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2,3-Butanediol (23BD) is a high-value chemical usually produced petrochemically but which can also be
synthesized by some bacteria. To date, the best microbial 23BD production rates have been observed using
pathogenic bacteria in fermentation systems that depend on sugars as the carbon and energy sources for
product synthesis. Here we present evidence of 23BD production by three nonpathogenic acetogenic Clostridium
species—Clostridium autoethanogenum, C. ljungdahlii, and C. ragsdalei—using carbon monoxide-containing
industrial waste gases or syngas as the sole source of carbon and energy. Through an analysis of the C.
ljungdahlii genome, the complete pathway from carbon monoxide to 23BD has been proposed. Homologues of
the genes involved in this pathway were also confirmed for the other two species investigated. A gene expression
study demonstrates a correlation between mRNA accumulation from 23BD biosynthetic genes and the onset of
23BD production, while a broader expression study of Wood-Ljungdahl pathway genes provides a transcrip-
tion-level view of one of the oldest existing biochemical pathways.

2,3-Butanediol (23BD) is a commodity chemical usually pro-
duced from oil. It can be used as a precursor in the manufac-
ture of a range of chemical products, including the solvents
methyl ethyl ketone (MEK), gamma-butyrolactone (GBL),
and 1,3-butadiene (13, 55, 58). Commercially, the key down-
stream products of 23BD have a potential global market of
around 32 million tons per annum, valued at approximately
$43 billion in sales.

23BD is known to be produced by a range of sugar (or
citrate)-fermenting microbes, including Bacillus amyloliquefa-
ciens (13), Bacillus subtilis (58), Enterobacter aerogenes (11),
Klebsiella pneumoniae (7), Klebsiella oxytoca (51), Lactococcus
lactis (26), Paenibacillus polymyxa (14), and Serratia marcescens
(60). In this study, we present evidence of 23BD production by
3 acetogenic members of the Clostridium genus (Clostridium
autoethanogenum, Clostridium ljungdahlii, and Clostridium rag-
sdalei) using gases (carbon monoxide [CO] or hydrogen [H,]
and CO) as the source of carbon and energy.

To date, acetogens have been reported to produce acetate,
ethanol, butyrate, and butanol, all of which are synthesized
directly from acetyl-coenzyme A (acetyl-CoA) (16, 34, 36).
However, whether metabolites known to require pyruvate as a
precursor for their synthesis can be produced in significant
quantities by microbes using gases as opposed to carbohydrates
as the source of metabolic carbon and energy has not yet been
demonstrated. In this study, the production of the pyruvate-
derived metabolites 23BD and lactate by acetogenic clostridia
was investigated. The purpose of this study was 2-fold: to gain
insight into the genetic control of carbon flow in acetogenic
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organisms and to gain insight into the potential versatility of
such an approach as a platform for the production of a broader
spectrum of fuel or chemical products.

The ability of microbes to use CO relies on the operation of
the Wood-Ljungdahl metabolic pathway (Fig. 1A). The
biochemistry associated with this pathway has been described
in a variety of excellent review articles (16, 17, 45, 56). CO
and/or CO, feeds the methyl (eastern) and carbonyl (western)
branches of the pathway, resulting in the formation of acetyl-
CoA, which serves as the central precursor for all catabolic and
anabolic processes. In the methyl branch, CO or CO, is fixed in
a sequence of tetrahydrofolate (THF)- and cobalamin-depen-
dent reactions into a methyl group, which is then combined
with CO (used either directly or after enzymatic reduction of
CO,) to form acetyl-CoA catalyzed by the CODH/ACS (car-
bon monoxide dehydrogenase/acetyl-CoA synthase) complex
(Fig. 1A).

Reducing equivalents required for metabolic processes are
generated from either CO via the CODH enzyme or H, via
hydrogenase enzymes (33). In the absence of H, in the input
gas, the reducing equivalents are provided solely from CO via
the biological water-gas shift reaction (CO + H,0 — CO, +
2 H" + 2¢7). If H, is present in the gas, additional reducing
equivalents are available (H, — 2 H* + 2¢7), enabling a
proportional increase in carbon assimilation. The use of CO
(E,’ = =520 mV) and H, (E,’ = —414 mV), which are not
equivalent because of having significantly different redox po-
tentials, allows a broad spectrum of resources to be considered
for product synthesis (50).

