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ABSTRACT Bioethanol production from syngas using acetogenic bacteria has attracted
considerable attention in recent years. However, low ethanol yield is the biggest chal-
lenge that prevents the commercialization of syngas fermentation into biofuels using
microbial catalysts. The present study demonstrated that ethanol metabolism plays an
important role in recycling NADH/NAD� during autotrophic growth. Deletion of bifunc-
tional aldehyde/alcohol dehydrogenase (adhE) genes leads to significant growth defi-
ciencies in gas fermentation. Using specific fermentation technology in which the gas
pressure and pH were constantly controlled at 0.1 MPa and 6.0, respectively, we revealed
that ethanol was formed during the exponential phase, closely accompanied by biomass
production. Then, ethanol was oxidized to acetate via the aldehyde ferredoxin oxi-
doreductase pathway in Clostridium ljungdahlii. A metabolic experiment using 13C-
labeled ethanol and acetate, redox balance analysis, and comparative transcriptomic
analysis demonstrated that ethanol production and reuse shared the metabolic pathway
but occurred at different growth phases.

IMPORTANCE Ethanol production from carbon monoxide (CO) as a carbon and energy
source by Clostridium ljungdahlii and “Clostridium autoethanogenum” is currently being
commercialized. During gas fermentation, ethanol synthesis is NADH-dependent. How-
ever, ethanol oxidation and its regulatory mechanism remain incompletely understood.
Energy metabolism analysis demonstrated that reduced ferredoxin is the sole source of
NADH formation by the Rnf-ATPase system, which provides ATP for cell growth during
CO fermentation. Therefore, ethanol production is tightly linked to biomass production
(ATP production). Clarification of the mechanism of ethanol oxidation and biosynthesis
can provide an important reference for generating high-ethanol-yield strains of C. ljung-
dahlii in the future.

KEYWORDS CO fermentation, Clostridium ljungdahlii, acetate, acetogenesis, ethanol
oxidation

Ethanol, an important chemical and cost-effective product, has widespread applica-
tions in the industrial and medical fields (1). Traditionally, bioethanol is produced

from starch via microbial fermentation. Considering the rapid growth of the global
population and the demand for food, lignocellulosic biomass can instead be utilized for
producing bioethanol, known as a second-generation ethanol fuel. However, a pre-
treatment step and usage of an expensive exogenous hydrolytic enzyme are required
to obtain soluble sugars before microbial fermentation, making the entire process less
cost-effective (2). In this regard, syngas from biomass gasification is another satisfactory
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feedstock for ethanol production by Clostridium ljungdahlii, “Clostridium autoethanoge-
num,” and Clostridium carboxidivorans (3–13).

C. ljungdahlii and C. autoethanogenum were originally described as separate species;
however, comparison of their genomic sequences has indicated that they belong to the
same species (4, 14). These microorganisms can use carbon monoxide (CO) as a carbon
and energy source for ethanol production (7, 11, 13). Two ethanol biosynthesis path-
ways have been reported (Fig. 1) (15). One is the classic ethanol formation pathway,
starting with acetyl-CoA as the precursor, which is converted to ethanol by two redox
reactions involving two bifunctional aldehyde/alcohol dehydrogenases encoded by
two adhE genes. This pathway is named the AdhE pathway. In the other pathway,
named the AOR pathway, acetate acts as a precursor, and acetaldehyde:ferredoxin
oxidoreductase encoded by aor catalyzes the redox reaction of acetaldehyde formation
(15). Ethanol synthesis from acetaldehyde overlaps in the two ethanol formation
pathways. Deleting adhE1/2 significantly inhibits ethanol production during hetero-
trophic fermentation by C. ljungdahlii (16). Therefore, AdhE is important for ethanol
formation (13, 15–17). Acetate supplementation and deletion of aor1 and aor2 in
experiments with C. autoethanogenum using CO as the carbon source has revealed that
the AOR pathway plays a critical role in the conversion of acids to alcohols. Interest-
ingly, inactivation of aor2 alone elevates ethanol production under the same cultivation
conditions (15). Taken together, although important aspects of ethanol production
have been elucidated, little is known regarding the regulatory mechanisms of ethanol
production in these organisms (18–21).

