Abstract

Methanogens are obligately anaerobic archaea noteworthy for producing methane from C1
compounds and acetate. Their abllity to convert low-energy, otherwise inaccessible carbon into
methane is a result of their highly efficient central respiration, which accounts for approximately
99% of the chemistry in the cell. A result of this respiratory strategy is a high substrate:product
conversion ratio which is industrially relevant for the production of biomethane, and may also be
harnessed for the production of value-added commodities through strain engineering and
synthetic biology. One area of interest are terpene compounds, as methanogen membranes are
composed 5% by dry weight of isoprenoid lipids and flux through the isoprenoid biosynthetic
pathways is naturally high in Archaea compared to Eukarya and Bacteria. To assess the metabolic
plasticity of methanogens, our laboratory has engineered Methanosarcina acetivorans to produce
the hemiterpene isoprene. We found that engineered methanogens directed up to 4% of total
carbon substrate towards isoprene with increased overall biomass. Optimization of isoprene
synthesis by archaea will require developing large-scale process conditions to capture methane
and isoprene. While methanogens are routinely grown at large scale in municipal and agricultural
anaerobic digesters for biogas, process conditions for scaling up pure cultures on defined culture
medium have not yet been optimized. We are systematically evaluating bioreactor conditions
Including gas exchange and nutrient flow rates to improve methanogen growth in pure culture. To
date we have increased final OD600 in batch 1.5L scale from 0.165 to 0.705 while trapping
5.58mg isoprene in a 1.5ml oil trap accounting for 0.16% of substrate carbon. Future experiments
will assess growth in continuous culture and effects of process parameters on isoprene yield while
optimizing isoprene capture.

Methanogens are highly efficient microbes
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Methanogen metabolism
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Methanogen have a high flux towards isoprenoid lipid
biosynthesis
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Isoprenoid biosynthesis pathways and macromolecular compositions of representative Bacteria, Eukarya, and Archaea.

a) Isoprene is synthesized from isopentenyl pyrophosphate/dimethylallyl pyrophosphate (IPP/DMAPP) derived from glucose via
the methylerythritol phosphate/deoxy xylulose phosphate (MEP/DOXP) pathway in bacteria or mevalonate (MVA) pathway in
eukarya. b & c) relative amounts of macromolecules in E. coli bacterium (Egan & Vollmer, 2013) and S. cerevisiae yeast (Yamada
& Sgarbieri, 2005), respectively. d) isoprenoid lipids are synthesized from IPP/DMAPP by the archaeal MVA pathway in
methanogens. e) isoprenoid lipids in methanogens comprises 5% biomass dry weight. (Feist et al., 2006) Arrow sizes and line
widths depict published carbon fluxes through each pathway. One or more genes is required for most organisms to produce
iIsoprene monomer (red arrows).
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Engineering methanogens to produce
non-native metabolites
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General overview of engineering a isoprene producing methanogen.

The gene for isoprene synthase was selected from Populus alba. The gene was optimized for expression in Methanosarcina
species and is cloned into a plasmid containing an archaeal antibiotic resistance marker. The plasmid is transfected into M.
acetivorans and selected for under antibiotic stress. Confirmation of gene insertion of attained by PCR and expression is
confirmed via reverse transcription.
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a) Change in methane production in M. acetivorans engineered to produce bioisoprene. Methane quantification was achieved
via GC-FID. Blue bars indicate methane production by a vector only control whereas the red bars indicate ispS* strains. b)
Growth rates of engineered M. acetivorans strains. Growth rates of ispS* and VOC strains were measured in HS+MeOH
medium via absorbance at 600n,. There was no significant variance in growth rate between the two strains. ¢c) Mass balance of
IsSpS* and VOC strains of M. acetivorans. Methanol consumption as well as methane, CO., and isoprene production was
measured by GC-FID. Cultures used for this experiment were desiccated and measured for dry weight. It was found that the
carbon utilized for isoprene production was not diverted from biomass but rather CO, production.

M. acetivorans

reveals energetic adaptations and links to amino acid
biosynthesis
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Transcriptomic shifts in
VOC.

Differential expression analysis of isoprene producing M. acetivorans against a
vector only control yielded 153 significantly (p>0.05) differentially expressed
genes (62 downregulated, 91 upregulated). Filtering for genes with log2
fold-change greater than 2 revealed 3 highly significant genes (Left table).
Isoprene producing M. acetivorans showed a decrease in genes associated
with membrane permeability (red) and an increase in genes associated ith
amino acid biosynthesis and lipid biosynthesis (green). Most notable is a
decrease in metal and sodium transporters which would force ions through the
energy generating ATPase pumps. Genes associated with acyl transport (ACP)
and lipid metabolism (ppsA) were upregulated. Additionally, genes associated
with indole biosynthesis (TrpABC) were upregulated alongside
formate-phosphoribosyl-aminoimidazolecarboxamide ligase, PurP, the enzyme
responsible for routing purine backbones towards amino acid biosynthesis or
energy producing nucleotides.

Enhancing Growth and Bioproduct
Output In Engineered Methanogens

Scaling pure-culture methanogen growth

Bench-scale growth Bioreactor growth

e 10mL volume e 1-2L volume

e Sealed vessel e Open vessel

e Fixed C+E  Variable gas mixes

» Pressurized  Variable C+E

* No pH control —>  Variable agitation

« Easy headspace * pH control
:/Iampllllﬁg e Automated

 Manua t measurements
measurements e Multiple growth

* Inexpensive conditions
replicates

Establishing optimum methanogen bioreactor culture
conditions

Major determining variables: Feed Exhaust
Media composition ‘ * A
' Can be separated into stable and expendable components
 Stable: Salts, minerals, trace elements ! 1
e Expendable: C+E sources, vitamins, sulfur, bicarbonate Ve A

' Replenishment of expendable components increases growth
Anaerobic conditions

' Sparging to remove O\

' Reducing chemical components
Gas diffusion

' Gas composition (CO \%, N \%)

' Sparge rate

' Impeller location

' Agitation speed
Exhaust

' Narrow exhaust increases pressure within vessel and

Improves gas solubility

Increasing M. acetivorans growth in a bioreactor.

Methanosarcina acetivorans was grown in an Eppendorf BioFlo320 bioreactor in HS+MeOH medium. A large starting
inoculum is required to overcome temporary exposure to O \ during the transfer from a starter culture to the fermentation
vessel. The presence of CO \ in the gas mixture is required for M. acetivorans growth, even though the cells lack ecH and are
incapable of utilizing H \VCO \ for growth. Placing the impeller height at the liquid-gas interface improves CO\ solubility and
without needing to increase sparge rate. The addition of a continuous bicarbonate drip and choking the exhaust reduces lag
time and prevents oxygen contamination. The addition of the carbon source, MeOH, allows the culture to survive longer
before crashing but is not the limiting factor in maximum OD. Further experiments are necessary to relieve further metabolic
bottlenecks as well as improving isoprene harvest.

Future Directions

* Refine bioreactor growth conditions

« Quantify relationship between available CO Y and growth yield
* Develop supplement cocktail to maxize methanogen growth

* Improve isoprene capture

« Apply optimum culture conditions on mutant strains
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