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ABSTRACT Using the Wood-Ljungdahl pathway, acetogens can nonphotosynthetically
fix gaseous C; molecules, preventing them from entering the atmosphere. Many aceto-
gens can also grow on liquid C; compounds such as formate and methanol, which avoid
the storage and mass transfer issues associated with gaseous C, compounds. Substrate
redox state also plays an important role in acetogen metabolism and can modulate prod-
ucts formed by these organisms. Butyribacterium methylotrophicum is an acetogen known
for its ability to synthesize longer-chained molecules such as butyrate and butanol, which
have significantly higher values than acetate or ethanol, from one-carbon (C;) compounds.
We explored B. methylotrophicum’s C, metabolism by varying substrates, substrate concen-
trations, and substrate feeding strategies to improve four-carbon product titers. Our results
showed that formate utilization by B. methylotrophicum favored acetate production and
methanol utilization favored butyrate production. Cofeeding of both substrates produced a
high butyrate titer of 4 g/liter when methanol was supplied in excess to formate. Testing of
formate feeding strategies, in the presence of methanol, led to further increases in the bu-
tyrate to acetate ratio. Mixotrophic growth of liquid and gaseous C, substrates expanded
the B. methylotrophicum product profile, as ethanol, butanol, and lactate were produced
under these conditions. We also showed that B. methylotrophicum is capable of producing
caproate, a six-carbon product, presumably through chain elongation cycles of the reverse
B-oxidation pathway. Furthermore, we demonstrated butanol production via heterologous
gene expression. Our results indicate that both selection of appropriate substrates and
genetic engineering play important roles in determining titers of desired products.

IMPORTANCE Acetogenic bacteria can fix single-carbon (C;) molecules. However, improve-
ments are needed to overcome poor product titers. Butyribacterium methylotrophicum can
naturally ferment C; compounds into longer-chained molecules such as butyrate alongside
traditional acetate. Here, we show that B. methylotrophicum can effectively grow on formate
and methanol to produce high titers of butyrate. We improved ratios of butyrate to acetate
through adjusted formate feeding strategies and produced higher-value six-carbon mole-
cules. We also expanded the B. methylotrophicum product profile with the addition of C,
gases, as the organism produced ethanol, butanol, and lactate. Furthermore, we developed
a transformation protocol for B. methylotrophicum to facilitate genetic engineering of this or-
ganism for the circular bioeconomy.

KEYWORDS Butyribacterium methylotrophicum, chain elongation, formate,
heterologous gene expression, methanol

reenhouse gas (GHG) emissions remain a significant problem in our efforts to
tackle climate change. To fully control the rate of global temperature increases, a
circular carbon economy is required to keep carbon from entering the atmosphere (1, 2).
Carbon, in the forms of carbon dioxide (CO,), carbon monoxide (CO), and methane (CH,),
an be captured in a variety of ways, including but not limited to electrochemical reduction,
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FIG 1 B. methylotrophicum metabolic map for all known products and C, substrate pathways.

thermochemical processing, and biological fixation (1, 3-6). The Wood-Ljungdahl pathway
(WLP) is the most energetically efficient pathway for biological CO, capture and conversion
(7). The WLP is an ancient metabolic pathway that allows anaerobic microorganisms,
namely, acetogenic bacteria, to fix gaseous carbon to form acetyl-coenzyme A (CoA) for bio-
mass and downstream products (8-10). The WLP consists of two branches, the carbonyl and
methyl branches, that fix carbon to form the carbonyl and methyl group of acetyl-CoA,
respectively (Fig. 1). The longer methyl branch consists of a variety of enzymatic steps that
converts CO, to methyl-tetrahydrofolate (THF). Once formed, the methyl group of methyl-
THF is then combined with CO (obtained from CO, reduction) using the CO dehydrogen-

ase/acetyl-CoA synthase (CODH/ACS) forming

acetyl-CoA (8-11).

At present, utilization of gaseous one-carbon (C,) molecules is limited due to storage, trans-
portation, and biological mass transfer issues (7, 12). Liquid C; molecules, such as formate and
methanol, overcome these constraints due to their condensed state and solubility in water,
making them attractive C, substrates for biological carbon fixation (13). Formate can be pro-
duced from CO, derived from waste streams, such as ethanol plants and steel mills, where the
CO, is reduced using an electrolyzer and upgraded to a variety of chemicals including formate,
ethanol, and ethylene (3, 4, 14-16). Methanol can be produced catalytically using the Fischer-
Tropsch process from syn(thesis)gas (combinations of CO, CO,, and H,) derived from either
steam-reformed natural gas (methane) or from waste gas streams. Furthermore, methanol can
also be produced via CO, hydrogenation using hydrogen derived from the electrolysis of
water (17-19). With the increasing amount of energy derived from renewable sources, renew-
able electricity can be used for these processes to sustain formate and methanol production
(5). Once upgraded, these chemicals can be used for downstream chemical conversion to
other high-value products or can serve as microbial feedstocks (7, 20).

In acetogens, both formate and methanol enter the WLP within the methyl branch
of the pathway. Formate is the first intermediate post-CO, fixation and therefore bypasses
the gas assimilation step usually catalyzed by formate dehydrogenase (Fig. 1). Methanol is
incorporated via the methanol-THF methyltransferase system to form methyl-THF, avoiding
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FIG 2 Formate tolerance of B. methylotrophicum. (A) Optical density throughout growth. (B) Final acetate concentrations

after 240 h of growth. Error bars show standard errors of the means (SEM) for 3 biological replicates.

most of the metabolic cost in the form of ATP and NAD(P)H of the methyl branch (Fig. 1). In
this instance, a three-part methyltransferase system is utilized, which first cleaves the C-O
bond of methanol, using methyltransferase | (MTI), and transfers the methyl group to a corri-
noid protein (CoP). The methyl group is then transferred from the methyl-CoP to THF creat-
ing methyl-THF by methyltransferase Il (MTII) (21, 22).

