrics include:

Methane Oxidation Rate: 75 mmol-g*-h™, representing a significant improvement in
methane bioconversion efficiency.

H:S Degradation Efficiency: 95%0, ensuring that sulfur compounds are reduced to below
detectable levels in the purified methane stream.

VOC Degradation Efficiency: 85%0, allowing for the removal of a wide range of VOCs,
including aromatics and halogenated compounds.

The methane purification performance of Methylomicrobium buryatense 5GB1C-RO1 represents a
significant advancement in bioremediation and bioconversion technologies.

Through the integration of enhanced methane oxidation pathways and engineered contaminant degradation
systems, the strain efficiently purifies methane while removing harmful impurities such as H.S and VOC:s.
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The robust performance metrics, including high methane oxidation rates and contaminant removal
efficiencies, position 5GB1C-RO1 as a powerful tool for industrial methane purification and environmental
remediation.

XIl.  Bioreactor Design for Methane Purification

The application of methanotrophic bacteria in bioreactors offers an efficient and scalable solution for methane
purification. The genetically engineered strain Methylomicrobium buryatense 5GB1C-RO1 has been
specifically optimized for methane bioconversion and pollutant removal, making it a robust candidate for use
in bioreactors aimed at methane purification. This section outlines the key principles and considerations
behind the design of bioreactors for methane purification, with a focus on maximizing methane oxidation,
contaminant removal (e.g., hydrogen sulfide and volatile organic compounds), and system stability.

Bioreactor Design Models

Two bioreactor models are considered for methane purification using 5GB1C-RO1:
1. Membrane Bioreactor (MBR) System

2. Packed Bed Bioreactor (PBR) System

12.1 Key Design Considerations
The design of the bioreactor system for methane purification must take into account the metabolic
capabilities of 5GB1C-RO1, as well as the operational requirements for effective bioremediation
and methane conversion. Several critical factors are considered in the bioreactor design:
12.1.1 High Surface Area for Gas-Liquid Transfer:

o Methane Oxidation: Methane, being a gas, must be efficiently delivered to the
methanotrophic bacteria for oxidation. Therefore, the bioreactor is designed to maximize
the surface area for gas-liquid transfer, ensuring that 5GB1C-RO1 has ample access to
methane and oxygen.

o The use of membrane-based bioreactors or packed bed reactors with high surface area
materials allows for optimal methane mass transfer, improving the overall rate of methane
oxidation. These systems help to avoid limitations due to poor gas solubility, a key
bottleneck in methane purification processes.

Table 35: Comparison of Gas-Liquid Transfer in MBR and PBR Systems

Feature MBR System PBR System

Gas Transfer Method Membrane diffusion Convective flow through packing
Surface Area High (membrane surface) -~ High (packing material)

Methane Solubility Limitation  Mitigated via membranes  Requires efficient mixing
Oxygen Supply Efficiency High Moderate

12.1.2 Efficient Mixing and Nutrient Distribution

Ensuring uniform distribution of gases and nutrients is critical.

o MBR System: Gentle agitation minimizes shear stress while maintaining homogeneity.

o PBR System: Fluid recirculation prevents channeling and ensures even distribution.
12.1.3 Controlled Oxygen Supply

Methane oxidation is an aerobic process.

o Oxygen-to-Methane Ratio: Carefully controlled to optimize metabolic efficiency.

o Oxygen Supply: Regulated using dissolved oxygen probes and automated controllers.
12.1.4 Continuous Operation for Steady-State Performance

o Continuous Feeding: Steady input of contaminated methane and nutrients.

o Chemostat Design: Maintains a stable microbial population and consistent performance.

12.2 pH and Temperature Control
o Temperature: During our test we maintained the temperature between 30-35°C for
optimal enzyme activity.
o pH: Kept near neutral (~7.0) using buffering agents.

12.2.1 Efficient Mixing and Nutrient Distribution:
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o

The bioreactor is designed to ensure that methane, oxygen, and other essential nutrients
are evenly distributed throughout the culture. This is achieved by incorporating stirred-
tank configurations or bubble columns, which enhance mixing and prevent the
formation of gas or nutrient gradients within the reactor.

The stirring speed and gas sparging rate are optimized to maintain high cell density and
maximize methane oxidation without causing excessive shear stress that could damage the
bacteria.

12.2.2 Controlled Oxygen Supply:

o

Methane oxidation by 5GB1C-ROL1 is an aerobic process, requiring a consistent supply of
oxygen. The bioreactor is equipped with oxygen sensors and controllers to maintain the
optimal dissolved oxygen concentration, ensuring that oxygen is not limiting the rate of
methane oxidation.

An oxygen-to-methane ratio is carefully controlled, as excess oxygen could lead to
unnecessary energy expenditure for bacterial respiration, while insufficient oxygen could
limit the metabolic rate.

12.2.3 Continuous Operation for Steady-State Performance:

o

To achieve high methane purification efficiency, the bioreactor is operated in continuous
mode. This allows for the steady feeding of raw methane, contaminated with hydrogen
sulfide (H2S) and volatile organic compounds (VOCs), while continuously removing
purified methane and waste products.

A chemostat design is employed to maintain a stable population of 5GB1C-ROL cells at
optimal growth conditions, ensuring consistent methane oxidation and contaminant
removal. The dilution rate is adjusted to match the methane feed rate, maintaining the
balance between methane input and the metabolic capacity of the culture.

12.2.4 pH and Temperature Control:

o

Methanotrophs, including 5GB1C-RO1, require specific temperature and pH ranges for
optimal metabolic activity. The bioreactor is equipped with pH and temperature sensors,
along with automatic control systems that maintain conditions within the optimal range
for methane oxidation and pollutant degradation.

Temperature is maintained between 30-35°C, while the pH is kept near. neutral (around
pH 7), both of which are optimal for the activity of key enzymes involved in methane
oxidation and sulfur degradation pathways.

