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Abstract A Clostridium ljungdahlii lab-isolated spontaneous-
mutant strain, OTA1, has been shown to produce twice as much
ethanol as the C. ljungdahlii ATCC 55383 strain when cultured
in a mixotrophic medium containing fructose and syngas.
Whole-genome sequencing identified four unique single nucle-
otide polymorphisms (SNPs) in the C. Jjungdahlii OTA1 ge-
nome. Among these, two SNPs were found in the gene coding
for AcsA and HemL, enzymes involved in acetyl-CoA forma-
tion from CO/CO,. Homology models of the respective mutat-
ed enzymes revealed alterations in the size and hydrogen bond-
ing of the amino acids in their active sites. Failed attempts to
grow OTA1 autotrophically suggested that one or both of these
mutated genes prevented acetyl-CoA synthesis from CO/CO,,
demonstrating that its activity was required for autotrophic
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growth by C. ljungdahlii. An inoperable Wood-Ljungdahl path-
way resulted in higher CO, and ethanol yields and lower bio-
mass and acetate yields compared to WT for multiple growth
conditions including heterotrophic and mixotrophic conditions.
The two other SNPs identified in the C. [jungdahlii OTA1
genome were in genes coding for transcriptional regulators
(CLJU _c09320 and CLJU c18110) and were found to be re-
sponsible for deregulated expression of co-localized arginine
catabolism and 2-deoxy-D-ribose catabolism genes. Growth
medium supplementation experiments suggested that increased
arginine metabolism and 2-deoxy-D-ribose were likely to have
minor effects on biomass and fermentation product yields. In
addition, in silico flux balance analysis simulating mixotrophic
and heterotrophic conditions showed no change in flux to eth-
anol when flux through HemL was changed whereas limited
flux through AcsA increased the ethanol flux for both simula-
tions. In characterizing the effects of the SNPs identified in the
C. ljungdahlii OTA1 genome, a non-autotrophic hyper ethanol-
producing strain of C. ljungdahlii was identified that has utility
for further physiology and strain performance studies and as a
biocatalyst for industrial applications.

Keywords Acetyl-coA - Carbon monoxide dehydrogenase -
Clostridium ljungdahlii - Ethanol - Wood-Ljungdahl pathway

Introduction

Clostridium ljungdahlii was originally isolated in 1987 for its
ability to produce ethanol from syngas components CO or
CO, and H, (Barik et al. 1988; Tanner et al. 1993). To do this,
C. ljungdahlii uses the Wood-Ljungdahl pathway to reduce
CO/CO, to a methyl group through a series of tetrahydrofolate
mediated reactions and combines this with a CO/CO,-derived
carbonyl group and CoA to form an acetyl-CoA (Drake 1994,
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Ragsdale and Pierce 2008). This intermediate of the Wood-
Ljungdahl pathway (also called the acetyl-CoA pathway), as
well as central carbon intermediate in all organisms, can be
converted to ethanol in two ways. The most energetically fa-
vorable way is conversion of acetyl-CoA to acetate by
phosphotransacetylase and acetate kinase and then reduction
of acetate to ethanol by aldehyde/ferredoxin oxidoreductase
(AOR) and alcohol dehydrogenase (Kopke et al. 2010; Fast
and Papoutsakis 2012; Mock et al. 2015). Alternatively,
acetyl-CoA can be converted more directly to ethanol by a
bifunctional alcohol/aldehyde dehydrogenase (Banerjee et al.
2014; Leang et al. 2013).

Today, C. Jjungdahlii is used in industry to make cellulosic
ethanol from syngas (Bengelsdorf et al. 2016; Liew et al.
2016a; Whitham et al. 2016). Other applications of
C. ljungdahlii that are being researched and developed include
microbial electrosynthesis (MES) and the carboxylate plat-
forms (CP) (Batlle-Vilanova et al. 2015; Perez et al. 2013;
Vasudevan et al. 2014). MES involves biosynthesis of
chemicals from electricity, CO, and water (Lovley 2011,
Lovley and Nevin 2011; Rosenbaum and Henrich 2014).
C. ljungdahlii shows potential as a MES biocatalyst, as it can
accept electrons from electrodes to reduce CO, to primarily
acetate (Nevin et al. 2011; Nevin et al. 2010). CP involves
fermentation of waste streams to generate short-chain fatty
acids (e.g., acetate) and fatty alcohols (e.g., ethanol) which
are elongated to medium-chain fatty acids (e.g., caproate) and
subsequently reduced to medium-chain fatty alcohols (e.g.,
hexanol) (Agler et al. 2012; Agler et al. 2011). C. [jungdahlii
can potentially fill multiple roles in CP including production of
short-chain fatty acids and alcohols in the initial fermentation
as well as reduction of medium-chain fatty acids after elonga-
tion (Perez et al. 2013; Vasudevan et al. 2014).

This study describes the genomic and phenotypic character-
ization of a strain of C. [jungdahlii designated as OTA that is
able to generate more than twice as much ethanol as compared
to the type strain C. Jjungdahlii PETC (hereafter referred to as
the “WT” for wild-type strain) when both were cultured in rich
mixotrophic medium (Tirado-Acevedo 2010). The
C. ljungdahlii OTAL1 strain was selected after repeated
subculturing of the WT strain in modified reinforced clostridial
medium and storage at room temperature for several weeks.
The initial objectives of this study were to identify the poly-
morphisms in the genome of C. Jjungdahlii OTA1 and deter-
mine how these changes improved the ethanol yields of OTA1
compared to the WT strain. In the process of characterizing the
effects of the mutations, OTA1 was identified to be a non-
autotrophic mutant. This finding prompted a third objective
to understand the contribution of the Wood-Ljungdahl path-
way to growth and product formation in C. [jungdahlii.
Whole-genome DNA/RNA sequencing, homology modeling
of mutated enzymes, fermentation experiments, metabolite
analysis, in silico flux balance analysis, and enzyme assays
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were used to address these objectives. A recent study by
Liew et al. showed a similar phenotype for a closely related
bacterium, Clostridium autoethanogenum, after knocking out
a homolog of one of the mutant genes we had identified in
OTALI (Liew et al. 2016b). Potential applications of the non-
autotrophic OTA1 mutant or individual mutant nucleotide se-
quences identified within its genome are also discussed.

Materials and methods
Media and growth conditions

C. ljungdahlii ATCC 55383 (PETC strain) was obtained from
the American Type Culture Collection. C. Jjungdahlii OTA1 is
a lab-isolated spontaneous-mutant strain of C. [jungdahlii
ATCC 55383 and has been archived in the North Carolina
State University Culture Collection as strain NC2009-OTA1.
The strains were cultured mixotrophically in 160-ml serum
bottles containing 50 ml of modified reinforced clostridial
medium with 5 g/L fructose (mRCMY) and an artificial syngas
headspace (110 ml; 20% CO, 20% CO,, 10% H,, balance N,
or 80% CO, balance N) or heterotrophically with 100% N,
headspace (Cotter et al. 2009a; Cotter et al. 2009b). The media
were prepared as described in Whitham et al. (2015). Liquid
samples for ethanol and acetate were taken at 12, 14, 24, 36,
48, and 72 h and were stored at —20 °C prior to analysis. Gas
samples for CO, H,, and CO, and liquid samples for fructose
were taken at 0, 24, 36, 42, 54, and 66 h. Fructose samples
were also stored at —20 °C prior to analysis, but gas was
analyzed within 1 h of sampling. Two experimental replicates
were performed with three biological replicates for each strain.
Cells were also grown in 1YCM, which is the same as
mRCMT{ but with no fructose, just 1 g/L of yeast extract and
no other rich media components, and has an artificial syngas
headspace (110 ml; 20% CO, 20% CO,, 10% H,, balance N,)
(Gosse et al. 2012).