The results presented herein show that the use of acetogens
is a viable strategy for the production of 23BD. Furthermore,
evidence for the biosynthetic pathway used for its synthesis
from CO is given together with the results of a gene expression
study examining the transcription of genes encoding biosyn-
thetic enzymes from CO metabolism through to the biosynthe-
sis of 23BD and lactate. Additionally, stereochemistry and
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toxicity analyses were undertaken to define the commercially
important structural specificity and potential production limits
of this molecule by gas fermentation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. autoethanogenum DSM 10061 and
C. ljungdahlii DSM 13582 were obtained from the DSMZ (Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany), and
C. ragsdalei ATCC BAA-622 was obtained from the American Type Culture
Collection (Manassas, VA). All organisms were cultivated under strict anaerobic
conditions (29) in modified PETC medium (ATCC medium 1754 with yeast
extract and fructose omitted) at 30°C (C. ragsdalei) or 37°C (C. autoethanogenum
and C. ljungdahlii). Heterotrophic growth was performed on 0.5% (wt/vol) fruc-
tose, while steel mill waste gas (composition, 44% CO, 32% N,, 22% CO,, and
2% H,; collected from a steel site in Glenbrook, New Zealand) was used for
autotrophic growth at a pressure of 200 kPa.

Growth experiments were carried out in 100 ml medium, using 500-ml Schott
Duran GLA45 Pressure Plus bottles with butyl rubber stoppers. 23BD and lactate
toxicity experiments were performed in 125-ml Bellco serum bottles with butyl
rubber septa, using 50 ml medium containing increasing concentrations of 23BD
(distilled from broth of C. autoethanogenum) and pr-lactic acid (Sigma-Aldrich,
St. Louis, MO) (NaOH was used to compensate the pH of the medium after
addition of lactic acid). All growth experiments were performed at least in
triplicate. Growth was monitored by measuring the optical density at 600 nm
(ODgy), and metabolic end products were analyzed by high-performance liquid
chromatography (HPLC).

Analytics. Metabolite concentrations were routinely determined using an Agi-
lent 1100 series HPLC system (Agilent Technologies, Santa Clara, CA) equipped
with a refractive index detector (RID) operated at 35°C and an Alltech IOA-
2000 organic acid column. The column was kept at 60°C. Slightly acidified water
(0.005 M H,SO,) was used as the mobile phase, with a flow rate of 0.7 ml/min.
To remove proteins and other cell residues, 400 wl of sample was mixed with 100
wl of 2% (wt/vol) 5-sulfosalicylic acid, and the samples were centrifuged at 14,000 X
g for 3 min. The supernatant (10 pl) was then injected into the HPLC for
analysis. Optical activity was measured at room temperature on a polartronic
NHS instrument (Schmidt+Haensch, Berlin, Germany) at 589 nm and 20°C.
Pure chiral standards [p-(—)-23BD, L-(+)-23BD, and meso-23BD] were ob-
tained from Sigma-Aldrich (St. Louis, MO). For 23BD identification, an Agilent
gas chromatography-mass spectrometry (GC-MS) system with a quadrupole
mass selective detector operated at 70 eV was used. A ZB-1701 column (30 m by
250 wm by 150-wm film thickness) (Phenomenex, Torrance, CA) with a 5-m
guard column was used for all analyses.

Sequencing and analysis of genes and enzymes. The genome sequence of C.
ljungdahlii (33) was retrieved from GenBank (accession no. NC_014328), while
sequences of C. autoethanogenum and C. ragsdalei were obtained by a whole-
genome shotgun approach combined with bidirectional primer walking.

Genomic DNAs used as templates were isolated from overnight cultures (6).
One hundred milliliters of culture was harvested by centrifugation (6,000 X g, 15
min, 4°C), washed with potassium phosphate buffer (10 mM; pH 7.5), and
suspended in 1.9 ml STE buffer (50 mM Tris-HCl, 1 mM EDTA, 200 mM sucrose
[pH 8.0]). This suspension was treated with 300 pl lysozyme (~100,000 U) for 30
min at 37°C and with 280 pl of an SDS solution (10% [wt/vol]) for 10 min. RNA
was digested by addition of 240 ul of an EDTA solution (0.5 M; pH 8), 20 pl
Tris-HCI (1 M; pH 7.5), and 10 pnl RNase A (50,000 U). Proteolysis was achieved
by addition of 100 pl proteinase K (0.5 U) for 1 to 3 h at 37°C. Finally, 600 pl of
sodium perchlorate (5 M) was added, followed by phenol-chloroform extraction
and isopropanol precipitation. The purity and quantity of DNA were verified
using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
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MA) and a Qubit fluorometer (Invitrogen, Carlsbad, CA) as well as by gel
electrophoresis.