12.3 Pollutant Removal Design Features
The dual-functionality of 5GB1C-ROL1 in methane oxidation and pollutant degradation requires
specific bioreactor design features to accommodate the removal of contaminants such as hydrogen
sulfide (H2S) and VOCs.
12.3.1 Hydrogen Sulfide Removal:

o

H:S Removal via Sulfide Oxidation: The bioreactor incorporates an H2S removal system
that leverages the engineered sulfur oxidation pathways in 5GB1C-RO1. As methane
streams containing H.S enter the bioreactor, 5GB1C-RO1 actively degrades the H-S into
elemental sulfur and sulfite via the sulfide oxidoreductase (SQR) and flavocytochrome
c sulfide dehydrogenase (FCCAB) enzymes.

The system also includes a solid-liquid separation unit, where elemental sulfur produced
during H.S degradation is removed from the liquid culture, preventing sulfur
accumulation, which could inhibit the metabolic activity of the bacteria.

12.3.2 VOC Removal:

o

The bioreactor is equipped with features to support the degradation of VOCs such as
toluene, xylene, and phenol. 5GB1C-RO1 has been engineered with specific pathways for
aromatic compound degradation, which are activated when VOCs are present in the
methane stream.

The design includes gas scrubbing units that trap and concentrate VOCs, allowing the
bacteria to efficiently degrade these contaminants before the purified methane is released
from the bioreactor.

12.4 Sequential Purification Stages:

o

In cases where methane streams contain high levels of H.S or VOCs, the bioreactor can
be configured to operate in multiple stages. In the first stage, H-S is degraded, while in
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subsequent stages, VOCs are removed. Each stage is optimized for a specific contaminant,
ensuring that methane is fully purified by the time it exits the system.

o This modular approach allows the bioreactor to handle complex feedstocks with varying
levels of contaminants, while maintaining high methane purity and operational stability.

12.4.1 Hydrogen Sulfide Removal

o Sulfide Oxidation Pathways: Utilizes the engineered metabolic pathways in 5GB1C-ROL1.
o Solid-Liquid Separation Unit: Removes elemental sulfur to prevent accumulation.

Figure 36. Schematic of H2S Removal in Bioreactor
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Diagram showing the flow of methane containing H-S into the bioreactor, the

conversion of H2S to elemental sulfur by SGB1C-RO1, and the removal of

Raw Mothane with H,S5 and VOCs

purified methane and elemental sulfur. l

12,5

12.6

12.4.2 VOC Removal [ Stage 1 H ;ﬂ

@)

Aromatic Compound Degradation: Activated pathways in
the presence of VOCs. '
Gas Scrubbing Units: Trap and concentrate VOCs for ; '
efficient degradation. ‘

12.4.3 Sequential Purification Stages ’

@)

Figure 2

Multi-Stage Configuration: First stage removes H-S;
subsequent stages remove VOCs.
: Multi-Stage Bioreactor Configuration l

Bioreactor Monitoring and Control Systems

To ensu

re consistent performance and operational stability, the bioreactor is equipped with

advanced monitoring and control systems:

12.5.1 Real-Time Gas Monitoring:

@)

@)

Gas sensors are installed to continuously measure the concentration of methane, H-S,
VOCs, and oxygen within the bioreactor.

This data is fed into a control system that adjusts the gas flow rates, sparging rates, and
nutrient feed rates in real-time, optimizing the performance of 5GB1C-RO1 under
fluctuating operating conditions.

Methane purity is monitored at the outlet, ensuring that the purified methane meets the
required quality standards for industrial applications or further processing.

12.5.2 Automated Nutrient and pH Control:

(@)

o

Nutrient levels, pH, and dissolved oxygen are continuously monitored and controlled to
maintain the optimal growth conditions for 5GB1C-RO1. The bioreactor is equipped with
automated feeding systems that deliver nutrients (e.g., trace metals, nitrogen, and vitamins)
as needed to support high metabolic activity.

pH is controlled by adding buffering agents or acids/bases to keep the system within the
desired range, preventing any fluctuations that could inhibit bacterial activity.

12.5.3 Temperature Control and Heat Management:

@)

The bioreactor’s temperature is tightly controlled using a cooling jacket or internal heat
exchangers, ensuring that the heat generated from bacterial respiration does not lead to
thermal stress. Proper temperature regulation helps maintain enzyme activity and ensures
high methane oxidation and pollutant degradation rates.

Table 37: Monitoring Parameters and Control Strategies

Parameter Monitoring Method  Control Strategy

Methane Concentration ~ Gas chromatography  Adjust feed rate

H-S and VOC Levels Gas sensors Modify gas flow and scrubbing
Dissolved Oxygen DO probes Adjust aeration

pH pH probes Add acids/bases or buffers
Temperature Thermocouples Heating/cooling systems

Scalability and Industrial Applications

The bioreactor system designed for 5GB1C-ROL1 is scalable for industrial applications, allowing it

to be deployed in a range of methane purification scenarios, including:

a. Biogas Upgrading: The bioreactor can be used to upgrade biogas by removing H.S and VOCs
while converting methane to a high-purity product suitable for injection into natural gas grids
or use as a renewable energy source.
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b. Landfill Gas Treatment: In landfill gas applications, the bioreactor can be used to purify
methane streams that contain high levels of sulfur compounds and VOCs, ensuring that the
methane is suitable for energy production.
c. Natural Gas Purification: The system can be applied in natural gas wells where sulfur and
VOC contamination are common, providing an environmentally friendly method for purifying
methane and reducing greenhouse gas emissions.

Table 38: Potential Industrial Applications

Application Contaminants Bioreactor Model
Biogas Upgrading H-S, VOCs MBR or PBR
Landfill Gas Treatment High levels of H2S, VOCs Multi-stage PBR
Natural Gas Purification Sulfur compounds, VOCs MBR

The bioreactor designed for methane purification using 5GB1C-ROL1 incorporates advanced features that
maximize methane oxidation and contaminant removal efficiency. By leveraging the enhanced metabolic
pathways in 5GB1C-RO1, including sulfur oxidation and aromatic compound degradation, the bioreactor is
capable of purifying methane streams with high levels of contaminants such as H.S and VOCs. The continuous
operation, modular design, and automated control systems ensure that the bioreactor is highly adaptable to
industrial-scale applications, offering a sustainable and scalable solution for methane purification and
pollutant bioremediation. Proprietary details regarding specific integration techniques and genetic
modifications remain protected to safeguard the intellectual property.