Arginine and 2-deoxy-D-ribose were added to mRCM me-
dium for supplementation experiments 12 h after inoculation
of cells into experimental bottles. No acclimation with argi-
nine or 2-deoxy-D-ribose was performed for the supplementa-
tion experiments. Stocks of 2-deoxy-D-ribose and arginine
were prepared and sterilized in the same way as the growth
media, and 1 ml of one of these carbon sources (0.5 g/L final
concentration) was injected by syringe into the serum bottles.
For arginine supplementation experiments, ammonium ion
concentration in the media was measured using a Bioprofile
400 Analyzer (Nova Biomedical, Waltham, MA, USA) per
the manufacturer’s instructions. To ensure that cell mass, gas
and liquid products were captured at the end of the fermenta-
tion and samples were taken at 72, 96, and 120 h and analyzed
as described above. Two experimental replicates were per-
formed with three biological replicates for each strain.
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Cell biocomposites were cultured as described by Schulte
et al. (2016). Briefly, cells were first acclimated in 100 ml of
mRCMf with an 80% CO/20% N, headspace (160-ml serum
bottles), 60 h for WT and 36 h for OTA1. Cells were then
transferred (2.5% v/v) to a new bottle and incubated as de-
scribed above for 24 h. Cells were pelleted at 6000xg at
4 °C for 15 min, and approximately 0.0050 g of cells was
extruded onto one lengthwise half (10 x 1 cm) of a 20 cm’
(10 x 2 cm) pre-autoclaved strip of 3MM chromatography
paper (Whatman, GE Healthcare, Little Chalfont, UK).
These paper biocomposite strips were hydrated with 3 ml of
1YCM and inserted into Hungate tubes. Tubes were stoppered
and removed from the anaerobic chamber. They were then
crimped and flushed with an 80% CO/20% N, gas mixture
and placed horizontally in the shaker at 37 °C and 100 rpm
with the paper biocomposite oriented in the horizontal tubes
so that the cells remained in the gas phase (not submerged in
the liquid) hydrated only by the wicking action of the paper
support (Fig. S1). Only a thin liquid film covered the cells,
which maximizes mass transfer (Schulte et al. 2016). Gas
samples were taken at 4, 12, and 24 h. This experiment was
performed with three biological replicates for each strain.

Gas and liquid product analysis

Gas and liquid samples were prepared and analyzed as
described previously by Whitham et al. (2015) with the fol-
lowing exceptions. During gas analysis, argon carrier gas was
set at a flow rate of 10 ml/min, and the oven temperature was
75 °C for the first minute of the run and ramped 25 °C/min to
200 °C with no hold time. During liquid sample analysis,
argon carrier gas had a flow rate of 2 ml/min, the injector
temperature of the gas chromatograph was 160 °C, and the
oven temperature started at 170 °C for the first 1.5 min of the
run and was then ramped 75 °C/min to 240 °C and held for
3.4 min. Product analysis results were reported as an average
of six biological replicates completed as triplicates of two
experimental replicates.

Total carbon dioxide in the mRCM{f media with syngas
headspace was measured using a Bioprofile 400 Analyzer
(Nova Biomedical, Waltham, MA, USA) as described by
Whitham et al. 2015. A ratio of 0.2779 CO, liquid/CO, gas
phase based on the values obtained for mRCMf media with a
syngas headspace at 72 h was used to estimate the final CO, in
the liquid phase of batch cultures containing mRCM{f media
with an initial N, headspace and mRCMf media supplement-
ed with arginine or 2-deoxy-D-ribose with a syngas headspace.

Whole-genome DNA/RNA sequencing, SNP
identification, and differential expression analysis

Genome sequencing and analysis were performed as previ-
ously described (Bruno-Barcena et al. 2013). Briefly,

sequencing of the C. [jungdahlii OTA1 genome was per-
formed by the Genomic Science Laboratory (GSL) at NC
State University and the Microbiome Core Facility at the
University of North Carolina, Chapel Hill. Shotgun sequence
data were generated using 454 GS FLX Titanium and Ion
Torrent Personal Genome Machine (PGM) techniques.
Assembly was performed using Newbler software (Roche,
Basel, Switzerland) and Geneious (Biomatters, Auckland,
New Zealand) with the C. [jungdahlii DSM 13528 sequence
(accession no. CP001666) serving as the reference sequence.
The assembly is deposited at NCBI Sequence Read Archive
(http://www.ncbi.nlm.nih.gov/sra) under BioProject
PRINA298927. Geneious (Biomatters, Auckland, New
Zealand) was used to identify single nucleotide
polymorphisms (SNPs) within the OTA1 genome.

RNA sequencing was performed as previously de-
scribed (Whitham et al. 2015). Briefly, C. ljungdahlii
OTA1 was grown as described above in mRCMf with an
artificial syngas headspace (110 ml; 20% CO, 20% CO,,
10% H,, balance N,, or 80% CO, balance N,). RNA from
three biological replicates at 14 h (early log phase) and
36 h (late log phase) time points (six samples total) was
processed separately into complementary DNA (cDNA).
Indexed cDNA was pooled and subjected to bioanalysis
prior to sequencing at the BGI and Children’s Hospital of
Philadelphia collaborative genome facility using the
100 bp single read protocol for one lane on the Illumina
HiSeq2000. Base quality calls and demultiplexing were
performed with the CASAVA 1.8.2 pipeline (Illumina,
San Diego, CA, USA). RNA sequencing data for each
condition was submitted to the NCBI Sequence Read
Archive (http://www.ncbi.nlm.nih.gov/sra) under
PRINA299699. Reads were visualized with Tablet
software (Milne et al. 2012).

Differential expression analysis for 14 and 36 h
mixotrophically grown OTAI and WT cultures was per-
formed with DEGseq as described by Whitham et al. (2015).
RNA sequencing data for WT cultures were produced in a
previous study (Whitham et al. 2015) and is available from
accession numbers PRINA296707. Unless otherwise stated,
genes mentioned in this study were significantly differentially
expressed based on a false discovery rate (FDR; Benjamini
and Hochberg 1995) <0.001 and a normalized log2 fold
change >4 or <—4.

Homology modeling of single nucleotide polymorphisms

Homology modeling was used to construct the three-
dimensional models of CLJU ¢37670 (WT and R528L mu-
tant), CLJU ¢09320 (WT and truncation), CLJU c18110
(WT and truncation), and CLJU c04490 (WT and G268V
mutant) using template amino acid sequences from suitable
structurally characterized X-ray crystal structures. The
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following X-ray crystal structures were identified as the best
templates for comparison to the four mutated OTA1 proteins:
(1) the carbon monoxide dehydrogenase from
Carboxydothermus hydrogenoformans for comparison with
CLJU ¢37670 (PDB code 3139—E-value 2.2047E %)
(Jeoung and Dobbek 2009); (2) TrmB, a transcriptional regu-
lator of dual function in the hyperthermophilic archacon
Pyrococcus furiosus for comparison with CLJU ¢c09320
(PDB code 3QPH—E-value 4.64464E '%) (Krug et al.
2013); (3) the full-length sorbitol operon regulator SorC from
Klebsiella pneumoniae for comparison with CLJU c¢18110
(PDB code 2W48—E-value 6.53401E >°) (de Sanctis et al.
2009); and (4) the glutamate 1-semialdehyde aminotransfer-
ase complexed with pyridoxamine-5'-phosphate from
Bacillus subtilis for comparison with CLJU c04490 (PDB
code 3BS8—E-value 1.79373E *%) (Ge et al. 2010).
Homology models were generated using MODELLER 9 ver-
sion 14 (Eswar et al. 2006). During the model building pro-
cess, an optimization method involving conjugate gradients
and molecular dynamics to minimize violations of the spatial
restraints was employed. Five hundred models were generated
for each run and scored by the internal MODELLER scoring
method Discrete Optimized Protein Energy (DOPE) (Shen
and Sali 2006). DOPE is a statistical potential used to assess
homology models in protein structure prediction. DOPE is
based on an improved reference state that corresponds to
non-interacting atoms in a homogeneous sphere with the ra-
dius dependent on a sample native structure; it thus accounts
for the finite and spherical shape of the native structures. The
structure with the lowest DOPE score was subsequently ana-
lyzed with PROCHECK and WHATCHECK to evaluate the
stereochemical quality of the modeled protein structures
(Hooft et al. 1996; Laskowski et al. 1996). Molecules were
visualized and aligned with PyMOL (The PyMOL Molecular
Graphics System, version 1.7.4 Schrodinger, LLC.).