Shotgun sequencing (39) was carried out using a 454 GS FLX Titanium
instrument (Roche Applied Science, Indianapolis, IN). For C. autoethanogenum,
511,611 reads with a total length of 188,798,483 bp were obtained, and for C.
ragsdalei, 430,028 reads totaling 150,049,168 bp were obtained, and the reads
were assembled using the Newbler package (Roche Applied Science, Indianap-
olis, IN). Additionally, primer walking experiments using the Sanger method (47)
were performed to confirm the identities of relevant sequences.

Genes and enzymes were predicted using the BLAST (3), COG (53), and
TIGRFAM (25) databases. Motif scans were performed against the PROSITE
(28) and Pfam (19) databases. T boxes were identified using the RFam database
(22).

Gene expression studies. To follow gene expression over time, duplicate sam-
ples were taken during every phase of growth of a C. autoethanogenum culture.
The bacterial cell pellets (1.7 X 10' to 2.5 X 10'° cells) were harvested by
centrifugation (6,000 X g, 5 min, 4°C), snap-frozen in liquid nitrogen, and stored
at —80°C until RNA extraction. Total RNA was isolated using a PureLink RNA
minikit (Invitrogen, Carlsbad, CA) and then eluted in 100 pl of RNase-free
water. After DNase I treatment (Roche Applied Science, Indianapolis, IN), the
reverse transcription step was then carried out with a standardized amount of
total RNA, using a SuperScript IIT reverse transcriptase kit (Invitrogen, Carls-
bad, CA). RNA was checked using an Agilent Bioanalyzer 2100 instrument
(Agilent Technologies, Santa Clara, CA) and by gel electrophoresis. A no-
reverse-transcriptase control was performed for every primer pair.

All quantitative PCRs (qPCRs) were performed in duplicate, using a MyiQ
single-color detection system (Bio-Rad Laboratories, Carlsbad, CA) and a total
reaction volume of 15 ul with 25 ng of cDNA template, 67 nM (each) primers
(see Table S2 in the supplemental material), and 1X iQ SYBR green supermix
(Bio-Rad Laboratories, Carlsbad, CA). The reaction conditions were 95°C for 3
min followed by 40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s. For
detection of primer dimerization or other artifacts of amplification, a melting
curve analysis was performed immediately after completion of the qPCR (38
cycles of 58°C to 95°C at 1°C/s). All qPCR products were chosen to be between
110 and 140 bp.

Two housekeeping genes (guanylate kinase and formate tetrahydrofolate li-
gase genes) were included for each cDNA sample for normalization. Threshold
cycle (Cy) values are shown in the supplemental material. Derivation of relative
gene expression was conducted using Relative Expression Software Tool (REST)
2008 version 2.0.7 (43), which uses the following formula to calculate relative
expression: relative expression = concentration of gene of interest/geometric
mean concentration of housekeeping genes, where concentration = Ae“” (where
Ae = amplification efficiency). Dilution series of cDNA spanning 4 log units
were used to generate standard curves, and the resulting amplification efficien-
cies were used to calculate the concentration of mRNA.

Nucleotide sequence accession numbers. The relevant sequences of C. auto-
ethanogenum and C. ragsdalei were deposited in GenBank under accession num-
bers HQ876009 to HQ876032.

RESULTS

23BD production. Growth and metabolic profiles of three
closely related acetogenic species, C. autoethanogenum (1), C.
ljungdahlii (52), and C. ragsdalei (27), on CO-containing steel
mill waste gas as the sole energy and carbon source were
compared in Schott bottle growth experiments (Fig. 2).
Growth rates and maximum cell densities were found to be

FIG. 1. (A) Proposed pathway for production of 23BD and lactate from CO via the Wood-Ljungdahl pathway (16, 17, 45, 56). Single reactions
shown do not represent stoichiometric fermentation balances. The graphs represent normalized mRNA levels over complete growth relative to
those at the first time point (14 h) (B) and compared to the acetolactate synthase gene at the logarithmic (50 h) and stationary (139 h) growth
phases (C). 23BDH, 2,3-butanediol dehydrogenase; acs, genes for CODH/ACS complex; acsA, CODH subunit gene; acsB, ACS subunit gene;
acsC, corrinoid iron-sulfur protein large subunit gene; acsD, corrinoid iron-sulfur protein small subunit gene; acsE, methyltransferase subunit gene;
ALDC, acetolactate decarboxylase; CFeSP, corrinoid iron-sulfur protein; fchA, formimido-tetrahydrofolate cyclodeaminase gene; FDH, formate
dehydrogenase; fhs, formyl-tetrahydrofolate synthase gene; folD, bifunctional methylene-tetrahydrofolate dehydrogenase/formyl-tetrahydrofolate
cyclohydrolase gene; ilvC, ketol acid reductoisomerase gene; ilvD, dihydroxy acid dehydratase gene; ilvIH, acetolactate synthase gene; metF,

methylene-tetrahydrofolate reductase gene; THF, tetrahydrofolate.
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FIG. 2. Growth experiments with C. autoethanogenum (black), C. ljungdahlii (light gray), and C. ragsdalei (dark gray) on steel mill waste gas
(44% CO, 32% N,, 22% CO,, and 2% H,) as the sole carbon and energy source. Circles, biomass; triangles facing down, acetate; diamonds,

ethanol; triangles facing up, 23BD; squares, lactate.