XI11. Mass Transfer Improvements for Enhanced Methane Purification

In bioreactors designed for methane purification, efficient mass transfer of gases, such as methane (CHa4) and
oxygen (0O:), into the liquid phase is a critical factor that influences overall system performance. The metabolic
activity of methanotrophic bacteria like Methylomicrobium buryatense 5GB1C-ROL1 relies on the availability
of these gases in the aqueous medium, where they can be taken up and metabolized.

However, due to the low solubility of methane and oxygen in water, mass transfer can-be a significant
bottleneck, limiting the overall efficiency of the methane oxidation and pollutant degradation processes. In
this context, the design of the bioreactor and the use of mass transfer enhancement strategies are crucial for
maximizing methane oxidation rates and contaminant removal efficiency. This section outlines the approaches
used to improve mass transfer in the bioreactor system for 5GB1C-RO1, resulting in enhanced methane
purification performance.

Table 39: Solubility of Methane and Oxygen in Water at 25°C and 1 atm

Gas Solubility (mg/L)
Methane 22
Oxygen 40

13.1 Gas-Liquid Mass Transfer Limitations

Methane is a hydrophobic gas with low solubility in water (approximately 22 mg/L at 25°C and 1

atm), which restricts its availability to methanotrophic bacteria in the liquid phase. Oxygen, though

more soluble than methane, can also become limiting under high metabolic rates due to the high
oxygen demand for methane oxidation.

This creates mass transfer limitations, where the rate at which methane and oxygen are transferred

from the gas phase to the liquid phase becomes slower than the rate at which the bacteria can oxidize

methane.

e Challenges: Low solubility of methane and oxygen leads to diffusion limitations, resulting in
decreased methane oxidation rates and reduced bioreactor efficiency. In bioreactor systems,
insufficient gas-liquid transfer can result in substrate-limited conditions, reducing the growth
and activity of 5GB1C-RO1.
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13.2 Mass Transfer Enhancement Strategies
To overcome these limitations and improve methane and oxygen .
availability for 5GB1C-RO1, several mass transfer enhancement &
strategies have been implemented in the bioreactor design. These e
strategies aim to increase the interfacial area between the gas and G
liquid phases, improve gas solubility, and maximize the rate of gas & o=
diffusion into the liquid medium. . ¥

13.2.1 Use of High Surface Area Materials for Gas Dispersion:

@)

Packed Bed Reactors and Membrane Systems: One approach

to improving mass transfer is the use of packed bed reactors TS

or membrane bioreactors that incorporate materials with
high surface areas for gas dispersion. These materials, such
as porous packing media or gas-permeable membranes,
create a large interfacial area where methane and oxygen can .
be transferred from the gas phase into the liquid phase.
The high surface area of these materials enhances gas

diffusion into the aqueous environment, ensuring that 5GB1C-RO1 has sufficient access
to methane and oxygen. This increases the overall methane oxidation rate by overcoming
the mass transfer limitations typically seen in conventional stirred-tank bioreactors.

13.2.2 Optimized Gas Sparging and Mixing:

o

Fine Bubble Aeration: The bioreactor uses fine bubble aeration to increase the contact
between methane, oxygen, and the liquid culture. Fine bubbles have a higher surface area-
to-volume ratio than larger bubbles, allowing for more efficient gas transfer into the liquid
phase. The smaller bubbles remain suspended in the liquid for longer periods, providing
more time for gas exchange to occur.

Stirred-Tank Mixing: In stirred-tank bioreactors, mechanical mixing.is optimized to
ensure uniform gas distribution throughout the liquid medium. Impeller designs and
stirring speeds are carefully calibrated to enhance turbulence without causing excessive
shear stress on the bacterial cells. This approach improves gas-liquid mass transfer by
minimizing gas concentration gradients and promoting efficient gas uptake by 5GB1C-
ROL1.

Stirred-Tank Mixing:

Impeller Design: Optimized to enhance turbulence without damaging cells.
Uniform Gas Distribution: Minimizes concentration gradients, promoting efficient gas
uptake.

Table 40: Comparison of Bubble Sizes and Gas Transfer Efficiency
Bubble Size Surface Area-to-Volume Ratio Gas Transfer Efficiency
Large Bubbles Low Moderate
Fine Bubbles  High High

13.3 Increased Pressure for Enhanced Gas Solubility:

)

Pressurized Bioreactors: Another strategy to improve methane and oxygen solubility is
the use of pressurized bioreactors, where the operating pressure is increased above
atmospheric levels. Under higher pressure, the solubility of gases in the liquid increases,
allowing more methane and oxygen to dissolve in the aqueous medium. This creates a
higher substrate concentration for 5GB1C-RO1, enabling higher methane oxidation rates.
Operating the bioreactor at moderate pressures (e.g., 1.5 to 2 bar) has been shown to
significantly enhance the methane oxidation capacity of the system. However, the pressure
is carefully controlled to avoid inhibiting bacterial activity or causing mechanical issues
in the reactor.
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Pressurized Bioreactors:
e Higher Operating Pressure: Increases solubility of CH4 and O2 in the liquid phase.
e Enhanced Substrate Availability: Supports higher metabolic rates of 5GB1C-RO1.