In silico flux balance analysis

The genome-scale model of C. [jungdahlii ATCC 55383
(iHN637) with constraints to simulate log-phase heterotrophic
growth on fructose (Nagarajan et al. 2013) was loaded into
Matlab R2015a version 8.5.0 (MathWorks, Natick, MA,
USA) with the COBRA Toolbox version 2.0.6
(Schellenberger et al. 2011), 1ibSBML version 5.11.4
(Bornstein et al. 2008), the SBMLToolbox version 4.1.0
(Keating et al. 2006), and GLPK solver version 4.55
(Department for Applied Informatics, Moscow Aviation
Institute, Moscow, Russia) pre-installed. To better match the
batch culture fructose consumption rate calculated with the
fermentation results observed, the fructose exchange
(EX_fru(e)) reaction lower limit was changed from —5 milli-
moles per gram of dry cell weight per hour (mmol/gDW/h) to
—2.62 mmol/gDW/h. To simulate mixotrophic growth, the
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lower bound of carbon monoxide exchange (EX co(e)) and
hydrogen exchange (EX h2(e)) reactions were also set to
—0.73 and —0.36 mmol, respectively. A negative value for
these reactions indicates flux into the cell. The upper bounds
of the carbon monoxide dehydrogenase/acetyl-CoA synthase
complex (CODH_ACS) (representing AcsA) reaction and
G1SAT (HemL) were constrained from 1000 to 0 mmol/
gDW/h. The model objective was set to optimize for produc-
tion of biomass. Solutions for 0 mmol/gDW/h flux through
AcsA were loaded into an Escher (King et al. 2015) map for
visualization of metabolic flux. A partial map without data
loaded was used to show the predicted flux of fructose and
CO, to ethanol and acetate for OTAL.

Acetate reductase enzyme assay

The carboxylic acid reduction (CAR) assay was performed as
previously described by Whitham et al. (2015). Briefly, cell-
free extracts were added to 25 °C incubated anaerobic cuvettes
containing 500 mM potassium phosphate (pH 6.0), and the
electron donor was methyl viologen (140 uM), which was
completely reduced with dithionite (150 uM) prior to initiat-
ing the reaction. Activity was defined as micromoles of meth-
yl viologen oxidized per minute.

Results
Single nucleotide polymorphisms identified and verified

C. ljungdahlii strain OTA1 was obtained after repeated
subculturing of the WT C. [jungdahlii strain in a rich
mixotrophic medium called mRCMf and storage at room tem-
perature for 2 weeks. Cells from the stored culture were de-
termined upon subsequent subculturing to support a reproduc-
ibly higher ethanol to acetate production ratio than WT.
Because of this finding, OTA1 was colony purified and its
fermentation profile reconfirmed. To identify the genetic basis
for the higher ethanol production of OTA1 compared to WT,
DNA sequencing was performed. Prior to this, OTA1 was
grown in rich mixotrophic medium and verified to produce
greater than a 2-fold higher yield of ethanol than WT (Fig. 1b).
The acetate yield for OTA1 was also about half that observed
for the WT strain, and both had about the same biomass yield
(Fig. 1a, c). DNA sequencing reads from OTA1 were aligned
to the C. ljungdahlii DSM 13528 complete genome sequence
(accession no. CP001666). Eight mutations were initially
identified within open reading frames (ORFs) in the OTA1
genome (Table S1). No mutations were identified in the
intergenic spaces. Four of the mutations were found in both
the OTA1 and WT strains (Table S1) and can be attributed to
differences between DSM 13528 (the reference genome) and
the genome of ATCC 55383. The other four SNPs were
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Fig. 1 Cell growth (a), ethanol (b), and acetate production (c¢) of
Clostridium ljungdahlii WT (closed circle) and OTA1 strains (open
diamond). One hundred sixty milliliters of batch reactors contained
modified reinforced clostridial medium with 5 g/L fructose and an

identified to be unique to the genome of OTA1l and were
found to occur in genes with locus tags CLJU c04490,
CLJU ¢09320), CLJU ¢18110, and CLJU ¢37670. These
unique mutations were the only ones investigated in this study
since at least one is required for the higher ethanol production
by OTA1 compared to WT for mixotrophic growth condi-
tions. All eight of the mutations were later confirmed by visu-
alizing RNA sequencing data, generated for further strain
characterization. Frequency of the mutations in mapped reads
was 100%.

Table 1 summarizes the locus tag, gene name, annotation,
SNP location, base change, and effects on the proteins’ amino
acid sequences of these unique mutations. In OTAI,
CLJU c04490 contains a mutation which changes a con-
served glycine in the amino acid sequence to a valine (a polar
residue to a non-polar residue). HemL (encoded by
CLJU c04490) was annotated as the only glutamate-1-
semialdehyde 2,1-aminomutase in C. [jungdahlii’s genome,
which is important for synthesis of tetrapyrrole cofactors such
as cobalamin, and cobalamin is the cofactor for the corrinoid
iron-sulfur protein used in acetyl-CoA synthesis (Kopke et al.
2010). CLJU ¢09320 is normally translated into a protein
with a DNA binding domain and a middle phospholipase D-
like domain (sugar binding domain) found in TrmB

artificial syngas headspace (110 ml; 20% CO, 20% CO,, 10% H,,
balance N,, or 80% CO, balance N,). The data represent an average of
three biological replicates per condition. Samples were taken for RNA
sequencing at 14 and 36 h. Error bars indicate standard deviation

(trehalose/maltose ABC transporter) transcriptional regula-
tors; however, in OTAI, the gene has a stop codon so that
the protein only contains the DNA binding domain. While this
transcriptional regulator has attributes of a TrmB transcrip-
tional regulator, no genes co-localized with it are functionally
related to trehalose/maltose transport or metabolism. Rather, it
is adjacent to genes coding for enzymes that make up the
arginine deiminase (ADI) pathway involved in arginine catab-
olism and will be referred to as the ADI transcriptional regu-
lator in this study. Deoxyribose operon repressor (DeoR) is
encoded by CLJU c18110, and in OTALI, it is truncated so
that there is no sugar binding domain. AcsA encoded by
CLJU ¢37670 is the key catalytic subunit of the CODH/
ACS responsible for binding CO or CO, (which is reduced
to CO) for subsequent synthesis of acetyl-CoA (Ragsdale and
Pierce 2008). In OTA1, a mutation in its gene changes a con-
served arginine into a leucine (a basic residue to a non-polar
residue).

RNA sequencing differential expression results
To determine the impact of these mutations on gene expres-

sion, RNA sequencing and transcriptome analysis were per-
formed by comparing samples from early (14 h) and late

Table 1  Single nucleotide polymorphisms in Clostridium ljungdahlii OTA1 identified by DNA sequencing and confirmed by RNA sequencing
Locus tag Gene name Gene annotation Base change Protein effect
CLJU c04490 HemL Glutamate-1-semialdehyde 2,1-aminomutase G803T G268V
CLJU c09320 a Predicted transcriptional regulator G335A wi112°
CLJU_c18110 DeoR DeoR family transcriptional regulator T317A L106°

CLJU ¢37670 AcsA Carbon monoxide dehydrogenase G1583T R528L

Mutations were not found in C. Jjungdahlii ATCC 55383
* TrmB-like arginine deiminase (ADI) transcriptional regulator
®Stop codon
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(36 h) log phase of mixotrophically grown WT and OTAL1
cultures, time points when ethanol concentration was about
equal, and when there was a greater than a two times differ-
ence, respectively (Fig. 1b). Between 440 and 685 times, ge-
nome coverage was obtained for all samples. Table 2 shows
all of the significantly more highly expressed genes in OTA1
as compared to WT. No genes were significantly more highly
expressed in WT at 14 h, but 352 (approximately 15%) of
genes were significantly more highly expressed in WT at
36 h, and most of these were annotated as spore or phage-
related genes (Table S2). There were, however, expression
differences in a few genes which may be involved in central
carbon and ethanol metabolism including AdhE2, four hy-
drogenase subunits, a pyruvate formate lyase, a sugar PTS,
and several transcriptional regulators. Gene-encoding proteins
involved in arginine and deoxyribose catabolism adjacent to
the ADI and Deo transcriptional regulators were significantly
more highly expressed at both 14 and 36 h in OTA1 (Table 2).
Citrate metabolism genes, citrate lyase beta chain, acyl lyase
subunit (CLJU ¢25330), and a citrate lyase acyl carrier pro-
tein, citrate lyase gamma chain (CLJU_c25340), were also
significantly more highly expressed in OTA1 than WT at
14 h (Table 2). Neither the genes encoding for HemL or
AcsA nor the other genes adjacent to these were differentially
expressed. However, most of the cobalamin synthesis genes
were expressed between 1- and 3-fold higher in OTAI than
WT at 36 h, and expression of the acsA gene was 2.19-fold
higher in WT than OTA1 at 36 h (data not shown). Also, none
of the known or predicted genes directly involved in ethanol,
acetate, and acetaldehyde production were significantly more
highly expressed in OTA1 compared to WT at 14 or 36 h
(Table S3).