During acetaldehyde synthesis, the AOR pathway requires reduced ferredoxin

FIG 1 Metabolic pathway of ethanol biosynthesis in C. ljungdahlii. Abbreviations used: Pta, pta, phosphotransacetylase; Ack,
ack, acetate kinase; AdhE, adhE, aldehyde/alcohol dehydrogenase; AOR, aor, acetaldehyde:ferredoxin oxidoreductase; PFOR,
pfor, pyruvate:ferredoxin oxidoreductase; LdhA, ldhA, lactate dehydrogenase; ALDC, aldc, acetolactate decarboxylase; 23BDH,
bdh, 2,3-butanediol dehydrogenase; Fdred, reduced ferredoxin; Fdox, oxidized ferredoxin; Nfn, electron-bifurcating and
ferredoxin-dependent transhydrognenase; Rnf complex, membrane-associated and energy-conserving reduced ferredoxin:
NAD� oxidoreductase. The Rnf-ATPase system is a system of two enzyme complexes in which the Rnf complex generates a
proton gradient across the membrane by the oxidation of Fdred with NAD�. The second enzyme complex, the ATPase complex,
consumes the proton gradient and phosphorylates ADP to ATP in the cytoplasm. AdhE pathway, ethanol formation by AdhE
catalysis; AOR pathway, AOR participates in acetate and ethanol formation.
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(Fdred) as a cofactor, whereas the AdhE pathway requires NADH (Fig. 1). Thus, ethanol
biosynthesis is dependent on energy metabolism in C. ljungdahlii and C. autoethano-
genum. In autotrophic microbes growing on CO, Fdred produced via CO oxidization is
the primary energy source. ATP, NADH, and NADPH are generated via oxidation of Fdred

(17, 18, 22). Among these energy equivalents, ATP can also be generated by substrate-
level phosphorylation through acetate formation. Considering ATP consumption by
formyl-THF formation in the Wood-Ljungdahl pathway (WLP), there is no net ATP
production by substrate-level phosphorylation during gas fermentation. Therefore, ATP
is mainly generated by membrane-bound ATP synthase and a transmembrane proton
(H�) gradient, which is established via an oxidation reaction of Fdred with Rnf complex
(21, 23–27). On the other hand, NADH is generated as an electron acceptor. It must be
coupled with another redox reaction to maintain the redox balance in cells. One of the
main outlets for this is ethanol biosynthesis, which requires NADH as an electron donor
during autotrophic growth (18, 28, 29). Although the detailed energy metabolic net is
unclear for gas fermentation in C. ljungdahlii and C. autoethanogenum, it is obvious that
ethanol formation is tightly associated with energy conservation, especially ATP gen-
eration (20).

In this work, adhE genes of C. ljungdahlii were deleted using CRISPR-Cas9 technology
to eliminate the ethanol synthesis pathway. The gene deletion mutants and wild type
(WT) were cultured in the presence of CO to elucidate the ethanol formation pathway
in C. ljungdahlii grown autotrophically. The ethanol production dynamics were inves-
tigated and the regulatory mechanisms were analyzed.

RESULTS AND DISCUSSION
Deletion of adhE genes. In C. ljungdahlii, ethanol synthesis is NADH-dependent,

and AdhE is critical for both the AdhE and AOR pathways (Fig. 1). Two adhE genes
(adhE1 [CLJU_c16510] and adhE2 [CLJU_c16520]) encoding AdhE enzymes were found
in the genome of C. ljungdahlii (13). A CRISPR-Cas9-based genome editing system (30)
was used to delete adhE genes, generating a ΔadhE1 mutant and a double deletion
mutant, the ΔadhE1 ΔadhE2 mutant (i.e., the ΔadhE1�2 mutant). The ΔadhE1 mutant
was described previously (30) and was used as the parental strain to generate the
double mutant in this work. Genomic DNA of putative double mutants in selective
plates was extracted, and then DNA fragments were PCR-amplified using the primers
adhE1-f/adhE2-r. Positive bands were obtained and sequenced to confirm the deletion
of adhE1 and adhE2 (see Fig. S1 in the supplemental material).