Table 41: Effect of Pressure on Gas Solubility

Pressure (bar) Methane Solubility (mg/L) Oxygen Solubility (mg/L)
1.0 22 40
1.5 33 60
2.0 44 80

13.4 Agitation with Recirculating Gas Streams:

135

o Gas Recirculation: To maximize gas utilization, the bioreactor employs a gas
recirculation system that continuously circulates unreacted methane and oxygen back
into the reactor. This minimizes gas waste and ensures that methane and oxygen that were
not fully dissolved in the first pass are reintroduced into the system for further uptake by
the bacteria.

o The recirculation system also helps maintain a steady gas composition in the reactor,
reducing fluctuations in methane and oxygen concentrations and promoting stable
operation over extended periods.

Mass Transfer Coefficient (kLa) Improvements

The mass transfer coefficient (kLa) is a key parameter that quantifies the rate of gas transfer in

the bioreactor. It is a function of the gas-liquid interfacial area (a) and the rate of mass transfer

across the interface (kL). Increasing the kLa value is essential for achieving higher methane and
oxygen transfer rates.

a.  Higher kLa Values: Through the use of fine bubble aeration, high surface area materials, and
optimized mixing, the kLa value in the bioreactor has been significantly increased. This means
that the rate of methane and oxygen transfer into the liquid phase is faster, allowing 5GB1C-
RO1 to maintain higher metabolic rates and achieve higher methane oxidation.and contaminant
removal efficiencies.

b. Empirical Data: In laboratory-scale experiments, the kLa value for methane transfer in the
bioreactor system was improved by up to 40% compared to standard stirred-tank designs. This
increase in kLa translated to a 30% improvement in methane oxidation rates, demonstrating
the effectiveness of the mass transfer enhancement strategies.

Improvements Achieved:

13.6

e Fine Bubble Aeration and High Surface Area Materials: Increased k<sub>L</sub>a by up
to 40%.
e Optimized Mixing: Enhanced turbulence improved k<sub>L</sub>a.

Table 42: k<sub>L</sub>a Values Before and After Enhancements
Bioreactor Configuration k<sub>L</sub>a (h™) Percentage Increase (%0)
Standard Stirred-Tank 100 —
Enhanced System 140 40

Figure 3: Impact of k<sub>L</sub>a Improvements on Methane Oxidation Rate

Application to Industrial Methane Purifications

The mass transfer improvements implemented in the bioreactor design are crucial for industrial -

scale methane purification applications, where large volumes of methane must be processed

continuously. The ability to efficiently transfer methane and oxygen into the liquid phase ensures
that 5GB1C-ROL1 can operate at high throughput rates without becoming substrate-limited.

a. Biogas Upgrading: In biogas upgrading applications, where methane streams often contain
contaminants such as hydrogen sulfide (H2S) and volatile organic compounds (VOCs), the
improved mass transfer allows for faster methane oxidation and contaminant removal. The
enhanced kLa values enable the bioreactor to handle high methane concentrations while
maintaining efficient purification performance.
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b. Natural Gas Purification: For natural gas wells with high levels of sulfur compounds or
VOCs, the mass transfer improvements in the bioreactor system allow for more effective
removal of these contaminants while maximizing methane oxidation. The pressurized
bioreactor design is particularly well-suited for natural gas purification, as the increased
pressure enhances the solubility of both methane and oxygen, enabling higher reaction rates.
c. Landfill Gas Treatment: In landfill gas treatment, where methane streams often contain
impurities that vary over time, the mass transfer enhancements ensure that 5GB1C-RO1 can
maintain stable performance even under fluctuating contaminant levels. The gas recirculation
system helps to optimize gas usage and prevent waste, making the process more efficient and
sustainable.

Table 43: Industrial Applications and Benefits of Mass Transfer Improvements

Application Challenges Mass Transfer Benefits
Solution

Biogas High CH4, H.S, Enhanced Efficient CHa
Upgrading VOCs k<sub>L</sub>a oxidation and

contaminant removal
Natural Gas Sulfur Pressurized Increased gas
Purification compounds, operation solubility, higher

VOCs reaction rates

Landfill Gas Variable Gas recirculation Stable  performance,
Treatment impurities optimized gas usage

The mass transfer improvements implemented in the bioreactor system for 5GB1C-RO1 play a critical role
in enhancing methane purification performance. By increasing the rate at which methane and oxygen are
transferred from the gas phase to the liquid phase, the bioreactor is able to overcome the limitations associated
with gas solubility and diffusion. The use of high surface area materials, fine bubble aeration, pressurized
operation, and gas recirculation has significantly increased the mass transfer coefficient (kLa), resulting in
higher methane oxidation rates and more efficient contaminant removal. These improvements make the
bioreactor system highly adaptable to industrial applications, including biogas upgrading, natural gas
purification, and landfill gas treatment, providing a scalable and efficient solution for methane purification
and pollutant bioremediation.

XIV. Cell density and productivity

Cell Density and Productivity in Methanotrophic Bioreactors

Maximizing cell density and productivity is critical for the efficient operation of bioreactors designed for
methane purification and bioconversion. The genetically engineered strain Methylomicrobium buryatense
5GB1C-RO1 has been optimized for enhanced growth and metabolic activity, allowing for higher biomass
yields and improved methane oxidation efficiency. In this section, we examine the factors influencing cell
density and productivity in the bioreactor environment, highlighting the genetic modifications, process
optimizations, and reactor design elements that contribute to the superior performance of 5GB1C-RO1.

14.1 Genetic Enhancements for Increased Biomass Yield
The primary goal of genetic engineering in 5GB1C-RO1 was to improve metabolic efficiency,
particularly for methane bioconversion, which directly impacts biomass production. Several genetic
modifications have been incorporated to enhance carbon assimilation and cell growth, resulting in
higher cell densities under optimal operating conditions.

14.1.1 RuMP Cycle Optimization:

o The Ribulose Monophosphate (RuMP) cycle is the key pathway for methane
assimilation in methanotrophic bacteria. In 5GB1C-RO1, key enzymes in the RuMP
cycle, including hexulose-6-phosphate synthase (HPS) and 6-phospho-3-
hexuloisomerase (PHI), have been upregulated to increase carbon flux through the cycle.

o The overexpression of these enzymes enables faster conversion of formaldehyde into
biomass precursors, allowing for increased growth rates and higher biomass yields
compared to the parental strain.
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o The genetic modifications resulted in a 30-40% improvement in methane oxidation and
carbon fixation, leading to greater cell productivity in the bioreactor.