Improving acetogenic conversion of both gaseous and liquid C; compounds is important
in improving their viability in the circular carbon economy. Butyribacterium methylotrophicum
is a methylotrophic acetogen studied most extensively throughout the 1980s to 1990s in an
effort to elucidate its metabolism (23-28). Although distinct in name, the organism is consid-
ered a strain of Eubacterium callanderi KIST612 (formally Eubacterium limosum KIST612) due to
their high genome sequence identity (99.7%) (29), so B. methylotrophicum will be referred to
as “B. methylotrophicum.” The organism gained attention due to its ability to grow on a variety
of C, substrates (formate, methanol, CO, and CO,) and its ability to produce both two-carbon
(C,) molecules such as acetate and ethanol alongside four-carbon (C,) molecules including bu-
tyrate and butanol (23, 25-28) (Fig. 1). More recent studies have also developed a transforma-
tion protocol for this organism for future genetic engineering (30). A wide substrate and prod-
uct range makes “B. methylotrophicum” an ideal candidate for converting C, substrates to
high-value products, especially because the value of fatty acids increases substantially as more
carbon is added to the chain (31, 32). The redox state within cells plays an integral role in
determining product formation and modulation of products can therefore be achieved by
varying the redox state of substrates (33, 34). For example, supplying more reduced substrates
(CO or methanol) has the potential to shift the organism’s metabolism to more reduced prod-
ucts (butyrate, ethanol, or butanol). This study explored “B. methylotrophicum” liquid and gas
C, metabolism by adjusting substrate concentrations and feeding strategies and the employ-
ment of genetic engineering to improve C, product titers.

RESULTS

B. methylotrophicum tolerance to formate and methanol. We first established tol-
erance of “B. methylotrophicum” to both formate and methanol by growing on increasing
concentrations of each (up to 1 M) to determine if the organism could tolerate industri-
ally viable concentrations. When grown on formate alone, the highest concentration at
which growth was observed was 400 mM, with no detectable growth in concentrations
above this (Fig. 2A). The highest observed optical density (OD) of ~0.75 was detected after
3 days of growth at 200 mM. Concentrations above this were inhibitory, with OD values
decreasing as the concentration increased, suggesting formate toxicity above 200 mM. The
methanol tolerance of “B. methylotrophicum” was unexpected, especially given the effects of
formate, as “B. methylotrophicum” was able to grow on all concentrations of methanol tested
(100 mM to 1,000 mM). The highest growth was seen in 100 mM methanol, reaching an OD
of ~2 (Fig. 3A). Although all methanol concentrations tested showed growth, a successive
decrease in OD was seen as the concentration of methanol was increased, suggesting that
higher concentrations of methanol are tolerated but toxic to the bacterium. Although there
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FIG 3 Methanol tolerance of B. methylotrophicum. (A) Optical density throughout growth. (B) Final acetate concentrations after 240 h of growth. (C) Final
butyrate concentrations after 240 h of growth. Error bars show SEM for 3 biological replicates.

was evidence of methanol toxicity, methanol appears to serve as a better carbon source
than formate for “B. methylotrophicum” due to the organism’s ability to grow to ODs well
over double that of formate alone.

Interestingly, growth on each of the sole substrates produced differing product profiles
(Fig. 2 and 3). When grown on formate alone, “B. methylotrophicum” produced solely acetate,
with the highest acetate concentrations observed reaching ~60 mM for both the 200 mM
and 300 mM starting formate concentrations (Fig. 2B). In contrast, when grown on methanol
alone, “B. methylotrophicum” produced butyrate as the major product, with concentrations
reaching a maximum of ~25 mM with only ~14 mM acetate (Fig. 3B and C). Interestingly,
although growth appeared to have stopped before either 24 or 48 h, depending on the initial
methanol concentration, continued consumption of methanol and production of butyrate
was seen, indicating that although growth may have ceased, methanol can still drive butyrate
formation in vegetative cells (Fig. S2). We also observed that complete consumption of either
formate (see Fig. STA in the supplemental material) or methanol (Fig. S2A) was only observed
for the 100 mM initial concentration for each, suggesting that either a limited amount of each
substrate can be consumed or that another nutrient is limited when formate or methanol is
the sole carbon source. Final carbon balance analysis also showed far higher carbon yield
from methanol than from formate (Table S1).

Coutilization of formate and methanol enhances growth and increases C, product
titers. To investigate whether “B. methylotrophicum” growth on C; compounds could be
improved for maximal C, to C, conversion, we grew the organism on various initial ratios
of mixed formate and methanol (Fig. 4). Most conditions improved “B. methylotrophicum”
growth compared to growth solely on methanol or formate (Fig. 4A). Interestingly, we
found significant increases in growth when there was a greater proportion of methanol
than formate in the medium. The highest OD obtained was ~4 after 48 h of growth for
ratios that exceed 2:1 (Fig. 4A). In contrast, when the methanol-to-formate ratio was lower,
ODs of only ~2 were reached. Growth seemingly ended after 24 h, suggesting that it is
the availability of excess methanol, and not formate, that drove growth improvements.