Batch fermentation of adhE deletion mutants of C. ljungdahlii on fructose.
During growth on fructose in yeast extract-tryptone-fructose (YTF) medium, two mu-
tants (ΔadhE1 and the ΔadhE1 ΔadhE2 mutant) eventually achieved a similar cell
density that was 76% lower than the WT, suggesting that adhE knockout affects cell
energy metabolism (Fig. S2). In terms of the primary end products, the ΔadhE1 ΔadhE2
mutant produced 54% less ethanol (22 � 2 mM) than the WT (48 � 2 mM) (Table 1),
which is in agreement with previous results obtained by Leang et al. (16). The ΔadhE1
mutant produced 30% less ethanol than the WT (30); however, after three sequential
subcultures, this mutant restored its ability to produce ethanol and even generated
27% higher titers of ethanol (61 � 4 mM) than the WT in this study (Table 1). The details
of the mechanism of this phenomenon need further investigation. To further test the

TABLE 1 Enzyme activity assay at 48 h and the final product titers of C. ljungdahlii WT, ΔadhE1 mutant, and ΔadhE1 ΔadhE2 mutant
strains in YTF and modified DSMZ 879 medium

Strain

YTF medium Modified DSMZ 879 medium

AdhE (U/mg) AOR (U/mg) Ethanol (mM) Acetate (mM) Ethanol (mM) Acetate (mM)

Wild type 0.07 0.1 48 � 2 83 � 13 17 � 0.7 37 � 2
ΔadhE1 mutant �0.01 0.01 61 � 4 62 � 1 27 � 0.8 29 � 0.1
ΔadhE1 ΔadhE2 mutant �0.01 �0.01 22 � 2 84 � 1 NDa 39 � 4
aND, not detectable.
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impact of adhE deletion, specific activities of AdhE and AOR were determined in the cell
extracts of the WT and adhE deletion mutant strains collected at 48 h (Table 1).
Trace-specific activities of AdhE were observed in the ΔadhE1 and ΔadhE1 ΔadhE2
mutants, indicating that adhE1 is the dominant functional gene during the catalysis
reaction from acetaldehyde to ethanol. The specific activity of AdhE in the WT was 0.07
U/mg, exceeding the values for adhE mutants (Table 1). Concerning the specific activity
of AOR, the value for the WT was 0.1 U/mg, which was much higher than that of the
ΔadhE1 (0.01 U/mg) and ΔadhE1 ΔadhE2 mutants (0.007 U/mg) (Table 1). Analyses of
these enzyme activities indicated that adhE deletions significantly decreased both AdhE
and AOR activities in the mutants.

YTF medium, containing tryptone and yeast extract, is a nutrient-rich medium which
possibly affects growth and ethanol formation during fermentation. Thus, a chemically
defined medium (modified DSMZ 879 medium) was used to culture the WT and the
adhE mutants. The growth and fermentation profiles of the WT and the ΔadhE1 strain
were similar (Fig. 2, Fig. S3). The ΔadhE1 strain generated 59% higher ethanol titers
(27 � 0.8 mM) than the WT (17 � 0.7 mM) (Table 1). Compared with the finding for the
WT, the ΔadhE1 ΔadhE2 mutant displayed diminished growth and consumed less
fructose during fermentation. In total, 11 � 1.5 mM fructose was detected in the broth
of the ΔadhE1 ΔadhE2 mutant, whereas the WT and ΔadhE1 strains completely ex-
hausted fructose before 96 h of culture. Furthermore, ethanol was not detected in the
broth for the ΔadhE1 ΔadhE2 mutant, indicating that deletion of two adhE genes
eliminates ethanol biosynthesis completely.