similar for all three species, although C. ragsdalei has a lower
optimal growth temperature. No growth occurred when steel
mill waste gas was omitted. As described in previous studies (1,
27,52), acetate (28 to 32 mM) and ethanol (19 to 22 mM) were
found to be the main metabolic end products. However, care-
ful analysis also revealed synthesis of small amounts of 23BD
(1.4 to 2 mM) and traces of lactate (0.1 to 0.2 mM) during the
stationary growth phase for all three species (Fig. 2). This
conclusion was independently confirmed by GC-MS analysis.
The molar ratio of 23BD to ethanol was around 1:10, and that
of 23BD to acetate was approximately 1:15. None of these
products were detected in a medium control with steel mill
waste gas in the headspace.

To investigate which of the different isomeric forms of 23BD
[D-(—), L-(+), or meso] was produced, the substance was pu-
rified from cultures of C. autoethanogenum via distillation and
further analyzed against chiral standards (55). HPLC chro-
matograms yielded two peaks, corresponding to 94% bp-(—)-
23BD and 6% meso-23BD. This was confirmed by measuring
the optical activity of the sample, which returned an angle of
rotation of —12.05°, compared to —12.93° for the pure p-(—)-
standard (while the meso form is optically inactive).

Metabolic pathway for production of 23BD from CO. To
reconstruct the metabolic pathway for synthesis of 23BD from
CO, similarities were sought with the well-documented enzy-
mology of 23BD production in sugar-fermenting Enterobacte-
riaceae and Bacillus species as well as in the acetoin-producing
organism Clostridium acetobutylicum (13, 30, 57). An analysis
of the recently published C. ljungdahlii genome (33) revealed
homologues of the genes encoding the three principle en-

zymes involved in 23BD production from the central inter-
mediate pyruvate: acetolactate synthase, acetolactate decar-
boxylase, and 23BD dehydrogenase (see Fig. S1 in the
supplemental material). The presence of these genes was
also confirmed in C. autoethanogenum and C. ragsdalei by
whole-genome shotgun sequencing and primer walking ex-
periments. While these genes are usually clustered together
in a common operon in Enterobacteriaceae and Bacillus spe-
cies (10, 30, 46, 54, 57), they were found to be scattered over
the genome in C. ljungdahlii (see Fig. S1), which is also the
case for the acetolactate synthase and acetolactate decar-
boxylase genes of C. acetobutylicum.

Synthesis of acetyl-CoA from CO via the Wood-Ljungdahl
pathway has already been analyzed in detail for C. ljungdahlii
(33). All genes (except for the three formate dehydrogenase
genes, CLJU_c06990, CLJU_c08930, and CLJU_c20040) are
arranged in a single cluster (CLJU_c37530-37670). Sequencing
confirmed the same arrangement in C. autoethanogenum and
C. ragsdalei (Fig. 3) but revealed differences in the nucleotide
sequences of the genes in the three species. Most notable are
variations in the acs4 and acsB genes, encoding the catalytic
domains of the key enzymes CODH and ACS, while the genes
for the other CODH/ACS subunits and for the remaining
enzymes of the methyl branch are highly conserved (Fig. 3).
Conversion of acetyl-CoA and pyruvate is catalyzed by the
action of a pyruvate:ferredoxin oxidoreductase (PFOR), whose
gene is present in two copies in the genome of C. Jjungdahlii
(CLJU_c09340 and CLJU_c29340) that are also present in C.
autoethanogenum and C. ragsdalei.

Initial conversion in the metabolic route from pyruvate to
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FIG. 3. Arrangement and sequence identity of the Wood-Ljungdahl gene cluster in C. autoethanogenum (CAU), C. ljungdahlii (CLJ), and C. ragsdalei
(CRA). The graph at the top shows the percentages of identity between all 3 sequences. Variations are marked in black or as gaps in the gray sequence
bar above the annotations. Alignments were created using Geneious (Biomatters Ltd., Auckland, New Zealand). acs, genes for the CODH/ACS complex;
acsA, CODH subunit gene; acsB, ACS subunit gene; acsC, corrinoid iron-sulfur protein large subunit gene; acsD, corrinoid iron-sulfur protein small
subunit gene; acsE, methyltransferase subunit gene; cooC, gene for CODH accessory protein; fchA, formimido-tetrahydrofolate cyclodeaminase gene; fdx,
ferredoxin gene; fhs, formyl-tetrahydrofolate synthase gene; folD, bifunctional methylene-tetrahydrofolate dehydrogenase/formyl-tetrahydrofolate cyc-
lohydrolase gene; gcvH, gene for glycine cleavage system H protein; lpdA, gene for dihydrolipoamide dehydrogenase; metF, methylene-tetrahydrofolate

reductase gene; T, predicted terminator; X, gene for conserved zinc finger protein of unknown function.