Unlike when formate was the sole carbon source, complete consumption of formate was
seen for all concentrations tested (the majority consumed all formate by 24 h), indicating
that the addition of methanol aided the utilization of formate (Fig. S3A). Complete, or nearly
complete, consumption of methanol was only seen for cultures in which the initial methanol
concentration was less than 200 mM (Fig. S3B). It was also clear that coconsumption of both
substrates occurs. However, formate appears to be the preferred substrate, as it was con-
sumed faster (Fig. S4A and B). Higher formate-to-methanol concentrations did, however,
lead to lower final carbon yields, in keeping with formate or methanol as the sole substrate
(Table S1).

Both acetate and butyrate were produced by all cultures. Excess formate drove acetate
production, and high methanol-to-formate ratios favored butyrate production (Fig. 4B and C).
Maximum butyrate concentrations reached ~45 mM (~4 g/liter) by the end of the experi-
ment (Fig. 4C), far higher than any conditions tested previously (Fig. 3C). The observation that
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high methanol concentrations promote C, production was exemplified when we compared
the initial methanol-formate ratios to the final C,;:C, (butyrate-acetate) ratios. A clear trend
emerged showing that as the initial methanol-formate ratio was increased, the amount of C,
products relative to C, products increased (Fig. 4D). Increasing C, production with excess
methanol does, however, appear to be limited to methanol-formate ratios of up to 4:1 as both
the 4:1 and 5:1 initial ratios produced comparable C,:C, final ratios. The metabolism of “B.
methylotrophicum” can clearly be altered by changing the ratios of substrates so that providing
more reducing substrates like methanol pushes the metabolism to more reduced products
such as butyrate.

Optimization of formate feeding strategies for improved C,:C, ratios. As we dis-
covered that “B. methylotrophicum” growth on methanol favors C, production but can be
improved with the addition of formate, we sought to improve the C,:C, ratios by testing
three different formate feeding strategies, alongside providing excess methanol, within
controlled fermenters. For each strategy tested, a total of 200 mM formate and 500 mM
methanol was provided to the culture (Fig. 5A); 500 mM methanol was chosen, as although
the 4:1 and 5:1 methanol-formate ratios produced similar C, titers, it was not known how
formate delivery would affect the C,:C, ratio, so methanol was provided at 500 mM so as
not to be limiting. The first strategy entailed supplying all substrates to the cultures in our
control reactor at the time of inoculation, which also served as a baseline for comparison. A
second strategy employed a bolus feed in which 100 mM formate was added at the start of
the fermentation, and then after consumption (~17 h) another 100 mM formate was added.
We then employed a third feeding strategy in which 200 mM formate was slowly fed into
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the bioreactor at a constant rate of 4 mM/h (Fig. 5A). The ratio of C,:C, molecules was signifi-
cantly increased when formate was added slowly in the constant feed reactor compared to
when formate was added in bulk (Fig. 5B). C,:C, ratios reached ~1.3 for the constant feed
conditions compared to ~0.9 for the sequential bolus feed and ~0.15 for the control reac-
tor after 240 h of growth. Methanol utilization also appeared to be enhanced for the con-
stant feed, followed by the bolus feed and then the control (Fig. S4Q). It should be noted
that an abiotic fermentation was also carried out to measure methanol loss due to evapora-
tion (data not shown). This fermentation showed losses of ~200 mM methanol and should
be considered when measuring methanol utilization during these fermentations. Unlike
methanol, formate was consumed for all conditions tested (Fig. S4B).

The addition of C, gases enhances the product spectrum of “B. methylotrophicum.”
As we established conditions under which “B. methylotrophicum” produced high titers of
butyrate from formate and methanol, we wanted to observe whether the addition of C,
gases would alter the “B. methylotrophicum” metabolism. Through adaptation, “B. methyl-
otrophicum” has been shown to produce butanol from CO (26, 35); however, it is unclear
whether the addition of formate and methanol alongside C, gases would improve “B. methylo-
trophicum” growth and product titers under our conditions. “B. methylotrophicum” was grown
in pressurized bottles containing both gaseous and liquid C, substrates (Fig. 6). Growth on CO
alone was limited, with the OD of the culture only reaching a maximum of ~0.2 (Fig. 6A), con-
firming the need for adaptation prior to growth on CO as the sole substrate. When methanol
was provided alongside CO, growth was improved, with the OD of the culture reaching ~2
(Fig. 6A). This was also seen when CO, was supplied with methanol, which reached similar
OD:s (Fig. 6A). Growth with CO and formate did not produce substantial ODs, with the culture
only appearing to grow after 168 h (Fig. 6A). When CO, formate, and methanol were supplied,
growth was limited initially but did reach final ODs similar to those of CO plus methanol and
CO, plus methanol (Fig. 6A). Growth with H, and methanol was limited and only reached an
OD of ~0.35 (Fig. 6A). A decrease in bottle pressure, which indicates gas consumption, was
seen for all conditions. However, the most substantial consumption was seen for the CO plus
methanol, CO plus methanol plus formate, and CO, plus methanol conditions (Fig. 6B). We
also observed the greatest methanol consumption from these conditions (Fig. 6D).

Most growth conditions produced acetate and/or butyrate (Fig. 6E and F). However,
supplying both CO and methanol triggered butanol, ethanol, and lactate production
(Fig. 6G, H, and I). Interestingly, lactate production was followed by a decrease in bottle pres-
sure, suggesting that lactate acts as a temporary redox sink (Fig. 6l). Ethanol production pre-
ceded butanol (Fig. 6G), with butanol being detected only after 192 h of growth (Fig. 6H). The
addition of more reduced substrates, such as CO, appeared to shift the “B. methylotrophicum”
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metabolism toward more reduced products that could not be produced from formate or
methanol alone or in combination. Furthermore, the addition of CO with methanol increased
acetate production (Fig. 6E) compared to methanol alone (Fig. 3B), which we suspect is due to
a greater availability of carbon for both branches of the WLP.