Homology modeling of mutated enzymes

To better understand the effects of the identified mutations,
template amino acid sequences from suitable structurally char-
acterized X-ray crystal structures were used to make homolo-
gy models. The mutations in the genes coding for AcsA and
HemL were found to have major effects on the enzymes’
catalytic sites. The specific structural effects of the R528L
mutation on AcsA can be seen in Fig. 2. The most striking
effect of this mutation is the change in the number of hydrogen
bonds around the mutation site. While the catalytic coordinat-
ing residue of H93 is in near identical conformation (top inset
vs. bottom inset, WT vs. R528L, respectively) and is able to
still interact with carbon monoxide surrogate ligand, the mu-
tation of R528L removes the potential hydrogen bonds to
D525. Investigation of all hydrogen bonds around the
R528L mutation suggested that the mutation also results in
the removal of potential hydrogen bonds with residues T225
and D229 (WT homology model retains these interactions).
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As for HemL, the specific structural effects of the G268V
mutation occur within 7-12 A from the active binding of
glutamate-1-semialdehyde. The G to V mutation results in
almost twice as many intra-molecule contacts with other res-
idues compared to WT (103 vs. 53 contacts within 4 A—
Fig. 3). However, of these residues, none are predicted to be
in direct contact with the substrate as compared to substrate
bound homologous protein 2ZSL. The residues potentially
affected by this mutation are, however, indirectly in contact
with substrate bound residues, particularly residues S113,
G114, T115, and K264 (Fig. 3).

As previously mentioned, the mutations in the genes of the
ADI transcriptional regulator and DeoR transcriptional regu-
lator resulted in truncations of these enzymes such that they
lack their regulatory domains (Table 1). ADI retains only its
N-terminal winged helix-turn-helix motif and dimerization
domain. Without its C-terminal regulatory domain, DeoR is
only able to dimerize but not tetramerize, which the full-length
DeoR does, resulting in an N-terminal helix-turn-helix motif
dimeric protein in the case of the truncated DeoR mutant.
Images of the specific structural effects are provided in
Figs. 4 and 5 for the ADI transcriptional regulator and
DeoR, respectively.

Functional evaluation of C. ljungdahlii WT and OTA1
growing under heterotrophic, mixotrophic,
and supplemented mixotrophic conditions

Homology modeling showed that SNPs in the genes encoding
AcsA and HemL caused alterations in their active sites
(Table 1; Figs. 2 and 3). To determine if these mutations
effected autotrophic growth, C. ljungdahlii WT and OTA1
were cultured in 1 YCM, which contains less rich media com-
ponents than mRCMf and no fructose. Only syngas was avail-
able as a carbon source. Though WT grew autotrophically as
expected, OTAI failed to grow on syngas alone (data not
shown).

Previous studies have shown that OTA1 can deplete CO
from the headspace of a batch reactor more quickly when
concentrated and immobilized on a paper biocomposite than
when left stirring in the liquid medium (Schulte et al. 2016;
Gosse et al. 2012; Tirado-Acevedo 2010). To generate OTA1
cells for biocomposites, OTA1 had to be cultured in medium
containing fructose (Schulte et al. 2016; Gosse et al. 2012).
The requirement for fructose was not previously described
though. In this study, it was discovered that OTA1 was a
non-autotrophic strain of C. [jungdahlii. Since experiments
were exclusively performed with OTA1, and not with WT,
the difference in CO depletion has not been compared in
biocomposite biocatalyst studies. CO depletion was compared
between WT and OTA1 cultured in mRCMT{ batch cultures
(Tirado-Acevedo 2010). However, CO depletion was slow
in this system such that differences were indistinguishable.
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Table2  Significantly more highly expressed genes in Clostridium ljungdahlii OTA1 as compared to C. ljungdahlii ATCC 55383 grown in modified

reinforced clostridial medium with 5 g/L fructose and an artificial syngas headspace (110 ml; 20% CO, 20% CO,, 10% H,, balance N,, or 80% CO,

balance N,)

Early log phase (14 h) Late log phase (36 h)

Gene/ Gene product log2 (Fold change) Gene/ Gene product log2 (Fold_change)

locus tag normalized locus tag normalized

CLJU ¢09270% Arginine deiminase ArcA -8.91 CLJU ¢18130° Deoxyribose-phosphate aldolase —7.54

CLJU_c18130° Deoxyribose-phosphate aldolase —8.79 CLJU ¢18120° Cytidine deaminase —6.95

CLJU ¢09280* Ornithine carbamoyltransferase —8.58 CLJU ¢18150° Phosphopentomutase —6.26

CLJU ¢09300* Carbamate kinase —8.35 CLJU c18140° Predicted concentrative —6.01

nucleoside transporter

CLJU _c03580 Hypothetical protein —8.08 CLJU 22380 Hypothetical protein —5.51

CLJU ¢09290* Predicted arginine/ornithine —8.00 CLJU_¢18170° Hypothetical protein —5.30
antiporter

CLJU c18140° Predicted concentrative —7.87 CLJU _c42700 18 kDa heat shock protein -5.19
nucleoside transporter

CLJU ¢18120° Cytidine deaminase —7.47 CLJU ¢22290 Conserved hypothetical protein —5.18

CLJU_¢18150° Phosphopentomutase —7.38 CLJU ¢42690 18 kDa heat shock protein =5.11

CLJU_c18170° Hypothetical protein -7.26 CLJU ¢22350 Predicted cell wall binding protein -5.05

CLJU_c25330 Citrate lyase beta chain, —6.47 CLJU_c22450  Putative surface/cell-adhesion protein -4.93
acyl lyase subunit

CLJU cl14610 Hypothetical protein —6.17 CLJU ¢22330 Predicted cell wall binding protein —4.88

CLJU c42450 Putative permease —6.07 CLJU ¢22460 Hypothetical protein —4.80

CLJU_c18160° Pyrimidine-nucleoside —5.94 CLJU ¢28000 Carbamate kinase —4.75
phosphorylase

CLJU_c36360 Hypothetical protein -5.90 CLJU_c09270* Arginine deiminase ArcA —4.63

CLJU_c18540 Hypothetical protein —5.82 CLJU_¢22270 Conserved hypothetical protein —4.56

CLJU c05180 Conserved hypothetical protein -5.77 CLJU ¢28010  Ornithine carbamoyltransferase —4.22

CLJU ¢29510 Hypothetical protein =575 CLJU ¢22260 Predicted transporter protein —4.11

CLJU _¢30960 Predicted small acid-soluble =573 CLJU 22340 Putative surface/cell-adhesion —4.11
spore protein protein, multiple big2 domain

CLJU_c30990 Putative DNA methylase —5.72 CLJU _¢22220 Predicted membrane protein —4.09

CLJU ¢32380 Hypothetical protein —5.39 CLJU ¢09280" Ornithine carbamoyltransferase —4.09

CLJU c04140 Hypothetical protein -5.17 CLJU ¢22410 Putative membrane protein —4.06

CLJU 25340 Citrate lyase acyl carrier Protein, —4.89
citrate lyase y chain

CLJU_c30800 Hypothetical protein —4.60

CLJU c00490 Hypothetical protein —4.48

CLJU c28040 Transcriptional regulatory protein —4.37

CLJU c28050 Predicted amino acid permease —4.21

CLJU 42470 Predicted membrane protein —4.13

CLIU_c42460

Putative response regulatory receiver

—4.11

A negative N.Log2 F.C. (normalized log2 fold change) value reflects higher expression by OTA1 than ATCC 55383
*The gene is co-localized with CLJU_c09320
" The gene is co-localized with CLTU c18110