23BD is catalyzed by an acetolactate synthase (EC 2.2.1.6),
which links 2 molecules of pyruvate to a-acetolactate. This
enzyme is found ubiquitously in nature, since acetolactate is
also the precursor for biosynthesis of the branched-chain
amino acids valine and leucine, but it exists in different forms.
Accordingly, C. ljungdahlii possesses three different acetolac-
tate synthase genes (33). Two of them, ilvB (CLJU_c32420)
and ilvIH (CLJU_c20420-30), are likely to be involved in anab-
olism, while the third, alsS (CLJU_c38920), is predicted to
encode a catabolic enzyme responsible for the formation of
23BD, with homology to the catabolic acetolactate synthase of
C. acetobutylicum. Homologous genes (both anabolic and cat-
abolic) were also found in C. autoethanogenum and C. ragsda-
lei. While the alsS gene was found to be exactly identical in all
three strains, the genes involved in biosynthesis of branched-
chain amino acids showed some variation. For example, the
ilvB gene of C. autoethanogenum appears to be split into two
open reading frames, in contrast to the case for both C. ljung-
dahlii and C. ragsdalei. This is due to a frameshift caused by a
single base insertion, which was confirmed by repeated se-
quencing using different DNA preparations. The ilvIH genes of
all three strains were found to be homologous, with slight
differences in length, and in each case were located in a cluster
containing other branched-chain amino acid biosynthesis
genes (ilvC and ilvD, encoding a ketol acid reductoisomerase
and a dihydroxy acid dehydratase, respectively). However, a
difference between the three species investigated was found in
the cluster of C. ljungdahlii (CLJU_c20390-430), which con-
tains two identical copies of ilvC (possibly due to a gene dou-
bling event), whereas only one ilvC gene is present in the
ilvCDIH clusters of C. autoethanogenum and C. ragsdalei (Fig.

4). The genome of C. ljungdahlii also carries a third, orphan
ilvC gene (CLJU_c15310) (see Fig. S1 in the supplemental
material), which is also present in both C. autoethanogenum
and C. ragsdalei.

In the second step, acetolactate is split into acetoin and CO,
by an acetolactate decarboxylase (EC 4.1.1.5). The respective
gene (CLJU_c08380) was found to be highly conserved in all
three strains as well as in the acetoin-producing organism C.
acetobutylicum (see Table S3 in the supplemental material),
while only minor homologies exist for sequences from other
bacteria.

Acetoin is then finally reduced to 23BD by the action of a
23BD dehydrogenase (EC 1.1.1.4). The genome of C. fjung-
dahlii contains several dehydrogenase genes, some of whose
products are likely to catalyze this reaction. The gene product
of CLJU_c23220, for example, shows identity to (R,R)-butane-
diol dehydrogenases of several Bacillus strains known to pro-
duce 23BD, besides homology to several clostridial alcohol
dehydrogenases of unknown function (see Table S3 in the
supplemental material). A respective gene could also be identi-
fied in C. autoethanogenum and C. ragsdalei. The enzyme seems to
be NADH and zinc dependent, since relevant binding domains
could be identified. A search against the TIGRFAM database
(25) revealed more potential candidate genes. A 23BD dehydro-
genase/acetoin reductase motif (TIGR02415) was identified in
three predicted short-chain dehydrogenase/reductase genes of C.
ljungdahlii: CLJU_c14160 (E value = 9.1e—10), CLJU_c26580 (E
value = 2.3e—06), and CLJU_c42160 (E value = 8.1e—50). How-
ever, the predicted structure indicates that all three genes are
more likely to represent 3-oxoacyl-[acyl carrier protein] reducta-
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FIG. 4. Arrangement and identity of the ilvCDIH cluster in C. autoethanogenum (CAU), C. ljungdahlii (CLJ), and C. ragsdalei (CRA). The
graph at the top shows the percentages of identity between all 3 sequences. Variations are marked in black or as gaps in the gray sequence bar
above the annotations. Alignments were created using Geneious (Biomatters Ltd., Auckland, New Zealand). ilvC, ketol acid reductoisomerase
gene; ilvD, dihydroxy acid dehydratase gene; ilvIH, acetolactate synthase gene; T, predicted terminator; T box, T box motif (RF00230).
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ses involved in fatty acid biosynthesis, and CLJU_c14160 is also
located in a respective fab gene cluster.