The genetic modifications resulted in a 30—40% improvement in methane oxidation and carbon
fixation, leading to greater cell productivity in the bioreactor.

Table 44: Comparison of RuMP Cycle Enzyme Activities

Enzyme Activity in Parental Activityin5GB1C-RO1 Percentage
Strain (U/mg) (U/mg) Increase (%0)

Hexulose-6-phosphate 0.8+0.05 1.2+0.06 50

synthase

6-Phospho-3- 45+2 63+3 40

hexuloisomerase

Figure 44: Schematic representation of the enhanced RuMP cycle in 5GB1C-RO1, highlighting
overexpressed enzymes and increased carbon flux.
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14.1.2 Enhanced Methanol Oxidation Pathways:

o Methanol, a key intermediate in methane metabolism, is oxidized by methanol
dehydrogenase (MxaF). In 5GB1C-RO1, the mxaF gene has been introduced and
overexpressed to relieve the bottleneck associated with methanol oxidation.

o  This modification accelerates the conversion of methanol to formaldehyde, increasing the
overall rate of methane assimilation and biomass production. As a result, the strain is able
to sustain higher growth rates, even under methane-rich conditions.

Table 45: Methanol Oxidation Rates

Strain Methanol Oxidation Rate (U/mg Increase over Parental
protein) Strain (%)

Parental 60+3 —

Strain

5GB1C- 90 +4 50

RO1
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14.2 Process Optimization for High Cell Density
Achieving high cell density in bioreactors depends not only on the strain’s genetic potential but
also on optimizing the environmental conditions and operational parameters of the bioreactor
system. Several strategies have been implemented in the bioreactor design to maximize the growth
potential of 5GB1C-ROL1, ensuring that cell density and productivity are maximized.

14.2.1 Fed-Batch and Continuous Cultivation Strategies:

@)

To maintain high cell densities over extended periods of time, fed-batch and continuous
cultivation modes are employed. In fed-batch cultivation, key nutrients (e.g., methane,
nitrogen, trace elements) are continuously fed into the reactor while waste products are
removed. This approach prevents nutrient depletion and toxic byproduct accumulation,
allowing cells to grow to higher densities.

In continuous cultivation systems, the bioreactor is operated as a chemostat, where fresh
medium is continuously fed into the reactor, and an equal amount of culture is removed.
This maintains cells in an optimal growth phase, ensuring a steady state of high cell density
and productivity.

Table 46: Comparison of Cell Density in Different Cultivation Modes

Cultivation Mode Cell Density (g/L) Productivity (g/L/h)
Batch 15+0.5 1.0+0.05

Fed-Batch 25+0.8 2.0+0.1

Continuous 30+1.0 2.5+0.1

14.2.2 pH, Temperature, and Nutrient Control:

@)

The optimal pH for 5GB1C-RO1 growth is maintained near pH 7, where key enzymes in
the RuMP cycle and methanol oxidation pathways exhibit maximum activity. Automated
pH control systems add acid or base as needed to stabilize the pH within this range.
Temperature is also tightly regulated, with the bioreactor operating at 30-35°C, the optimal
temperature range for methane oxidation. This ensures that metabolic enzymes function at
peak efficiency, contributing to faster cell growth.

Nutrient availability is another critical factor influencing cell density. Continuous or
pulse feeding of methane, oxygen, nitrogen, and trace elements ensures that nutrient
limitations do not hinder cell growth. For example, trace metals such as copper and iron,
which are essential cofactors for enzymes like MxaF, are supplied in controlled amounts
to maintain high enzymatic activity.

Table 47: Biomass Yield on Methane

Strain Biomass Yield (g/g methane) Increase over Parental Strain (%)
Parental Strain  0.58 +0.02 —
5GB1C-RO1  0.72 +0.03 24

14.2.3 High-Density Cell Retention Systems:

o

In continuous or semi-continuous bioreactor configurations, cell retention devices, such
as hollow fiber membranes or cell recycling systems, are used to prevent cells from being
washed out of the reactor. These systems allow for the accumulation of a high biomass
concentration, while spent medium is removed.

This strategy enables the bioreactor to maintain a high cell density (e.g., over 30 g/L),
even under continuous operation, improving the overall volumetric productivity of the
system.

Growth Rate Enhancement: The maximum specific growth rate (u<sub>max</sub>) of SGB1C-
ROI under optimal conditions was found to be 0.280+0.006 h!, representing a 22% increase
compared to the parental strain (0.230+0.005h™).

Table 48: Specific Growth Rates

Strain

pu<sub>max</sub> (h™") Increase over Parental Strain (%)

Parental Strain 0.230 £0.005 —
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5GB1C-RO1 0.280+0.006 22

14.3 Volumetric Productivity
a. Productivity Metrics
The productivity of the bioreactor system is typically measured as the amount of biomass (cell
dry weight) produced per unit of methane consumed. For 5GB1C-RO1, the following
productivity metrics have been achieved under optimal operating conditions:
1) Biomass Yield on Methane:

o The biomass yield of 5GB1C-RO1 was measured to be 0.72 g biomass/g methane
consumed, a significant improvement over the parental strain, which had a yield of
approximately 0.58 g/g. This increase in biomass yield is attributed to the enhanced
carbon fixation and methanol oxidation pathways engineered into the strain.

o Theincreased yield means that a greater proportion of methane is converted into cell
biomass, making the process more efficient and cost-effective for industrial methane
bioconversion applications.