To determine if there was a difference in the rate of CO de-
pletion, a biocomposite experiment was performed with both
OTA1 and WT. Cells for each strain were first acclimated in
mRCMT{ with an 80% CO balance N, headspace. From initial
subculturing from freezer stocks, it took 36 h for OTA1 and
60 h for WT to reach mid-log phase, compared to 24 h for

each strain in mRCM{ with headspace containing 20% CO,
20% CO,, 10% H,, and balance N,. Cells were then
immobilized on folded paper biocomposites, inserted into
Balch tubes with minimal medium such that the
biocomposites were kept moist but were not submersed in
the medium, and flushed with 80% CO balance N,
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Fig. 2 Modeling of the Clostridium ljungdahlii OTA1 carbon monoxide
dehydrogenase R528L mutation. A homology model of the non-mutant
form of AcsA from C. ljungdahlii is shown in gray. The cylinders denote
alpha helical character, while the arrows denote beta-strand character. The
Fe;NiS, ligand is shown as spheres; Ni is colored green. The CN ligand is
shown in stick format. Atom valence is shown for clarity. The yellow lines
denote the hydrogen bonds found around the active site; in particular, two
are of interest, R528 and H93. R528 is of interest as it is the mutated
residue, and H93 is of interest as this is the residue that hydrogen bonds
with the CN ligand. The top expanded inset is showing R528 and its
interactions with amino acid side chains. The bottom inset is showing
the mutational effects of R528L and the lack of interactions compared
to the WT sequence (color figure online)

(Fig. S1). This configuration reduced the liquid barrier for gas-
liquid mass transfer and therefore faster CO depletion was
observed by both strains. Figure 6 shows that OTA1

biocomposites depleted more than 93.8% of the CO from
the headspace by 24 h which was faster than WT
biocomposites which depleted less than 81.4% of CO from
the headspace by 24 h. Figure 6 also shows that under these
conditions, nearly all CO was oxidized to CO, for both WT
and OTAL.

OTA1 was also evaluated for heterotrophic growth and
compared with WT. The difference in biomass yield was
about 33% less for heterotrophically-grown OTA1 compared
to mixotrophically-grown OTA1 (Table 3), whereas the bio-
mass yield was only about 10% less for heterotrophically-
grown WT compared to mixotrophically grown WT. The dif-
ferences between the biomass yield of OTA1 and WT fermen-
tations was 37% less and 14% less for heterotrophic and
mixotrophic conditions, respectively.

Liquid fermentation product yields were also compared.
Acetate yield was 26% less for heterotrophically grown
OTAI compared to mixotrophically grown OTA1, 5% lower
for heterotrophically grown WT versus mixotrophically
grown WT, and 53 and 40% lower for OTA1 compared to
WT under heterotrophic and mixotrophic growth conditions,
respectively (Table 3). The ethanol yield was 46% higher for
heterotrophically grown cultures compared to mixotrophically
grown cultures of OTA1, and 200% higher for heterotrophi-
cally grown WT versus mixotrophically grown WT. Even
though the percentage difference between heterotrophic and
mixotrophic metabolisms for ethanol yield was greater for WT
fermentations, the overall OTA1 ethanol yields were up to
three times higher than those for WT fermentations (Table 3).

CO, yields were about the same for heterotrophically grown
and mixotrophically grown OTA1 (Table 3). This was also the
case for WT, but yields were lower for WT than OTA1
(Table 3). Under heterotrophic conditions, OTA1 produced
52% more CO, than WT (Table 3). This difference in CO,

Fig. 3 Modeling of the Clostridium ljungdahlii OTA1 HemL G268V
mutation. A homology model of the dimeric glutamate-1-semialdehyde
2,1-aminomutase (one monomer is colored blue and one is colored
orange) is presented. The site of the mutation is shown as spheres with

@ Springer

carbons colored yellow. The substrate from a homologous characterized
bound protein, glutamate-1-semialdehyde, is shown in stick format. This
orientation shows how the mutation is removed from the active site (color
figure online)
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Fig. 4 Modeling of the Clostridium ljungdahlii OTA1 TrmB-like argi-
nine deiminase (ADI) transcriptional regulator mutant. The ADI tran-
scriptional regulator is a dimeric protein with an N-terminal DNA binding
helix-turn-helix motif and a c-terminal regulation domain. A homology
model of the ADI transcriptional regulator is shown with the c-terminal
regulation domain colored gray (absent in the mutant) and the DNA
binding helix-turn-helix motif colored blue (monomer one) and orange
(monomer two) (color figure online)

produced by OTA1 and WT was similar for mixotrophically
grown cells (65% more) (Table 3). Though more CO, was pro-
duced by OTA1 than WT under heterotrophic and mixotrophic
growth conditions, both OTA1 and WT’s CO, yields increased
with the addition of CO and H, (Table 3). The difference in the
total amount of CO, produced by OTA1 when grown
mixotrophically and OTA1 grown heterotrophically was about
equal to the total amount of CO consumed during mixotrophic
growth when these are considered in terms of moles. In terms of
grams, the CO consumed and CO, produced by OTA1 when
grown mixotrophically was 0.479 g/L. (SD = 0.003) and 2.79 g/
L (SD = 0.40), respectively, and the amount of CO, produced by

Fig. 5 Modeling of the Clostridium ljungdahlii OTA1 DeoR
transcriptional regulator mutant. DeoR is a tetrameric transcriptional
regulator protein with an N-terminal helix-turn-helix DNA binding motif
and a C-terminal sugar-phosphate binding domain. A homology model of
the DeoR transcriptional regulator is shown with the c-terminal regulation
domain colored gray (absent in the mutant) and the DNA binding helix-
turn-helix motif colored blue and orange (dimer no. 1) and green and
cyan (dimer no. 2) (color figure online)

OTA1 when grown heterotrophically was 1.88 g/L (SD = 0.10).
This was also true for WT. WT consumed 0.44 g/L (SD = 0.01)
and produced 2.01 g/L (SD = 0.03) when grown
mixotrophically, as well as produced 1.24 g/L (SD = 0.12) (data
not shown). H, in amounts of 0.014 and 0,012 g/L were also
consumed by OTA1l and WT cells when grown under
mixotrophic conditions, respectively (data not shown). OTA1
and WT also produced 0.002 and 0.001 g/L H,, respectively,
under heterotrophic conditions (data not shown).

The effects of the mutated transcriptional regulators
(CLJU 09320 and CLJU c18110) on fermentation prod-
uct yields in WT and OTA1 were also investigated. Since
several genes encoding arginine catabolism and 2-deoxy-
D-ribose catabolism enzymes that are co-localized with
the mutated transcriptional regulators were found to be
significantly more highly expressed in OTA1 than WT
at 14 and 36 h, both strains were cultured under
mixotrophic conditions supplemented with 0.5 g of either
arginine or deoxy-D-ribose to determine if metabolism of
these substrates would differentially effect the fermenta-
tion product yields of WT and OTA1 (Tables 2 and 3).
While arginine supplementation of the mixotrophic medi-
um improved the ethanol yield for OTA1 by 33%, 2-
deoxy-D-ribose supplementation did not affect ethanol
yields for OTA1 (Table 3). Arginine supplementation also
resulted in a 34% higher acetate yield than mixotrophic
conditions, but 2-deoxy-D-ribose supplementation did not
change acetate yields for OTA1 (Table 3). Arginine sup-
plementation did not alter CO, yields for OTA1 fermen-
tations, but 2-deoxy-D-ribose supplementation decreased
the CO, yield by about 26% (Table 3). Both arginine and
2-deoxy-D-ribose supplementation reduced cell mass
yield of OTA1 by about 39 and 28%, respectively. Both
arginine and 2-deoxy-D-ribose also improved ethanol
yields for WT fermentations by 0.04 and 0.03 g/g, re-
spectively (Table 3). Though this seemed like a modest
increase, it was actually a 67 and 50% yield improvement
from the 0.06 g/g yield from WT under mixotrophic con-
ditions. Neither arginine nor 2-deoxy-D-ribose supple-
mentation greatly effect biomass, acetate, or CO, yields
for WT fermentations (Table 3).

For all growth experiments, accurate carbon balances could
not be calculated. This was because the mixotrophic medium
used in these experiments contained excess rich medium com-
ponents (Cotter et al. 2009a, 2009b). The sum of fermentation
product and biomass yields for OTA1 ranged on average from
1.22 to 1.47 g/g defined substrates and 1.33 to 1.41 g/g for
WT. Arginine-supplemented cultures had the highest total
yields for both strains.