Gene expression studies. Quantitative PCR was used to an-
alyze the expression of the identified genes over time in a C.
autoethanogenum culture (Fig. 1). The highest normalized
mRNA levels were found for genes of the Wood-Ljungdahl
gene cluster (Fig. 1C), which all had similar expression profiles
(Fig. 1B). Among the three formate dehydrogenase genes, the
gene encoding a selenocysteine-containing homologue of the
CLJU_c06990 gene product yielded the highest normalized
mRNA levels. While one PFOR gene (homologue of CLJU_
c09340) was found to be expressed constitutively at a high level,
the other PFOR gene (homologue of CLJU_c29340) was upregu-
lated only at the end of growth (20-fold increase in normalized
mRNA level).

Genes involved in synthesis of 23BD and lactate were found
to be upregulated massively (15-fold increase in normalized
mRNA level) during stationary growth phase, when the bulk of
23BD and lactate is produced. A slight upregulation was al-
ready observed during mid-/late exponential growth phase (af-
ter 50 h), which is shortly before the observed onset of 23BD
production (at 75 h of growth). This slight difference in timing
can be explained by the time needed to synthesize the active
enzymes from the mRNAs as well as the limits in detection of
produced 23BD. Only the putative 23BD dehydrogenase gene
was expressed constitutively at a high normalized mRNA level
over the whole period of growth. The expression of genes
involved in the initial steps of branched-chain amino acid pro-
duction was also analyzed. While expression of ilvB was found
to be relatively stable, that of ilvIH, ilvC, and ilvD appears to be
regulated.

Toxicity of 23BD. To investigate whether 23BD has toxic
effects on growth, cultures of C. autoethanogenum were chal-
lenged with increasing concentrations (0 to 200 g/liter) of pre-
viously distilled 23BD. Growth and acetate production ceased
at concentrations of added 23BD of 40 to 50 g/liter (see Fig. S2
in the supplemental material).

DISCUSSION

Ethanol production from CO is considered to be a promising
approach to low-carbon fuel production, and at least three
companies, including Coskata, IneosBio, and LanzaTech, are
seeking to develop the technology as a commercial process
(35). The three most industrially relevant species, C. autoetha-
nogenum (49), C. ljungdahlii (21), and C. ragsdalei (27), were
compared in this study examining 23BD production from CO-
rich off-gases produced by the steel industry. While only small
variations in growth and ethanol production were observed, all
three species were shown to produce small amounts of the
four-carbon compound 23BD. To the best of our knowledge,
23BD production has not yet been reported as a native clos-
tridial fermentation product. 23BD was coproduced with eth-
anol at a molar ratio of 1:10 (23BD to ethanol). Taking into
account that for fermentation processes with C. ljungdahlii
ethanol concentrations of over 50 g/liter were reported (44),
production of 23BD from CO could become a viable industrial
process.

To further develop this process as a strategy for 23BD pro-
duction, it is important to identify the genes involved in syn-
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thesis of 23BD from CO in this system as well as to understand
their regulation. Through sequence homology, we were able to
identify a set of genes in the genome of C. [jungdahlii that are
potentially involved in production of 23BD from pyruvate. The
presence of these genes in C. autoethanogenum and C. ragsdalei
was subsequently confirmed by sequencing. Quantitative PCR
studies revealed that the expression of this gene set was gen-
erally highly upregulated during the culture stationary growth
phase (Fig. 1B), which correlated well with the 23BD produc-
tion observed (Fig. 2). The only exception was the putative
23BD dehydrogenase gene, which was found to be expressed
constitutively at a much higher normalized mRNA level (Fig.
1C), suggesting that this gene might also be involved in other
processes.

An analysis of the sequence for this putative enzyme re-
vealed that it shows homology to (R,R)-specific 23BD dehy-
drogenases from several Bacillus strains (around 60% identity)
known to produce 23BD (see Fig. S3 in the supplemental
material). A knockout of this gene in Bacillus subtilis abolished
production of 23BD and led to accumulation of the precursor
acetoin (41). However, since very small amounts of 23BD were
detected in very late stationary phase for this B. subtilis mutant
strain (41), it was speculated that there is a second 23BD
dehydrogenase which has yet to be identified. This might also
be true for C. ljungdahlii, as further proteins with potential
23BD dehydrogenase motifs were identified.