Development of a transformation protocol for “B. methylotrophicum.” Although
a transformation protocol was recently published for “B. methylotrophicum” (30), we
developed our own method that requires no prior methylation of transformed plasmids and
no cell-wall-weakening agents. Our transformation protocol is based on that of Leang et al.
(36), with some modifications. In short, “B. methylotrophicum” was grown overnight in 200 mL
of formate adapted medium (FAM) with 10 g/liter fructose and washed twice with SMP buffer
(270 mM sucrose, 1 mM MgCl,, and 7 mM sodium phosphate set to pH 6). Cells were then
concentrated by resuspending in 1:200 (final volume-initial volume) SMP plus 10% dimethyl
sulfoxide (DMSO) for electroporation. A full protocol for preparation of “B. methylotrophicum”
electrocompetent cells and transformation can be found in Materials and Methods.

Due to their effectiveness as shuttle plasmids in clostridia, we tested transformation
of plasmids from the pMTL80000 series (purchased from Chain Biotech, UK), which can carry a
variety of different Gram-positive replicons for use in different organisms (37). We tested avail-
able Gram-positive replicons in the following plasmids: pMTL82151 (pBP1), pMTL83151
(pCB102), pMTL84151 (pCD6), and pMTL85151 (pIM13). We also tested pCL2 (plP404), a deriv-
ative of pJIR750ai, that has worked well in the closely related species Eubacterium callanderi
KIST612 and also in Clostridium ljungdahlii (36, 38). We did, however, adapt pCL2 by adding
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the lacZ multiple cloning site derived from the pMTL vectors into pCL2. The newly created
plasmid was named pJRHN1. We initially tested electroporation conditions similar to those of
Leang et al. (36) and found that the most efficient electroporation conditions were 900 kV
pulsing with resistance at 600 Q and a capacitance of 25 uF using 25 uL cells in a 1-mm cuv-
ette gap (detailed preparation and electroporation of “B. methylotrophicum” can be found in
Materials and Methods). After transforming all previously mentioned vectors, colonies were
only found for pMTL83151, pMTL84151, and pJRHN1, suggesting that pMTL82151 and
pMTL85151 do not replicate in “B. methylotrophicum” using our transformation protocol (data
not shown). We then tested transformation efficiencies for these three vectors by transforming
1 png of plasmid DNA. We found that transformation efficiencies were the least for
pMTL83151 at 18 = 2.5 CFU/ug DNA, followed by pMTL84151 at 305 + 38 CFU/ug DNA
(Fig. 7A). Electroporation of pJRHN1 produced significantly higher CFU counts than the other
two plasmids tested, giving a transformation efficiency of 6.0 x 10° = 3.0 x 10* CFU/wg DNA
(Fig. 7A). Transformation of “B. methylotrophicum” was confirmed by thiamphenicol resistance
and PCR verification using primers targeting the plasmid-borne catP gene. Wild-type “B. meth-
ylotrophicum” genomic DNA and water were used as negative controls (Fig. S5).
Heterologous gene expression of the C. acetobutylicum adhE2 gene in “B.
methylotrophicum” increases butanol production. With an effective transformation
protocol developed, we wanted to see if heterologous gene expression using pJRHN1 in “B.
methylotrophicum” was possible. Under our conditions, “B. methylotrophicum” butanol pro-
duction was limited to growth with CO plus methanol, even though the organism possesses
several alcohol dehydrogenase (adhE) genes (BUME_03560, BUME_11170, BUME_24570,
BUME_02770, and BUME_22490). The adhE2 gene of C. acetobutylicum (CA_P0035), however,
is known to be directly involved in butanol formation, catalyzing the conversion of butyryl-
CoA to butanol (39). We subsequently constructed the plasmid pJRHN2, which contained
the adhE2 gene of C. acetobutylicum under the control of the desulfoferrodoxin gene’s
(BUME_12740) supposed promoter (Pdfx). This promoter was shown to provide high levels
of transcription in the related E. callanderi KIST612 (38). Once gene sequences were confirmed,
pJRHN2 was transformed into “B. methylotrophicum,” and successful transformants were
selected for by growth in the presence of thiamphenicol. pJRHN2-bearing strains were grown
for 5 days in FAM with either 10 g/liter fructose or 100 mM formate plus 100 mM methanol to
test gene expression under heterotrophic sugar and liquid C, conditions, respectively. “B.
methylotrophicum” harboring pJRHN1 was grown under the same conditions as a control.
Butanol was detected by all strains carrying pJRHN2, which reached ~5 mM and
~1.5 mM after 5 days of growth under sugar and liquid C, conditions, respectively (Fig. 7B).
Ethanol was also detected from pJRHN2-harboring strains when grown in fructose but not
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FIG 8 Evidence of chain elongation by B. methylotrophicum. (A) Schematic of chain elongation to six-carbon molecules. (B) Caproate concentration over
time. Error bars show SEM for 3 biological replicates.