C. ljungdahlii possesses two adjacent adhE genes in its genome. RNA-seq results
revealed that adhE1 was transcribed at a significantly higher level than adhE2 (see
below), indicating that AdhE1 is the dominant functional enzyme involved in the
conversion of acetaldehyde to ethanol. This is in agreement with the result for the AdhE
activity assay, in which adhE1 deletion resulted in significantly decreased AdhE enzyme
activity in cell extract (Table 1). Regarding ethanol synthesis, adhE1 deletion did not
eliminate ethanol production, which is consistent with previous results (30). AOR
activity (specific activity, 0.01 U/mg) was detected in the cell extract of the ΔadhE1
strain, suggesting that some acetaldehyde was generated. We speculated that acetal-
dehyde can be reduced by AdhE2 or other alcohol dehydrogenases, resulting in
ethanol production. Interestingly, the ΔadhE1 strain produced more ethanol than the
WT under the same fermentation conditions in this study. This phenotype was also
observed during fermentation by the ΔadhE1 mutant of C. autoethanogenum on CO,
which produced 171% to 183% higher titers of ethanol than the WT (15). Why the
ΔadhE1 strain produced markedly higher levels of ethanol remains an enigma.

Because of the inactivation of both adhE genes, the ΔadhE1 ΔadhE2 mutant strain
must use other metabolic pathways to recycle reducing equivalents. YTF medium

FIG 2 Growth and fructose uptake profiles of C. ljungdahlii WT (black squares), ΔadhE1 mutant (red circles) and
ΔadhE1 ΔadhE2 mutant (blue triangles) strains grown on defined DSMZ 879 medium. (A) Growth profiles. (B)
Fructose residue.

Liu et al. Applied and Environmental Microbiology

July 2020 Volume 86 Issue 14 e00730-20 aem.asm.org 4

https://aem.asm.org


contains 10 g/liter yeast extract and 16 g/liter tryptone, which can supply the required
metabolites for fermentation by C. ljungdahlii. Then, reducing equivalents can be
recycled through biochemical reactions, in which these metabolites participate. There-
fore, the ΔadhE1 ΔadhE2 mutant strain grew well in YTF medium. In contrast, C.
ljungdahlii, to a large extent, depends on ADHs to achieve NADH reoxidation in
modified DSMZ 879 medium. Thus, the ΔadhE1 ΔadhE2 mutant strain displayed sig-
nificant growth deficiency and lost its capacity for ethanol production in modified
DSMZ 879 medium.

Batch fermentation of adhE deletion mutants on syngas. In the case of gas
fermentation with CO or H2:CO2 as the carbon and energy sources, the ΔadhE1 and
ΔadhE1 ΔadhE2 mutants exhibited significantly diminished growth and an inability to
generate ethanol (Fig. 3). The WT grew well on CO and achieved a much higher cell
density (A600, 2.1 � 0.1) than the mutants (0.4 � 0.02 for the ΔadhE1 mutant and 0.24 �

0.02 for the ΔadhE1 ΔadhE2 mutant). In addition, 28 � 5 mM ethanol was detected in
the end products in the WT. The fermentation profiles of the WT and mutants grown
on H2:CO2 were similar to those grown on CO (Table 2; Fig. S4 and S5). Analysis of
syngas uptake indicated that the WT consumed more syngas than the adhE deletion
mutants. Taken together, these results demonstrated that AdhE plays a critical role in
growth and metabolism during gas fermentation by C. ljungdahlii.

Fed-batch fermentation of WT under controlled pH and gas pressure. To provide
a preferable growth condition for the WT, the fermentation process was controlled at
pH 6.0 and at a pressure of 0.1 MPa with a constant CO:CO2 supply (vol/vol, 80/20). C.
ljungdahlii exhibited excellent growth, and the density of cell growth reached an A600

of 2.2 � 0.2. The end products included 177 � 0.8 mM acetate, 24 � 0.5 mM 2,3-
butanediol, and trace amounts of lactate. Interestingly, the ethanol concentration
(107 � 0.6 mM) peaked at 84 h in the course of batch fermentation (Fig. 4). Analysis of
ethanol synthesis and cell growth indicated that ethanol was largely produced during
the exponential phase and oxidized during the stationary phase, which was also
observed in previous studies (13, 15).