A homologous enzyme from Clostridium beijerinckii (78%
identity) was recently expressed in the acetoin-producing or-
ganism C. acetobutylicum (48), resulting in the production of
D-(—)-23BD. This matches the results found for C. autoetha-
nogenum, with 23BD samples comprising 96% b-(—)-23BD
and 4% meso-23BD. The small amount of measured meso-
23BD may be a result of the presence of L-(+)-acetoin, which
is then converted by the (R,R)-23BD dehydrogenase into the
meso compound (30, 55). All three isomeric forms of 23BD
have already been reported as bacterial fermentation products,
and synthesis of 2 enantiomers by one species is not uncom-
mon (30, 37).

The stereochemistry of acetoin itself is a function of the
acetolactate decarboxylase (30, 55), which converts acetolac-
tate to acetoin. In C. acetobutylicum, which possesses the ace-
tolactate decarboxylase most similar to the enzymes of C. auto-
ethanogenum (74% identity), C. ljungdahlii, and C. ragsdalei, a
ratio of D-(—)-acetoin to L-(+)-acetoin of 12:1 was found (48).
No acetolactate decarboxylase gene was found in the genome
of C. beijerinckii, which might explain why this strain is not able
to produce 23BD, despite having a functional 23BD dehydro-
genase (48). The function of this enzyme in C. beijerinckii is not
known. In the presence of oxygen, acetolactate is also sponta-
neously converted to a diacetyl (13, 42), but given that the
present system is anaerobic, it is unsurprising that no evidence
for this reaction could be found.

Because acetolactate is also a precursor for biosynthesis of
the branched-chain amino acids valine, leucine, and isoleucine,
the biosynthetic genes associated with the production of these
amino acids were also analyzed. These genes had generally
higher normalized mRNA levels than the 23BD pathway genes
(Fig. 1C). In Gram-positive bacteria, the regulation of genes
involved in amino acid biosynthesis is often RNA dependent,
via a riboswitch mechanism (24). Consistent with this, T box
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motifs (RF00230) were identified upstream of ilvB, ilvC, and
ilvD (Fig. 4). Interestingly, two T boxes were found to be
located upstream of the ivIIH genes, which showed the greatest
degree of expression regulation (Fig. 1B). Expression in C.
ljungdahlii and C. ragsdalei might differ from that in C. auto-
ethanogenum, as C. ljungdahlii contains two copies of ilvC,
while a predicted terminator region between ilvD and ilvIH is
absent in C. ragsdalei (Fig. 4).

In addition to 23BD, traces of lactate were detected in cul-
tures of C. autoethanogenum, C. ljungdahlii, and C. ragsdalei
(Fig. 2). As with 23BD, lactate is produced from pyruvate by
the action of a lactate dehydrogenase (see the supplemental
material). This demonstrates the capability of acetogens to
synthesize products which do not stem directly from acetyl-
CoA (such as ethanol, acetate, butanol, and butyrate). The
conversion of acetyl-CoA to pyruvate is enabled by the pyru-
vate:ferredoxin oxidoreductase enzyme coupled with CO oxi-
dation by the CODH enzyme (Fig. 1A) (20). PFOR is wide-
spread in anaerobic bacteria and some microaerophilic
bacteria and archaea. Its catalytic properties have been studied
extensively, but mainly in the oxidative direction (for experi-
mental reasons), although in many organisms the physiological
function is assumed to be the synthesis of pyruvate from acetyl-
CoA and CO, (20, 59). All three organisms possess two PFOR
genes, but high normalized mRNA levels were detected only
for the homologue of CLJU_c09340, which is thus hypothe-
sized to be the primary PFOR gene expressed under auto-
trophic growth conditions. Genes involved in electron trans-
port from CO (E,’ = =520 mV) and H, (E,’ = —414 mV) to
ferredoxin (E,’ =~ —400 mV) and NAD(P) (E,’ = —320 mV)
and the coupling sites associated with the respective electron
transport have yet to be investigated, since an understanding
has only recently begun to emerge (8, 9, 33, 40).

Of all the genes investigated in this study, those of the Wood-
Ljungdahl cluster yielded the highest normalized mRNA levels.
This observation is not surprising given that these genes are di-
rectly involved in carbon uptake. Despite the large size of the
cluster (20 kbp) and the presence of several predicted terminator
structures (7 for C. autoethanogenum, 6 for C. ljungdahlii, and 9
for C. ragsdalei), all genes showed similar expression profiles
(Fig. 1B), with the most expression directly after inoculation
(presumably to synthesize the first new enzymes) and at the
end of growth (potentially as a response to the depletion of
carbon monoxide from the headspace).