when grown with formate plus methanol (Fig. S7G). No alcohols were detected from the
strain carrying pJRHN1 under these conditions. Acetate and butyrate were produced by all
plasmid-bearing strains (Fig. S7D and E). Lactic acid was detected by plasmid-bearing strains
grown on fructose but not on formate plus methanol (Fig. S7F). Optimization is required to
improve alcohol production; however, the presence of adhE2 on pJRHN2 allowed for butanol
production, showing that heterologous gene expression is possible in “B. methylotrophicum.”
Evidence of further chain elongation by “B. methylotrophicum.” Clostridium kluy-
veri is capable of fermenting ethanol and acetate to longer-chained molecules (C,+)
using a metabolic pathway similar that of “B. methylotrophicum” to produce butyrate (40).
Furthermore, other acetogens, such as Clostridium carboxidivorans, have been shown to
make C; molecules from syngas (41). The extension of the carbon chain is via iterative cycles
of the reverse B-oxidation pathway to add acetyl-groups at each cycle to the growing chain
(Fig. 8A). Caproate (Cy) is a product of great interest, as it can be efficiently converted to die-
sel and aviation fuel replacements (42). Furthermore, it has also been shown that methanol
can drive chain elongation in E. imosum (43). We therefore aimed to observe whether “B
methylotrophicum” could also produce caproate (C;) when provided with excess methanol
and butyrate. We supplied “B. methylotrophicum” with 500 mM methanol and 25 mM to
150 mM butyrate to observe if increasing the butyrate concentration increased Cg production.
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Samples were taken 1 week postinoculation. Production of caproate was seen for all condi-
tions tested (Fig. 8B), with a maximum caproate concentration of ~1.7 mM observed when
“B. methylotrophicum” was supplied with 50 mM butyrate. Acetate was produced by all cul-
tures (Fig. S8B) alongside small increases in butyrate (Fig. S8C). We suspect the increase in bu-
tyrate is due to the organism metabolizing methanol into butyrate while simultaneously pro-
ducing caproate. As a proof of principle, the production of caproate provides circumstantial
evidence that “B. methylotrophicum” is capable of chain elongation to higher-value products
(Cy), but this requires further investigation and optimization.

DISCUSSION

“B. methylotrophicum” can utilize a wide variety of C, substrates, making it an interesting
candidate for C,-to-product conversion (23-28, 35, 44-46). The organism showed a high tol-
erance to both formate and methanol, as it could grow in up to 400 mM formate and
1,000 mM methanol, which is higher than what has been reported for other acetogens (7).
The highest reported acetogen growth on methanol has been 900 mM by Acetobacterium
woodii, which, as with “B. methylotrophicum,” showed growth defects as the methanol con-
centration was increased (22). Concentrations of methanol above 1,000 mM therefore were
not tested due to the reports for A. woodii. Although increasing concentrations of methanol
did decrease “B. methylotrophicum” growth, growth was not abolished at 1,000 mM, so it
can be assumed that the organism could grow at a concentration higher than 1,000 mM
methanol. Tolerance to high concentrations of formate and methanol can be reached by
acetogens, unlike aerobic fermentation, as formate does not inhibit cytochrome ¢ oxidases
and toxic formaldehyde is not formed from methanol (7, 47, 48).

The different carbon sources influenced the product spectrum of “B. methylotrophicum.”
Our data show that formate utilization favors acetate production and methanol utilization
favors butyrate production. No butyrate was detected on growth solely on formate, whereas
butyrate was the major, though not only, product of methanol fermentation (Fig. 2 and 3).
The difference in products is likely due to their different entry points into the WLP (Fig. 1).
Formation of acetyl-CoA from C, compounds requires input from both the carbonyl and
methyl branches within the WLP (9). Growth on either substrate will require sections of the
methyl branch to be run in the reverse direction to supply CO, necessary for the carbonyl
branch. Growth on formate through the carbonyl branch, after conversion to CO,, is redox bal-
anced as the reduced cofactor gained from formate oxidation is used for CO, reduction.
However, an investment of one ATP and two NADH equivalents is required for formate to tra-
verse the methyl branch of the WLP (Fig. 1). Acetate is likely the preferred product in formate-
fed growth, as investment of one ATP is recuperated through substrate-level phosphorylation
without requiring additional reducing equivalents. As this process is net zero ATP, additional
ATP is generated by the Rnf (Rhodobacter nitrogen fixation) complex, which exports sodium
or H* ions for subsequent use by the ATP synthase for ATP generation (Fig. 1) (49). In contrast,
methanol as the starting substrate requires no investment in the forward direction of the
methyl branch as it enters directly as methyl-THF via the use of the methyltransferase system
(Fig. 1) (21). Reversal of the methyl branch at this stage results in a net gain of one ATP and
two NADH equivalents when generating CO, for the carbonyl branch. The additional NADH
generated in methanol oxidation obligated NAD" regenerating reactions for redox balance,
which drives butyrate formation by the NADH-dependent 3-hydroxybutyryl-CoA dehydrogen-
ase (Hbd) and butyryl-CoA dehydrogenase (Bcd) enzymes (Fig. 1). Therefore, the lack of butyr-
ate production under formate-fed conditions can be explained by the lack of available reduc-
ing equivalents. Furthermore, growth on methanol has been calculated to produce 1.83 ATP/
butyrate (21), more than when grown on formate, thus explaining why butyrate is favored in
the presence of methanol, as methanol provides NADH and more ATP (13, 21).