To determine if the rate of metabolism of arginine was
different between WT and OTA1, NH," in the fermentation
medium was monitored since arginine catabolism produces
NHj;, which is in equilibrium with NH4". Figure S2 shows
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Table 3  Clostridium ljungdahlii WT and OTA1 product yields (grams product/grams substrate) resulting from growth under heterotrophic,
mixotrophic, and supplemented mixotrophic conditions

Heterotrophic” Mixotrophic® Mixo + arginine® Mixo + deoxy-D-ribose™
Yields in g/g (stdev) OTA1 WT OTA1 WT OTA1 WT OTA1 WT
Ethanol 035(0.02)  0.18(0.00) 024(0.02) 0.06(0.01) 032(0.02)  0.10(0.00) 024(0.04)  0.09(0.01)
Acetate 037(0.02)  0.79(0.02)  0.50(0.03) 083 (0.06) 067 (0.04) 088(0.04) 054005  0.89(0.06)
CO, 038(0.02)  025(0.02) 038(0.01) 023(0.01) 037(0.01) 024(0.01) 032@0.01)  020(0.01)
Biomass 0.12(0.01)  0.19(0.01)  0.18(0.01) 021(0.03)  0.11(0.01) 0.19(0.01) 0.13(0.02)  0.20(0.02)

 Grams of fructose and CO consumed were considered as substrates to calculate the yield, but rich medium components were not

® Grams of fructose consumed were considered as the substrate to calculate the yield, but rich medium components were not

¢ Grams of fructose, CO, and arginine were considered as substrates to calculate the yield, but rich medium components were not

4 Grams of fructose, CO, and deoxy-D-ribose were considered as substrates to calculate the yield, but rich medium components were not

¢ Ninety-six-hour time point. Seventy-two-hour time point for all other fermentation conditions
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that the NH,* concentration at 14 h for OTA1 was not signif-
icantly different than the NH," concentration at 72 h for WT.
Furthermore, the final NH," concentration for OTA1 was
about 24% higher than WT.

C. ljungdahlii OTAL1 in silico flux balance analysis

To further evaluate the metabolic impact of the mutations
identified in OTAL, in silico flux balance analysis was per-
formed. The genome-scale metabolic model of C. [jungdahlii
ATCC 55383 (iHN637) produced by Nagarajan et al. was
altered by constraining the reaction rate of the acetyl-CoA
synthase complex to 0 mmol/gDW/h to represent a knockout
mutation of the gene encoding AcsA. When the HemL reac-
tion was constrained to 0 mmol/gDW/h to represent an
inactivated enzyme, the model predicted a 0 mmol/gDW/h
biomass production rate for both mixotrophic and heterotro-
phic conditions. Therefore, only reduced activity could be
simulated. Simulation of the other mutations present in
OTA1 (ADI and DeoR transcriptional regulators) could not
be accomplished by altering the reaction rates assumptions.
The iHN637 model is constraint based, meaning that each
reaction has an upper and lower bound. Many reactions have
arbitrarily high default upper bounds (1000 mmol/gDW/h)
and arbitrarily low default lower bounds (—1000 mmol/
gDW/h). The reactions involved in arginine catabolism (argi-
nine deiminase, ornithine carbamoyltransferase, and carba-
mate kinase) and reactions involved in deoxyribose catabo-
lism (phosphopentomutase (deoxyribose) and deoxyribose-
phosphate aldolase) both have arbitrarily high upper bounds.
For this reason, we were unable to simulate higher reactivity
due to overexpression of these genes by constraining the re-
action bounds.

Maps of the metabolic flux generated from the in
silico analyses data of log-phase cells cultured under het-
erotrophic or mixotrophic growth conditions are shown in
Fig. S3. As was found in our fermentation experiments
with OTA1, the model predicted no growth or metabo-
lism for an AcsA gene knockout mutant under autotro-
phic conditions (data not shown). For both the heterotro-
phic and mixtrophic conditions, no ethanol production
was predicted for WT and no acetate production was
predicted for the AcsA gene knockout mutant. The
AcsA gene knockout mutant’s ethanol flux rate was
slightly higher for heterotrophic conditions compared to
mixotrophic conditions, 3.35 versus 3.33 mmol/gDW/h.
Wild-type’s acetate production rate was higher for
mixotrophic conditions compared to heterotrophic condi-
tions, 4.93 to 5.12 mmol/gDW/h. Hydrogen production
was predicted for the AcsA gene knockout mutant (but
not WT) for heterotrophic and mixotrophic conditions to
be 0.33 and 1.06 mmol/gDW/h, respectively, while the
CO, production rate for the AcsA gene knockout mutant

grown heterotrophically and mixotrophically was predict-
ed to be 4.31 and 5.03 mmol/gDW/h, respectively. For
WT cells grown heterotrophically or mixotrophically, the
CO, production rate was predicted to be 0.85 or
1.05 mmol/gDW/h, respectively. Biomass production
rates were forecast to be about the same for heterotrophi-
cally and mixotrophically grown cells, 0.110 mmol/gDW/
h for the AcsA gene knockout mutant and 0.120 mmol/
gDW/h for WT. Figure 7 shows the location of the AcsA
gene knockout mutation in the context of metabolism of
fructose and CO, to ethanol and acetate. Lower AcsA
flux rates were also examined for mixotrophic and het-
erotrophic simulations in case the mutation was not a
complete knockout. Flux toward higher ethanol, higher
CO, and lower acetate were observed to change as flux
through AcsA was reduced from 2 to 0.01 mmol/gDW/h
in the mixotrophic simulation (Table S4). Unlike reduced
flux for AcsA, reduced flux through HemL resulted in no
change in flux to ethanol (remained 0 mmol/gDW/h) for
both mixotrophic and heterotrophic simulations, and in
heterotrophic simulations, flux to CO, decreased and flux
to acetate increased (Table S4). Change in flux to these
end products occurred gradually and at very low HemL
fluxes from 0.001 to 0.000001 mmol/gDW/h (Table S4).

The model also predicted that carbon flux to ethanol for
heterotrophic and mixotrophic OTA1 fermentations would
come through the AOR (Fig. S3). Cell-free extracts of
mixotrophically grown OTA1 and WT cells were assayed at
14 and 36 h for acetate reductase activity and were found to
have about the same activity (Fig. S4).

Discussion

After multiple passages in rich mixotrophic medium and
several days of storage at room temperature (~15-20 °C), a
spontaneous mutant designated as OTA1 derived from the
C. ljungdahlii ATCC 55383 type strain was produced.
C. ljungdahlii OTA1 was isolated for further characteriza-
tion because ethanol production by this strain was twice as
much as WT when grown in rich mixotrophic medium
(Tirado-Acevedo 2010). This phenotype was confirmed
in this study (Fig. 1b).

The gene-encoding AcsA and HemL, critically important
proteins for CO/CO, (C1) fixation, were found to be mutated
in OTA1 (Table 1). AcsA is part of the acetyl-CoA synthase
complex in C. ljungdahlii, which is the site where CO is
bound or CO, is reduced to CO for subsequent condensation
with a methyl group supplied by the corrinoid Fe-S protein
(Kopke et al. 2011). Knockout of the AcsA encoding gene in
the related bacterium, C. autoethanogenum, caused loss of
autotrophic growth, which is one of the phenotypes observed
with OTA1 (Liew et al. 2016b). In OTA1, the R528L mutation
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in AcsA alters the hydrogen bonding pattern within the cata-
lytic cleft of the enzyme likely leading to lower or no CO/CO,
binding (Table 1; Fig. 2). HemL (the only annotated
glutamine-1-semialdehyde 2,1-aminomutase) is integral to
synthesis of the cobalamin cofactor for the corrinoid Fe-S
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«Fig. 7 Map of metabolic flux from CO, and fructose to ethanol and