The three formate dehydrogenase genes, which are located
separately on the genome and whose products catalyze one of
the initial steps in the Wood-Ljungdahl pathway, showed com-
pletely different expression patterns at significantly lower nor-
malized mRNA levels (Fig. 1). This might indicate an impor-
tant role in regulation of this pathway, although nothing is
known about the enzyme activities and electron donor/accep-
tor specificities. Two of the formate dehydrogenases are pre-
dicted to be seleno-enzymes, which are generally considered to
have superior catalytic efficiencies to those of their cysteine-
containing analogues (31). Thus, two primer pairs were used
for each gene, binding upstream and downstream of the sel-
enocysteine insertion sequence (SECIS element) (18). In both
cases, the primer pairs resulted in similar mRNA accumulation
levels, which was expected since the medium contained sele-
nite. Among the three formate dehydrogenase genes, the
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CLJU_c06990 gene homologue encoding a selenocysteine-
containing variant showed the highest (slightly) expression
level during exponential phase, while the gene encoding the
cysteine-containing variant yielded the highest normalized
mRNA levels at stationary phase (Fig. 1C).

Another important aspect for development of an industrial
process is end product inhibition, which is one of the major
historical limitations in industrial butanol fermentations,
where solvent concentrations of 1.5 to 2% could not be ex-
ceeded (2, 4, 34). This has significant impacts on the efficiency
and economics of separation and purification, as product re-
moval becomes increasingly energy intense and expensive (38).
23BD seems to be far less toxic than butanol, as no significant
growth inhibition was observed up to a concentration of
around 4%. It should be noted that an experimental design
with addition of large amounts of 23BD before inoculation
does not entirely reflect the physiological situation in a fer-
mentation culture, where the concentration of 23BD increases
gradually over time. Therefore, the limit might be even higher
for endogenously produced 23BD, as cells have the opportu-
nity to adapt slowly to the accumulating 23BD stress, e.g., by
changing the membrane composition and fluidity (4). Relative
concentrations of other metabolites (ethanol, acetate, and lac-
tate) were also found to have a negative influence on the
observed toxicity threshold for 23BD. This in turn is consistent
with the additive impact reported for numerous fermentation
coproducts on the microbial toxicity of individual molecules,
for example, the reported deleterious influence of acetic acid
on ethanol toxicity or of butyric acid on butanol toxicity (2).

Lactate in particular was found to be toxic to C. autoetha-
nogenum at relatively low concentrations (<0.5%), but it could
also be metabolized to some extent by the bacterium and
therefore might act as a carbon storage strategy for the cell
(see Fig. S3 in the supplemental material). This function has
also been reported for 23BD in other bacteria, such as B.
subtilis and K. pneumoniae (57), but no evidence (either exper-
imental or from in silico analysis) for 23BD uptake could be
found in C. autoethanogenum, C. ljungdahlii, or C. ragsdalei.
This is important from a process perspective, as reutilization of
the desired product is unwanted. The main drivers of synthesis
of 23BD and lactate in C. autoethanogenum, C. ljungdahlii, and
C. ragsdalei are hypothesized to be the offload of reducing
equivalents and the deacidification of pyruvic acid (pK, = 2.4)
to the pH-neutral 23BD or lactic acid (pK, = 3.9), as specu-
lated for other 23BD- and lactate-producing bacteria (30, 57).
Accordingly, 23BD and lactate production starts at the transi-
tion to stationary phase, when the pH of the medium has
already dropped due to the production of acetic acid and a
potential surplus of reducing equivalents exists.

To date, the most efficient 23BD production strains, K. pneu-
monia, K. oxytoca, E. aerogenes, and S. marcescens (30), are all
categorized by the World Health Organization (WHO) as risk
group 2 species (pathogenic), thus making their use in the
large-scale production of 23BD particularly challenging and
costly (13). Furthermore, in every case, these organisms rely on
the use of plant-derived carbohydrates as a feedstock of carbon
and energy for product synthesis. In other words, they are
restricted to the use of farmed (lignocellulosic biomass) or, in
some cases, food (sugar or starch) resources for 23BD produc-
tion (13, 55, 58). In contrast, the present demonstration of
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23BD production from industrial waste gases by acetogens has
two potentially important commercial implications. First, it
decouples the biological production of 23BD from a reliance
on farmed or food sugars as the primary carbon and energy
sources for product synthesis. In this study, for example, we
demonstrate the viable use of by-product gases from the steel
industry for 23BD production. Second, the three species of
acetogens described here for the production of 23BD are each
risk group 1 (nonpathogenic) organisms. The use of risk group
1 organisms is greatly preferred because of the comparatively
lower health and safety risks and associated culture contain-
ment and handling costs.
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