2) Specific Growth Rate (umax):

o  The maximum specific growth rate (umax) of 5GB1C-RO1 under optimal conditions
was found to be 0.280 h™*, representing a 20-25% increase compared to the parental
strain. This faster growth rate allows the strain to reach higher cell densities more
rapidly, reducing the time required to achieve high biomass concentrations in the
reactor.

o The enhanced growth rate is directly linked to the improvements in methane oxidation
and carbon assimilation efficiency, as well as the optimized process conditions in the
bioreactor.

3) Volumetric Productivity:

o Volumetric productivity, measured in terms of g biomass/L/h, reflects the overall
efficiency of the bioreactor system. For 5GB1C-RO1, the volumetric productivity
was increased by 30-40% compared to the parental strain, reaching values of 2.5 g
biomass/L/h in optimized continuous cultivation systems.

o The combination of higher biomass yields, faster growth rates, and process
optimization strategies (e.g., nutrient feeding, cell retention) contributes to this high
volumetric productivity, making the system suitable for large-scale methane
purification and bioconversion processes.

Volumetric productivity reached 2.5+0.1 g biomass/L/h in optimized continuous

cultivation systems, a 39% increase compared to the parental strain.

Table 49: Volumetric Productivity

Strain Volumetric  Productivity Increase over Parental
(9/L/h) Strain (%)

Parental 1.8+0.08 —

Strain

5GB1C- 2.5+0.1 39

RO1

b. Industrial Implications of High Cell Density and Productivity
The ability to achieve high cell density and productivity with 5GB1C-RO1 has significant
implications for industrial applications, particularly in methane purification, biogas upgrading,
and bioplastic production.
1) Methane Purification:

o In methane purification systems, where 5GB1C-ROL1 is used to convert methane into
biomass while simultaneously removing contaminants such as hydrogen sulfide (H-S)
and volatile organic compounds (VOCSs), higher cell density leads to faster and more
efficient methane oxidation. Thisreduces the time required to purify methane streams,
increasing the overall throughput of the system.

2) Biogas Upgrading:

o In biogas upgrading, where methane is the primary component of interest, the high

productivity of 5GB1C-RO1 enables the efficient conversion of methane into
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valuable bioproducts, such as bioplastics or biofeed. The enhanced biomass yields
reduce the operational costs of biogas upgrading systems, making them more
economically viable.

3) Scalability:

o The improvements in cell density and productivity demonstrated by 5GB1C-RO1
make the system scalable for large industrial operations. The strain's ability to
maintain high productivity under continuous cultivation conditions ensures that it can
be deployed in industrial-scale bioreactors with minimal downtime or nutrient
limitations.

Table 50: Industrial Applications and Benefits of High Cell Density

Application Benefits

Methane Purification Faster oxidation; increased throughput
Biogas Upgrading Efficient bioproduct synthesis; cost reduction
Scalability Large-scale deployment; operational stability

The genetically engineered strain Methylomicrobium buryatense 5GB1C-RO1 exhibits
significant improvements in cell density and productivity compared to the parental strain.
Through metabolic enhancements, including the upregulation of key enzymes in the RuMP
cycle and methanol oxidation pathways, the strain achieves higher biomass yields, faster
growth rates, and greater volumetric productivity. Process optimization strategies, such as fed-
batch and continuous cultivation, nutrient control, and cell retention systems, further enhance
these outcomes, making 5GB1C-RO1 a robust candidate for industrial applications in methane
purification and biogas upgrading. The high cell density and productivity achieved in
bioreactors ensure that methane can be efficiently converted into valuable bioproducts, while
reducing operational costs and increasing system throughput.

XV. Discussion

15.1 Enhanced Methane Bioconversion Efficiency

The development of Methylomicrobium buryatense 5GB1C-RO1 has resulted in significant
improvements in methane bioconversion efficiency compared to its parental strain. Genetic modifications
targeting key enzymes in the Ribulose Monophosphate (RuMP) cycle, as well as enhancements in
methanol oxidation, have led to a more efficient conversion of methane into biomass. The upregulation
of hexulose-6-phosphate synthase (HPS) and 6-phospho-3-hexuloisomerase (PHI) has increased the
carbon flux through the RuMP cycle by approximately 40%, enabling faster and more efficient
formaldehyde assimilation.

These modifications have also resulted in a 30% increase in methane oxidation rates, significantly
improving the overall bioconversion efficiency.

By relieving the bottleneck associated with methanol oxidation through the overexpression of methanol
dehydrogenase (MxaF), 5GB1C-RO1 can process methane at higher rates, leading to increased biomass
yields. These outcomes highlight the strain’s potential for industrial applications where rapid and efficient
methane conversion is required.

The improved bioconversion efficiency of 5GB1C-RO1 also reduces the methane feedstock required for
a given biomass output, making the process more cost-effective and sustainable. By increasing the
methane utilization efficiency, the engineered strain enables industries to operate bioreactors at higher
productivity levels while reducing methane emissions, aligning with global methane reduction goals.

15.2  Improved Contaminant Removal Capabilities

One of the most significant advancements in 5GB1C-RO1 is its enhanced ability to remove contaminants
such as hydrogen sulfide (H=S) and volatile organic compounds (VOCs) from methane streams. The
introduction of engineered pathways for sulfur oxidation and aromatic compound degradation has made
5GB1C-RO1 highly effective at detoxifying methane contaminated with industrial pollutants.
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The integration of sulfide oxidoreductase (SQR) and flavocytochrome c¢ sulfide dehydrogenase
(FCCAB) has allowed the strain to efficiently oxidize H-S into elemental sulfur and sulfite, achieving up
to 95% H:S removal efficiency.

This capability makes 5GB1C-RO1 highly suitable for applications such as biogas upgrading and landfill
gas treatment, where H:S is a common contaminant.

Furthermore, the engineered pathways for VOC degradation, including the introduction of alkane
hydroxylase (AlkB) and toluene dioxygenase (TodC1C2BA), enable the strain to degrade a wide range
of hydrocarbons, achieving VOC removal efficiencies of up to 85%.

These capabilities enhance the environmental performance of the strain by reducing the release of toxic
byproducts during methane purification, contributing to cleaner industrial operations and aligning with
environmental regulations.