acetate in Clostridium ljungdahlii. The map was produced with Escher
online using the IHN637 model of C. Jjungdahlii. The red “X” indicates
predicted inhibitions in metabolism due to an identified mutation in the
AcsA gene. Metabolites and reducing equivalents: 2pg D-glycerate 2-
phosphate, 3pg 3-phospho-D-glycerate, Smzthf S-methyltetrahydrofolate,
10fthf 10-formyltetrahydrofolate, /3dpg 3-phospho-D-glyceroyl
phosphate, ac acetate, accoa acetyl-coenzymeA, aceld acetaldehyde,
actp acetyl phosphate, adp adenosine diphosphate, atp adenosine
triphosphate, cfesp corrinoid iron-sulfur protein, co2 carbon dioxide,
coa coenzymeA, dhap dihydroxyacetone phosphate, efoh ethanol, f1p
D-fructose 1-phosphate, fdp D-fructose 1,6-bisphosphate, fdxo 4 2 ferre-
doxin oxidized, fdxr 4 2 ferredoxin reduced, for formate, fru D-fructose,
g3p glyceraldehyde 3-phosphate, 4 proton, 420 water molecule, mecfsp
methylcorrinoid iron-sulfur protein, methf 5,10-
methenyltetrahydrofolate, m/thf'5,10-methylenetetrahydrofolate, nad nic-
otinamide adenine dinucleotide oxidized, nadh nicotinamide adenine di-
nucleotide reduced, nadp nicotinamide adenine dinucleotide phosphate
oxidized, nadph nicotinamide adenine dinucleotide phosphate reduced, pi
inorganic phosphate, pep phosphoenolpyruvate, pyr pyruvate, and thf
tetrahydrofolate. A “c” at the end of metabolite codes refers to intercel-
lular, while an “e” refers to extracellular. Enzymes: ACKr acetate kinase,
ACALD acetaldehyde dehydrogenase, ACt2r acetate transport, ALCD2x
alcohol dehydrogenase, AOR_CL aldehyde oxidoreductase, CO2t CO,
diffusion, CODH ACS carbon monoxide dehydrogenase/acetyl-CoA
synthase, ENO enolase, ETOHt ethanol transport, FBA fructose-
bisphosphate aldolase, FDH7 formate dehydrogenase, FRUK fructose-
1-phosphate kinase, FRUpts D-fructose PTS transport, FTHFLi formate-
tetrahydrofolate ligase, GAPD glyceraldehyde-3-phosphate dehydroge-
nase, METR methyltetrahydrofolate/corrinoid iron-sulfur protein methyl-
transferase, MTHFC methenyltetrahydrofolate cyclohydrolase, MTHFD
methylenetetrahydrofolate dehydrogenase, MTHFRS 5,10-methylenetet-
rahydrofolate reductase, PFL pyruvate formate lyase, PGK phosphoglyc-
erate kinase, PGM phosphoglycerate mutase, POR_2 pyruvate/ferredoxin
oxidoreductase, PTAr phosphotransacetylase, PYK pyruvate kinase, and
TPI triose-phosphate isomerase (color figure online)

protein (Kdpke et al. 2010). A mutation in the hemL gene
(G268 V) in OTAL1 is predicted to reduce accessibility of the
substrate, L-glutamate-1-semialdehyde, by structural reposi-
tioning of multiple residues within the catalytic cleft
(Table 1; Fig. 3). One of the affected residues (K264) resides
in a homologous position of a known mutation in Escherichia
coli glutamate 1-semialdehyde aminotransferase (K265R) that
reduces the activity of a homologous protein by 98% (Ilag and
Jahn 1992). In silico modeling supports either no effect of the
mutation or limited accessibility of the substrate since com-
plete inaccessibility results in no biomass formation. Only a
very low HemL activity is required for unaltered metabolic
flux rates though (Table S4). Metabolite flux rates were altered
at much higher flux rates of AcsA (100-fold higher) than
HemL (Table S4). Therefore, the mutated AcsA likely has a
greater effect than the mutated HemL has on CO/CO, fixation.

The inability of OTA1 to recapture CO, through the Wood-
Ljungdahl pathway seemed to be the most influential pheno-
typic effect of the mutations. Common trends of higher yields
of CO, and ethanol and lower yields of biomass and acetate
for OTA1 compared to WT fermentations were observed for
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all growth conditions studied, and these trends were supported
by in silico mixotrophic and heterotrophic simulations
(Table 3; Fig. S3). AcsA knockout simulations specifically
supported the fermentation product analyses. Reduction of
flux through the HemL actually did not have an effect on flux
to ethanol for all simulations, and flux to CO, was reduced
while flux to acetate was increased for heterotrophic condi-
tions, further emphasizing the limited effect of the HemL mu-
tation on the phenotype of OTA1. Beside in silico demonstra-
tions, the fermentation trends also can be predicted. If less
CO, is recaptured, then fewer reducing equivalents are uti-
lized for that purpose, and the production of ethanol is a sink
for oxidation of the reducing equivalents. H, was also pro-
duced by OTA1 and WT during heterotrophic growth indicat-
ing that it too was used as a sink for reducing equivalents
under those conditions but not under mixotrophic conditions
(data not shown). Also, with less carbon from CO, recapture
and less ATP from acetate production, there is less biomass
production. OTA1 may compensate for less ATP from acetate
production with ATP from increased metabolism of arginine
from the rich mRCMf medium as suggested by increased
production of ammonium (Fig. S2). Higher ethanol yields
due to arginine supplementation in mixotrophic medium also
showed that increased arginine metabolism might have some
influence on OTA1’s phenotype of higher ethanol yields, but
the supplementation of arginine also resulted in an even great-
er increase in acetate yield compared to mixotrophic OTA 1
fermentations (Table 3). Therefore, rapid metabolism of argi-
nine as a result of the mutation in the transcriptional regulator
for the ADI operon did not cause the general fermentation
product trends previously mentioned. Also, supplementation
of mixotrophic medium with 2-deoxy-D-ribose had little effect
on any of the fermentation product yields. The only obvious
effect that it had was causing OTA1’s biomass yield to be
reduced by about 28% (Table 3). While more rapid metabo-
lism of a component of DNA (2-deoxy-D-ribose) as a result of
the deregulated overexpression of the deo operon could cause
reduced growth, it is unclear why adding 2-deoxy-D-ribose to
a fermentation would lower growth even more (Table 3). The
general trends in fermentation products observed are therefore
most readily explained by the mutation in the gene encoding
AcsA and a resulting inoperable Wood-Ljungdahl pathway.
This conclusion is supported by Liew et al. study which showed
that knockout of the AcsA gene in C. autoethanogenum not only
eliminated CO/CO, fixation but also nearly eliminated acetate,
increased ethanol, and increased CO, production when grown
heterotrophically and mixotrophically (Liew et al. 2016b).
Complementing and expanding on Liew et al.’s work, this
study provides additional insights on carbon and electron flux
by using differential expression analysis, in silico flux analy-
sis, and enzyme activity assays. The driving force for higher
ethanol production and lower acetate production by OTAI
compared to WT is not increased gene expression of enzymes

related to ethanol and acetate production, but instead, the re-
quirement for reoxidation of reduced electron carriers
(NAD(P)H, ferredoxin, etc.) for continued metabolism. The
in silico flux balance analysis of the AcsA knockout mutant
predicted that carbon flow to ethanol only went through the
aldehyde ferredoxin oxidoreductase (AOR) to generate the
precursor of ethanol, acetaldehyde (Fig. S3). The acetalde-
hyde is then converted to ethanol by AdhEl (Fig. S3).
Differential expression analysis showed that expression of
AOR and AdhE1 genes was either about the same or greater
in WT than OTA1 at 14 and 36 h (Table S3). Also, AOR
enzyme activity assays of cell-free extracts at these time points
showed that acetate reductase activity was about the same for
WT and OTA1 (Fig. S4). Therefore, though flux to ethanol
comes through AOR, higher flux is not because of more AOR
enzyme. Rather, the surplus of reduced ferredoxin generated
by fructose metabolism, but not utilized for CO, fixation,
drives flux to ethanol (Kdpke et al. 2010; Mock et al. 2015).
This is supported by the findings of Richter et al. that AOR
and AdhE1 protein levels in WT C. [jungdahlii are constantly
abundant, even during acidogenesis, and surplus-reducing
equivalents are shunted toward ethanol production when un-
dissociated acetate concentrations reach a thermodynamic
threshold (Richter et al. 2016). Ethanol is also formed from
acetyl-CoA by the bifunctional aldehyde/alcohol dehydroge-
nase (AdhE1) (Banerjee et al. 2014; Kopke et al. 2010; Leang
et al. 2013). While flux through AOR is more energetically
favorable, some flux goes through AdhE1 because of a sur-
plus of NADH not utilized in energy conservation reactions to
reduce NADP+, ferredoxin, or other electron carriers for CO,
fixation drives NADH-dependent acetaldehyde and alcohol
dehydrogenase activities of AdhE1 (Mock et al. 2015; Fast
and Papoutsakis 2012; Schuchmann and Miiller 2014).