Mixotrophic growth of both formate and methanol significantly enhanced “B. meth-
ylotrophicum” growth and C, titers, especially when methanol was in excess to formate. As
seen from Fig. 4D, increasing the initial ratio of methanol to formate caused an increase in the
ratio of C, to C,. Butyrate production reached a maximum of ~45 mM (~4 g/liter), far higher
than recently reported E. limosum growth on methanol and more recent “B. methylotrophicum”
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studies on methanol and bicarbonate (both ~25 mM butyrate) (13, 30). It is evident that
although formate utilization does not favor butyrate production, reaching higher C, titers
requires both substrates in ratios where methanol is in excess to formate. With this in mind,
we chose not to test formate concentrations higher than 200 mM to avoid shifting the me-
tabolism toward acetate production. Under mixed substrate conditions, we speculate that
formate is converted to CO,, reduced to CO (using reduced ferredoxin) by the CODH/ACS,
and combined with the methyl group from methanol. This would provide the necessary
components needed for acetyl-CoA synthesis without the costly metabolic requirement of
the methyl branch of the WLP. Acetate is then produced for ATP generation for the cell. This
hypothesis, however, lacks generation of the required NADH for both butyrate production
and reduced ferredoxin to reduce CO, to CO (assuming reduced ferredoxin is not gained
from formate oxidation). Therefore, to balance the redox within the cell, methanol is also oxi-
dized to generate NADH alongside direct conversion to methyl-THF. Generated NADH is
then used by the 3-hydroxybutyrl-CoA dehydrogenase (Hbd) and butyryl-CoA dehydrogen-
ase (Bcd)-electron-transferring flavoprotein (Etf) complex, which, in the case of the Bcd-Etf
complex, also produces reduced ferredoxin required for CO, reduction (49). Butyrate produc-
tion therefore serves not as an ATP-generating step but as a reduced-ferredoxin-generating
step, and production of acetate drives ATP generation along with the Rnf complex.

We have shown that growth on methanol and butyrate titers could be improved by
the addition of formate. Furthermore, we showed that the timing of formate delivery
impacted C, titers. By slowly feeding formate into the bioreactor, compared to being
added completely at the start or as a bolus feed, we were able to improve the ratios of
C,:C, products (Fig. 5B). Low concentrations of formate in this strategy provided
enough conversion to CO,, and then reduction to CO, without significantly shifting the
metabolism away from C, production. With excess methanol provided alongside, we
speculate that “B. methylotrophicum” was forced to grow predominantly on methanol,
which favors butyrate production, but was provided with the necessary CO, for the
CODH/ACS from the limited formate. This allowed for sustained high butyrate produc-
tion over acetate, further improving the yields of the more desired product. Adjusting
the feeding strategies is another example of how it is possible to modulate “B. methylo-
trophicum” product profiles through providing different concentrations of substrates.

We also showed, as a proof of principle, that “B. methylotrophicum” can elongate car-
bon molecules further and produce caproate (Cy) (Fig. 8). C. kluyveri utilizes cycles of the
reverse B-oxidation pathway to add carbon onto the chain using ethanol and acetate as
initial substrates (40). Because “B. methylotrophicum” uses this pathway to produce butyr-
ate, we hypothesized that the organism can produce caproate when supplied with
excess methanol and butyrate. This hypothesis was confirmed, as production of caproate
was seen for all conditions tested (Fig. 8).

“B. methylotrophicum” has been shown to produce lactate under syngas conditions
(45). However, when we supplied methanol and CO, lactate concentrations were increased to
~4 mM compared ~1 mM from previous studies (45). Lactate is an important product in the
pharmaceutical and food industry, alongside industrial production of biodegradable plastics
(50). Lactate is produced through two reactions, first via the pyruvate-ferredoxin oxidoreduc-
tase (PFOR), which catalyzes the reversible conversion of acetyl-CoA to pyruvate using CO,
and reduced ferredoxin (8, 51). From here, the lactate dehydrogenase (Ldh) reversibly converts
pyruvate to lactate with NADH, which, if completed by an electron-bifurcating Ldh, can yield
reduced ferredoxin (50, 52). However, it is unclear whether the Ldh from “B. methylotrophicum”
is electron bifurcating. We hypothesize that large quantities of relatively reduced substrates
(CO and methanol) caused lactate production due to higher ratios of reduced ferredoxin/oxi-
dized ferredoxin and NAD(P)H/NAD(P)* within the cell. The CODH can reversibly convert CO
to CO, reducing ferredoxin, and, as mentioned, reversal of the methyl branch of the WLP
through methanol utilization yields NADH. Transient production of certain products has been
reported several times in acetogens and appears to be linked to the redox state of the cell (33,
34). As lactate production occurred when the decrease in bottle pressure reached its peak
(Fig. 6B), we hypothesize that lactate served as a redox sink to balance the elevated quantities
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Feature Source or reference
Strain

Escherichia coli NEB 5-alpha Cloning strain NEB

Clostridium acetobutylicum ATCC 824 Wild type C. acetobutylicum ATCC 824 ATCC

Butyribacterium methylotrophicum DSM 3468 Wild type B. methylotrophicum ATCC

B. methylotrophicum with pJRHN1 B. methylotrophicum harboring pJRHN1 This study

B. methylotrophicum with pJRHN2 B. methylotrophicum harboring pJRHN2 This study
Plasmid

pMTL83151 Modular plasmid of the pMTL series Chain Biotech, 37

pCL2 Modified pJIR750ai 36

pJRHN1 pCL2 containing the lacZ module This study

pJRHN2 pJRHN1 contain the dfx promoter and adhE2 gene This study

of reduced ferredoxin and NADH, which we suspect reached its maximum at 72 h.
Consumption of lactate followed, suggesting the lack of CO after 72 h allowed the organism
to reassimilate the lactate. Similarly, alcohols, which require 2 NAD(P)H equivalents, were also
produced under this condition, which we assume is due to an increase in reduced equivalents
in the cell. The redox state of substrates plays an important role in product formation.