15.3 Novel Bioreactor Designs and Their Impact
The enhanced performance of 5GB1C-ROL1 has been further amplified by the novel bioreactor designs
employed in this study. To overcome the mass transfer limitations commonly associated with gas-liquid
systems, several design modifications have been introduced to improve gas transfer rates and overall
system efficiency.

15.3.1 Packed Bed and Membrane Bioreactors:

o The use of packed bed bioreactors with high surface area materials has been instrumental in
enhancing the mass transfer of methane and oxygen into the liquid phase. These materials increase
the gas-liquid interfacial area, allowing for more efficient gas diffusion, and consequently improving
methane oxidation rates.

o Membrane bioreactors equipped with gas-permeable membranes further improve mass transfer by
creating a direct diffusion pathway for gases into the liquid phase, reducing the limitations posed by
low gas solubility.

15.3.2 Fine Bubble Aeration:

o  The implementation of fine bubble aeration has increased the volumetric mass transfer coefficient
(kLa) by 40% compared to standard stirred-tank reactors. Fine bubbles create a higher surface area
for gas exchange, allowing methane and oxygen to dissolve more rapidly into the liquid culture. This
has directly contributed to the improved methane oxidation and biomass production rates observed
in the enhanced system.

15.3.3 Pressurized Bioreactors:

o  Operating the bioreactor under moderate pressure (e.g., 1.5-2 bar) has further improved gas solubility
and gas-liquid mass transfer rates. The higher solubility of methane and oxygen under pressurized
conditions allows 5GB1C-RO1 to operate at higher productivity levels, making this approach
suitable for industrial-scale applications where rapid methane processing is required.

These bioreactor design innovations have significantly enhanced the productivity of the system, reduced
operational costs and enabling the efficient conversion of methane into biomass and valuable byproducts.

15.4 Potential for Industrial-Scale Implementation
The enhancements in methane bioconversion, contaminant removal, and bioreactor design position
5GB1C-RO1 as a promising candidate for industrial-scale methane purification and bioconversion
processes. The strain’s ability to operate in continuous or semi-continuous modes, combined with its high
cell density and volumetric productivity, makes it suitable for large-scale applications.

15.4.1 Biogas Upgrading:

o In biogas upgrading, 5GB1C-RO1 can be used to remove contaminants from biogas streams while
converting methane into biomass. This process not only purifies the biogas for use as a renewable
energy source but also produces valuable byproducts, such as bioplastics or biofeed, making the
system economically viable.

15.4.2 Natural Gas Purification:
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o The strain’s ability to degrade H.S and VOCs makes it ideal for purifying natural gas streams
contaminated with sulfur compounds or hydrocarbons. By reducing these impurities, 5GB1C-RO1
enhances the quality of natural gas for industrial use while reducing the environmental impact of gas
purification processes.
15.4.3 Landfill Gas Treatment:

o 5GB1C-RO1’s high methane oxidation rates and contaminant removal capabilities also make it
suitable for landfill gas treatment, where methane streams are often contaminated with varying levels
of H2S and VOC:s. The strain’s flexibility and robustness ensure consistent performance, even under
fluctuating feedstock conditions.

These applications highlight the scalability and industrial relevance of 5GB1C-RO1, which offers a
sustainable and cost-effective solution for methane purification across various sectors.

15.5 Environmental Implications and Sustainability Assessment

The use of 5GB1C-RO1 in methane purification and bioconversion processes has significant
environmental benefits, contributing to global efforts to reduce methane emissions and improve air
quality. Methane is a potent greenhouse gas with a global warming potential (GWP) many times greater
than carbon dioxide.

The ability of 5GB1C-RO1 to efficiently oxidize methane and convert it into biomass helps reduce
methane emissions from industrial sources, aligning with global methane reduction targets such as the
Global Methane Pledge.

15.5.1 Reduction of Greenhouse Gas Emissions:

o - By converting methane into biomass rather than allowing it to escape into the atmosphere, 5GB1C-
RO1 reduces the overall greenhouse gas footprint of methane-emitting industries. This contributes
to climate change mitigation efforts and helps industries comply with regulatory requirements for
methane emissions.

15.5.2 Pollutant Removal and Air Quality Improvement:

o  The enhanced ability of 5GB1C-RO1 to remove contaminants such as H.S and VOCs from methane
streams further contributes to environmental protection. By reducing the release of these harmful
pollutants, the strain helps improve air quality and minimizes the environmental impact of industrial
methane purification processes.

15.5.3 Sustainability of the Bioconversion Process:

o The ability of 5GB1C-RO1 to operate efficiently at high cell densities and volumetric productivity
makes the methane purification process more sustainable. By maximizing methane conversion and
minimizing waste, the bioconversion process reduces the need for excess feedstock and lowers
operational costs, contributing to the overall sustainability of the system.

The advancements in methane bioconversion efficiency, contaminant removal, and bioreactor design
presented in this study highlight the potential of Methylomicrobium buryatense 5GB1C-RO1 as a robust
solution for industrial methane purification. The strain’s ability to operate under scalable, continuous
conditions while achieving high cell densities and productivities makes it highly suitable for biogas
upgrading, natural gas purification, and landfill gas treatment applications. Additionally, the
environmental benefits of reduced methane emissions and improved air quality make 5GB1C-RO1 a
sustainable option for industries looking to improve their environmental performance and meet regulatory
requirements.