OTALI cell extracts were previously shown to have on av-
erage four times higher NADH concentrations than WT cell
extracts at the 14 h into mixotrophic fermentations (Tirado-
Acevedo 2010). The NADH-dependent acetaldehyde activity
also requires acetyl-CoA, which may be more available in
OTA1 because of downregulation of a pyruvate formate lyase
gene at 36 h compared to WT. If the pyruvate formate lyase
works in the reverse direction as previously suggested, and as
suggested by our expression data is less abundant, the pyru-
vate formate lyase would convert less acetyl-CoA and formate
to pyruvate (Zelcbuch et al. 2016). Also, the genes encoding
acetate production enzymes had about the same expression
levels for OTA1 and WT at 14 and 36 h (Table S3).

Though the expression of genes coding for enzymes pro-
ducing ethanol and acetate are not regulated, some energy
metabolism genes were. Genes CLJU ¢28660-70,
CLJU ¢c14700, and CLJU c14720 encoding two putative
[NiFe]-hydrogenase subunits HyaBA and two subunits of a
putative [FeFe]-hydrogenase with homology to the
Acetobacterium woodii HydA and HydC, respectively, were
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downregulated in OTA1 compared to WT at 36 h (Table S2).
Little is known about the biological function of several puta-
tive [NiFe] and [FeFe]-hyrogenases in C. [jungdahlii and re-
lated acetogens; however, based on homology, this [FeFe]-
hydrogenase is thought to bifurcate electrons from H, to re-
duce ferredoxin and NAD+ (Tremblay et al. 2012; Wang et al.
2013; Buckel and Thauer 2013; Schuchmann and Miiller
2014). If this is the case, transcriptional downregulation in
OTA1 could be a mechanism to prevent further reduction of
limited pools of reducing equivalents though it should be not-
ed that hydrogen was nearly completely utilized in WT and
OTALI fermentations by 36 h (data not shown). Thus far, only
an electron-bifurcating ferredoxin- and NADP-dependent hy-
drogenase has been characterized in the closely related
C. autoethanogenum when it was cultured with high concen-
trations of carbon monoxide (Wang et al. 2013). In addition to
supporting the point that flux toward ethanol is driven by
reducing equivalents generated upstream, the regulation of
these genes provides a new line of evidence for the biological
function of this [FeFe] hydrogenase for generating reducing
equivalents from H, for CO, reduction during autotrophic
growth (Wang et al. 2013).

Comparison of mixotrophic and heterotrophic growth of
C. ljungahlii WT and OTA1 followed the same pattern as
C. autoethanogenum WT and mutant strain described in Liew
et al. 2016b (Fig. 1a). That is, both mutants had lower growth
under heterotrophic conditions and about the same growth under
mixotrophic conditions (Liew et al. 2016b) (Table 3). While
Liew et al. discussed recapture of CO, being the mechanism
for higher growth of WT C. autoethanogenum, here new in-
sights on mixotrophic growth are discussed. Though WT cells
were able to recapture more CO, than OTA1 cells because of a
functional Wood-Ljungdahl pathway operating in WT cells,
comparison of the amount of CO, produced by each strain under
heterotrophic conditions to the amount they produced under
mixotrophic conditions revealed that the addition of CO and
H, did not improve CO, fixation by WT or OTAI. In other
words, the amount of CO (mols) consumed by each strain was
about the same as the amount of CO, produced (mols) (data not
shown). This indicates that C. Jjungdahlii was neither utilizing
the reduced electron carriers generated from CO dehydrogenase
(CO oxidizing, not acetyl-CoA synthase) or hydrogenase en-
zymes (reduced ferredoxin and NADPH) to fix more CO, nor
utilizing the additional CO as a substrate for the acetyl-CoA
synthase enzyme complex. Instead, based on higher biomass
yields for mixotrophic fermentations compared to the heterotro-
phic fermentations, reduced ferredoxin and NADPH resulting
from electrons donated by CO and H, were instead used for
biomass production (Table 3). Also, the addition of CO and
H, resulted in higher acetate yields (Fig. 1c; Table 3). Since
ATP is a co-product of acetate production and used for biomass
production, higher acetate yields are consistent with the higher
biomass yields of mixotrophic cultures compared to
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heterotrophic cultures. Furthermore, the citrate lyase beta chain,
acyl lyase subunit (encoded by CLJU ¢25330), and a citrate
lyase acyl carrier protein, citrate lyase gamma chain (encoded
by CLJU ¢25340), were significantly more highly expressed in
OTA1 than WT at 14 h (Table 2). Citrate lyase uses ATP to
produce the anabolic building blocks oxaloacetate and acetyl-
CoA from citrate for biomass production. Citrate may be formed
from catabolism of amino acids or peptides from the undefined
extracts and peptone used as media components in this study.
While lactate and 2,3-butanediol fermentation products were not
measured in this study, Liew et al. found that these products
were higher for the C. autoethanogenum AcsA mutant grown
under heterotrophic conditions but lower in mixotrophic condi-
tions (Liew et al. 2016b). This is surprising since one would
suspect that more reduced electron carriers would result in more
of these reduced fermentation products. Yet, as with OTAL, the
biomass yield of the C. autoethanogenum AcsA mutant in-
creases with availability of CO and H,. Therefore, not only is
the surplus of reducing equivalents a critical factor in flux to
reduced fermentation products, but also which reducing equiv-
alents are available.

The OTA1 mutant may be a helpful tool in elucidating the
electron-shuttling pathway in C. Jjungdahlii, which has been
under investigation since C. /jungdahlii was shown to be able
to utilize electricity to reduce CO, (Nevin et al. 2011; Nevin
et al. 2010). The electron uptake mechanism of C. Jjungdahlii
is currently unknown and expected to be significantly differ-
ent compared to other electrotrophic bacteria because it cannot
synthesize c-type cytochromes or quinones (Tremblay and
Zhang 2015). Potential entry points for electrons in a
C. ljungdahlii MES system include both carbon monoxide
dehydrogenase and formate dehydrogenase since they are re-
versible electrocatalysts when attached to graphite electrodes
(Bachmeier and Armstrong 2015). Since acetyl-CoA synthe-
sis 1s blocked in OTA1, CO and/or formate should theoreti-
cally accumulate in an MES system as CO, and protons are
converted to these products with electrical energy. For the
same reason, H, should build up if it is part of the electro-
chemical pathway. Using the OTA1 strain, which has an inac-
tive Wood-Ljungdahl pathway, for electrocatalysis, studies
can save research time by avoiding the need for making
knockout mutants.

Besides being a useful mutant for research, the OTA1 strain
may also be valuable for some industrial applications. An ex-
ample platform previously mentioned is the carboxylate plat-
form, which has process stages including primary fermentation
of waste to make short-chain fatty acids and alcohols as well as
a process stage that converts medium-chain fatty acids to alco-
hols (Agler etal. 2012; Agleretal. 2011). The OTAI1 strain may
be a good fit for the second stage if its AOR can reduce
medium-chain fatty acids to alcohols. Unlike WT, CO supplied
to OTA1 would only be used as an electron source, not a carbon
source, so more flux control is possible. Also, in this study,
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OTAL1 biocomposites were shown to oxidize CO faster than
WT (Fig. 6). Since WT cells have two CO utilizing activities
(CO oxidation and acetyl-CoA synthesis), but OTA1 only has
one activity (CO oxidation), it is unclear why this is the case. It
is possible that CO oxidase gene expression was higher for
OTA1 compared to WT, but investigation of the physiological
states of the cells on biocomposites was beyond the scope of
this study. What is clear is that CO oxidation is faster for OTA1
compared to WT, and CO can only be utilized as an electron
source. This combination may benefit the rate of medium-chain
fatty acid reduction in the carboxylate platform.

In conclusion, this study demonstrates that the C. Jjungdahlii
OTALI strain has an inoperable Wood-Ljungdahl pathway
preventing autotrophic growth. However, mixotrophic growth
of OTA1 increases the ethanol to acetate ratio and CO, produc-
tion compared to WT, and a SNP in the AcsA gene explains all
of these phenotypic changes. The mutations in the ADI and
DeoR transcriptional regulators and HemL have more minor
or no effect on growth and fermentation products.
Investigation of the OTA1 strain has contributed new insights
into C. ljungdahlii’s physiology and metabolism, which can be
extended to closely related species, and the newly discovered
properties of this strain offer new potential for further study and
industrial application.
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