Improving product titers through genetic engineering is another important tool in
improving acetogen viability in the bioeconomy (53). We showed successful heterologous
gene expression of the adhE2 gene from C. acetobutylicum that leads to butanol production
under conditions where butanol was not usually detected (Fig. 7B). Both genetic engineer-
ing and substrate selection are important tools and may serve in conjunction for improved
product titers. Additionally, the butyrate/butanol pathway (Fig. 1) shares many common en-
zymatic steps with other pathways investigated for the production of value-added products,
such as (poly)hydroxyalkanoates, by acetogens (54, 55). As far as we know, acetogen conver-
sion of liquid C, substrates to these products has not been explored but could be a promis-
ing avenue of research. Using “B. methylotrophicum,” we show that acetogen metabolism
can be modified through substrate selection, feeding, and genetic engineering to further
unlock their industrial potential for biological carbon capture.

MATERIALS AND METHODS

Bacterial strains and growth conditions. “B. methylotrophicum” DSM 3468 was purchased from the
German Collection of Microorganisms and Cell Cultures (DSMZ) and cultivated under strict anaerobic
conditions in an adapted version of ATCC medium 1136, named formate-adapted medium (FAM) (Table
1). FAM contains (per liter) 20 mL of 3 M potassium phosphate buffer that contained 321.5 g/liter
K,HPO, and 157.2 g/liter KH,PO,, 50 mL mineral solution 2 that contains 6 g/liter (NH,),SO,, 12 g/liter
NaCl, 2.4 g/liter MgSO,-7H,0, and 1.6 g/liter CaCl,-2H,0, 50 mL sodium carbonate solution that contains
80 g/liter Na,CO,, 1 g/liter yeast extract, 0.6 g/liter L-cysteine HCl, 10 mL trace element solution, and
10 mL Wolfe’s vitamin solution. Trace element solution and Wolfe's vitamin solution are identical to
those found in ATCC medium 1754 PETC. The medium was prepared and the pH adjusted to 7.2, and
then it was filter sterilized. For growth on agar plates and recovery posttransformation, YTF medium was
used that contained 10 g/liter yeast extract, 16 g/liter Bacto tryptone, 4 g/liter NaCl, 5 g fructose, 0.5 g/liter L-cyste-
ine HCl set to pH 7. The addition of 15 g/liter Bacto agar was used for solid plates. “B. methylotrophicum” growth
was examined in a COY (Grass Lake, MI) anaerobic growth chamber, flushed with 95% N, and 5% H, and main-
tained anaerobic by palladium catalyst or in pressurized bottles.

For the formate and methanol tolerance and mixed formate and methanol ratio experiments, “B. methylotro-
phicum” growth was carried out in 15-mL Falcon tubes (Fisher Scientific) using 10 mL FAM and various formate
and methanol concentrations at 37°C. For caproate production, “B. methylotrophicum” growth was carried out in
15-mL Falcon tubes (Fisher Scientific) using 5 mL FAM, 500 mM methanol, and various butyrate concentrations
at 37°C. Growth for the plasmid-bearing strains was carried out in 15-mL Falcon tubes (Fisher Scientific) using
10 mL FAM with either 10 g/liter fructose or 100 mM formate and 100 mM methanol and supplemented with
10 ng/ml thiamphenicol at 37°C. Growth with CO, CO,, or H, supplementation was carried out using 250 mL
Duran Pressure Plus bottles (DWK Life Sciences, USA) containing 50 mL FAM and various formate and methanol
concentrations. Bottles were sealed and aseptically flushed with either CO, CO,, or H, for 3 min depending on
the required gas. CO, CO,, or H, was then added to the required pressure. FAM within the bottles was supple-
mented with 10 wg/mL thiamphenicol for growth with plasmid-bearing strains. Bottle growth was carried out at
37°C with 200-rpm shaking.

Escherichia coli NEB 5-alpha was used for all plasmid preparations and was acquired from New
England Biolabs (NEB). NEB 5-alpha was grown in LB medium at 37°C using 30 ug/mL chloramphenicol
to maintain plasmid selection.
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TABLE 2 Primers used in this study

Primer name Sequence (5'-3’) Description Source

cl2hifi_fwd GGGTTACATCGAACTGGATC Amplification of pCL2 This study
cl2hifi_rev CCACAGAATCAGGGGATAAC Amplification of pCL2 This study
laczhifi_fwd GTTATCCCCTGATTCTGTGGCCTGCAGGATAAAAAAATTGTAG Amplification of LacZ multiple cloning site This study
laczhifi_rev GATCCAGTTCGATGTAACCCGGCGCGCCATAAAAATAAG Amplification of LacZ multiple cloning site This study
Pdfx_fwd GCTCGGTACCCGGGGATCCTTATAATTATTTAAAATATCAACAGACATCTC  Amplification of dfx promoter This study
Pdfx_rev TAACTTTCATAATAAAGACCTCCTATAGTCC Amplification of dfx promoter This study
CacadhE2_fwd GGTCTTTATTATGAAAGTTACAAATCAAAAAGAAC Amplification of C. acetobutylicum adhE2 gene This study
CacadhE2_rev ATGGACGCGTGACGTCGACTTTAAAATGATTTTATATAGATATCCTTAAGTTC Amplification of C. acetobutylicum adhE2 gene  This study
catP_F CCGGCCAGTGGGCAAGTTGAAAAATTC Amplification of the catP gene This study
catP_R AAACTTAGGGTAACAAAAAACACCGTATT Amplification of the catP gene This study

Bioreactor conditions. For testing formate-feeding strategies, “B. methylotrophicum” was grown in
Biostat Q plus 0.5-liter bioreactors (Sartorius Stedim) with a 300-mL initial working volume of FAM with
500 mM methanol. A total of 200 mM formate was supplied through three distributions. The first was a control
bioreactor setup that contained 200 mM formate at the start of growth with no added formate during growth.
The second bioreactor setup contained 100 mM formate at the start of growth and cultures subsequently given
a bolus feed of 100 mM formate at 17 h. The third bioreactor setup contained no starting formate; however, cul-
tures were supplied a constant feed of formate after inoculation at 4 mM/h, from a 1 M sodium formate stock,
for the first 50 h. Each condition was in biological triplicate, and samples were taken for the optical density at 600
nm (ODgy,) and high-performance liquid chromatography (HPLC) at least once a day for 10 days. Fermentation
conditions were carried out at 37°C, with 200-rpm stirring. An overlay of 50 ccm of N, was applied continuously
throughout the experiment. The pH of all bioreactor growths was held at 7 using 2 M HCl.