XVI. Conclusion

16.1 Summary of Key Findings
The development of Methylomicrobium buryatense 5GB1C-RO1 represents a significant advancement
in methane bioconversion technology. Through targeted genetic modifications and process optimizations,
the strain exhibits enhanced methane oxidation efficiency, improved contaminant removal capabilities,
and higher cell density and productivity compared to its parental strain. The key findings of this study
can be summarized as follows:

16.1.1 Enhanced Methane Bioconversion Efficiency:
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o  Genetic modifications to key enzymes in the Ribulose Monophosphate (RuMP) cycle and the
methanol oxidation pathway resulted in a 30-40% increase in methane oxidation rates. This
enhanced bioconversion efficiency allows 5GB1C-RO1 to rapidly and efficiently convert methane
into biomass, making it highly suitable for industrial applications requiring high methane utilization
rates.
16.1.2 Improved Contaminant Removal:

o The strain has demonstrated exceptional capabilities in removing common contaminants such as
hydrogen sulfide (H-S) and volatile organic compounds (VOCSs) from methane streams. 5GB1C-
ROL1 achieves a 95% removal efficiency for H.S and up to 85% removal efficiency for VOCs,
highlighting its potential for use in biogas upgrading and environmental remediation.

16.1.3 High Cell Density and Productivity:

o Process optimization, including fed-batch and continuous cultivation strategies, resulted in
5GB1C-ROL1 reaching cell densities exceeding 30 g/L and volumetric productivity of 2.5 g/L/h.
These high values make the strain suitable for large-scale applications, enabling efficient methane
conversion with minimal resource inputs.

16.1.4 Mass Transfer Enhancements:

o The incorporation of fine bubble aeration, packed bed reactors, and pressurized bioreactor
systems increased the volumetric mass transfer coefficient (kLa) by 40%, directly improving
methane and oxygen availability in the liquid phase. These improvements contributed to a 30%
enhancement in methane oxidation rates and further increased the overall bioconversion efficiency
of the system.

16.2 Potential Applications in Biogas Upgrading and Bioremediation
The advancements made with 5GB1C-RO1 open up numerous possibilities for industrial applications,
particularly in biogas upgrading and bioremediation:

16.2.1 Biogas Upgrading:

o  The enhanced methane bioconversion efficiency and contaminant removal capabilities of 5GB1C-RO1
make it a robust candidate for biogas upgrading applications. In biogas production, methane streams are
often contaminated with H.S and VOCs, which must be removed before the gas can be used or injected
into natural gas grids. 5GB1C-RO1 can simultaneously purify biogas and convert methane into valuable
bioproducts such as bioplastics or biofeed, improving the economic viability and sustainability of the
biogas industry.

16.2.2 Bioremediation:

o The strain’s ability to degrade contaminants like H-S and VOCs positions it as an ideal candidate for
bioremediation applications, particularly in settings such as landfill gas treatment and industrial
waste gas management. 5GB1C-RO1 can be deployed to treat methane-rich gas streams from
landfills or industrial sources, where it not only purifies the gas but also helps mitigate the
environmental impact of methane emissions and toxic pollutants.

o Additionally, 5GB1C-ROL1 can be applied in wastewater treatment facilities where methane
emissions are high. The strain’s ability to grow under high contaminant concentrations allows it to
thrive in such environments while simultaneously reducing methane release and removing harmful
substances from the gas streams.

16.2.3 Carbon Capture and Utilization:

o Beyond biogas upgrading and bioremediation, 5GB1C-RO1 has potential applications in carbon
capture and utilization (CCU) technologies. By converting methane into biomass, the strain
contributes to carbon sequestration and the production of renewable bio-based products, aligning
with global efforts to reduce carbon emissions and transition to a circular bioeconomy.

16.3 Future Research Directions
While the results of this study demonstrate the high potential of 5GB1C-RO1 for industrial methane
bioconversion, several avenues for future research can be pursued to further enhance the strain’s
performance and broaden its applicability:

16.3.1 Further Genetic Optimization:
o Future research could explore additional genetic modifications to further optimize methane
oxidation pathways and increase the efficiency of carbon fixation. For example, engineering
pathways for alternative carbon fixation mechanisms, such as the Calvin-Benson-Bassham (CBB)
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cycle, may further improve biomass yields and methane utilization under different operating
conditions.

o Additional research into methanol tolerance and further enhancement of the methanol oxidation
pathway could help reduce any residual bottlenecks in methane bioconversion, particularly under
conditions of high methane and methanol fluxes.

16.3.2 Metabolic Engineering for Byproduct Synthesis:

o While 5GB1C-ROL1 is currently optimized for methane bioconversion and contaminant removal,
future research could focus on metabolic engineering to direct carbon flux toward the production
of valuable byproducts, such as bioplastics, biofuels, or industrial enzymes. This would enable
industries to not only purify methane but also produce commercially valuable products in a
sustainable and cost-effective manner.

16.3.3 Pilot-Scale and Field-Scale Testing:

o While the results of this study demonstrate promising outcomes in laboratory-scale bioreactors, pilot-
scale and field-scale testing is necessary to validate the strain’s performance in real-world settings.
Future research should focus on scaling up the bioreactor system to assess its performance in
industrial biogas upgrading plants, natural gas purification facilities, and landfill gas treatment
systems.

o Field-scale tests would also provide insights into the robustness of 5GB1C-RO1 under fluctuating
environmental conditions, such as variable contaminant concentrations, temperature shifts, and
operational disruptions.

16.3.4 Enhancing Environmental Stress Resistance:

o Additional research should focus on improving the strain’s tolerance to environmental stress factors
such as extreme pH, high salinity, or fluctuating oxygen levels. Engineering stress-response
pathways could enable 5GB1C-RO1 to perform consistently in harsh industrial environments,
further broadening its applicability.

o Exploring the incorporation of stress-resistant genes, such as heat shock proteins or
osmoprotectant systems, could enhance the strain’s ability to thrive in diverse industrial settings.

16.3.5 Integration with Renewable Energy Technologies:

o Future studies could explore the integration of 5GB1C-ROL1 bioreactors with renewable energy
systems, such as solar-powered bioreactors or hybrid bio-electrochemical systems, to reduce
energy input requirements and enhance the overall sustainability of the methane purification process.

o Research into coupling methane bioconversion with hydrogen production or carbon capture
systems could offer additional benefits, providing a pathway toward multi-functional bioprocessing
systems that generate clean energy, sequester carbon, and purify methane streams simultaneously.
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