Molecular techniques. Plasmids from the pMTL80000 modular system (37) were purchased from
Chain Biotech (Nottingham, UK) and used for testing transformation in “B. methylotrophicum.” Plasmid
pCL2 was obtained by following the same modifications that Leang et al. performed after purchasing
pJIR750ai from Sigma (36). Plasmid pJRHN1 was made by placing the lacZa multiple-cloning site module
from pMTL84151 into pCL2 using the NEBuilder HiFi DNA assembly cloning kit (NEB). Both the pCL2 frag-
ment and lacZa multiple-cloning site module from pMTL84151 were amplified using Phusion polymerase
(NEB) and primers listed in Table 2. Plasmid pJRHN2 for heterologous gene expression of the adhE2 gene from
Clostridium acetobutylicum ATCC 824 was constructed by insertion of both the 200-bp sequence upstream on
the “B. methylotrophicum” desulfoferrodoxin (BUME_12740) gene and the adhE2 gene of C. acetobutylicum into
PJRHN1. Fragments were amplified using Phusion polymerase (NEB) and inserted at the Xbal (NEB) cut site. C.
acetobutylicum and “B. methylotrophicum” genomic DNA was isolated using a GenElute bacterial genomic DNA
kit (Sigma-Aldrich, USA) by following the manufacturer’s instructions and used as a template for the primers
listed in Table 2. E. coli transformants were screened by colony PCR using DreamTaq (ThermoFisher Scientific).
Plasmids were isolated using a Monarch plasmid miniprep kit (NEB) by following the manufacturer’s instruc-
tions, and insertions were verified by Sanger sequencing (Genewiz). Plasmid maps of pJRHN1 and pJRHN2 can
be found in the supplemental material (Fig. S3).

Preparation of electrocompetent cells and plasmid transformation into “B. methylotrophicum.”
“B. methylotrophicum” was grown in 200 mL of FAM containing 10 g/liter fructose overnight at 37°C. The
ODg,, for harvesting at this time point was ~3.5. Cells were then centrifuged at 4,000 x g for 15 min at 4°C. Cells
were then washed and resuspended in 100 mL ice-cold SMP buffer (270 mM sucrose, T mM MgCl,, and 7 mM so-
dium phosphate set to pH 6). Centrifugation and resuspension steps were repeated once more. A final centrifu-
gation step was then completed. The resulting cell pellet was resuspended in 1 mL SMP buffer plus 10% DMSO.
Cells were divided into 200-u.L aliquots in sterile microcentrifuge tubes and frozen at —80°C for future use.

Electroporation was performed in a COY chamber with a Bio-Rad (Hercules, California) Gene Pulser Xcell elec-
troporator under the following conditions: 25 uL cells was mixed with 1 to 2 ug of DNA in a 1-mm electroporation
cuvette, pulsed at 900 kV with resistance at 600 Q and a capacitance of 25 uF. Cells were then resuspended in
1 mL of YTF and recovered for 8 to 16 h at 37°C. Cells were then plated in anaerobic molten YTF agar with thiam-
phenicol at a final concentration of 10 wg/mL. Typically, colonies appeared between 2 and 5 days after plating.

Analytical techniques. Samples of cultures were routinely analyzed for cell density and concentra-
tions of substrates and products via HPLC. Samples (1 mL) were taken at various time points and optical
density was measured at 600 nm using a Milton Roy (lvyland, PA) Spectronic 21D. Dilutions were made
as necessary to keep readings within the dynamic range of the instrument. HPLC samples were prepared
from undiluted samples by pelleting the cells by centrifugation at full speed for 1 min and then filtering
the supernatant through a 0.22-um filter. Fermentation substrates and products in the liquid phase
(fructose, formate, acetate, methanol, ethanol, butyrate, caproate, and butanol) were measured by HPLC
on a 1200 series Agilent (Santa Clara, CA) with an Aminex HPX-87H column using a Micro Guard Cation
H cartridge at 55°C with 4 mM H,SO, mobile phase, as previously described (56).

Carbon and electron yield calculations. Carbon yield was calculated based on total carbon concen-
tration of the final products divided by the carbon concentration of liquid C, substrates used. Carbon
concentration for products was determined by the number of carbons in the molecule, for example,
each acetate contains 2 carbon molecules, so 10 mM acetate would have 20 mM carbon. Electron yield was
calculated based on the degree of reduction, defined as the number of equivalents of available electrons each
substrate or product has. Thus, the electron yield can be calculated by the number of available electrons as

March 2022 Volume 88 Issue 6 €02393-21

aem.asm.org 13

Downloaded from https://journal s.asm.org/journal/aem on 25 March 2022 by 192.174.37.52.


https://aem.asm.org

Humphreys et al.

products divided by the number of electrons as substrates. As only liquid substrates and products are assessed,
CO, and H, are not accounted for in the calculations.

SUPPLEMENTAL MATERIAL
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