FIG 3 Growth profiles of C. ljungdahlii WT (black squares), ΔadhE1 mutant (red circles), and ΔadhE1
ΔadhE2 mutant (blue triangles) strains on syngas. (A) CO:CO2 (80:20, vol/vol). (B) H2:CO2 (60:40, vol/vol).

TABLE 2 Headspace pressure change and the final product titers of C. ljungdahlii WT, ΔadhE1 mutant, and ΔadhE1 ΔadhE2 mutant on
syngas

Strain

CO:CO2 (vol/vol,
80/20)

CO2:H2 (vol/vol,
40/60) CO:CO2 (vol/vol, 80/20) CO2:H2 (vol/vol, 40/60)

Ethanol
(mM)

Acetate
(mM)

Ethanol
(mM)

Acetate
(mM) SPb (MPa)

CO:CO2

(vol/vol) SP (MPa)
CO2:H2

(vol/vol)

Wild type 28 � 5 53 � 5 10 � 2 61 � 2 0.06 � 0.02 1:9 0.08 � 0.02 3:4
ΔadhE1 mutant NDa 19 � 0.3 ND 13 � 2 0.13 � 0.04 1:1 0.11 � 0.04 4:5
ΔadhE1 ΔadhE2 mutant ND 15 � 0.5 ND 20 � 1 0.14 � 0.03 1:1 0.11 � 0.01 1:1
aND, not detectable.
bSP, space pressure. The beginning space pressure is 0.2 MPa.
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ATP is the universal energy equivalent in microbial growth, and demand for ATP is
high during the exponential phase, in which biomass is quickly accumulated. During
gas fermentation by C. ljungdahlii, NADH is produced as an electron carrier in large
quantities, accompanied by ATP synthesis (13, 21). We hypothesized that ethanol was
a preferred product as an additional NADH sink to maintain the redox balance during
gas fermentation. During the stationary phase, biomass no longer accumulates, and
less ATP and NADH are produced. However, NADH is still needed. Thus, ethanol
oxidation occurs at this stage to provide energy and reducing equivalents to fulfill the
survival of cells. The fed-batch fermentation result in this study supports our hypoth-
esis.

Ethanol oxidation in CO fermentation. Gas chromatography-mass spectrometry
(GC-MS) was used to analyze the products of ethanol oxidation using 13C-labeled
ethanol and acetate, which have higher mass weights than unlabeled molecules. In a
mixture containing stationary cells collected at 96 h and 13C-labeled acetic acid, only a
trace amount of 13C-labeled ethanol was detected up to 12 h (Fig. 5 and Fig. S6). On
the other hand, with the addition of 13C-labeled ethanol, a large amount of 13C-labeled
acetic acid was detected. These results suggest that ethanol could be used by C.
ljungdahlii cells to produce acetate in the absence of CO (no carbon and energy source).

AOR-harboring acetogens, such as C. ljungdahlii and C. autoethanogenum, are
capable of reducing acetate to ethanol during gas fermentation. According to our work
and some published results, alcohols, including ethanol and butanol, could also be
converted into their corresponding primary carboxylic acids (13, 15). These results
suggest the existence of a flexible metabolic mechanism that regulates the conversion
between ethanol and acetate. The redox reaction of acetate to acetaldehyde with Fdred

FIG 4 Growth and product concentrations of C. ljungdahlii WT grown on CO:CO2 (vol/vol, 80/20) with pH
6.0 and gas pressure of 0.1 MPa. Arrows: these two time points represent the exponential and stationary
growth phases, respectively. Samples were taken out of the bioreactor at these time points for ethanol
oxidation and RNA-Seq analysis.
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is thermodynamically unfavorable under standard conditions (ΔG°= � 35 kJ/mol). How-
ever, this reaction can occur under physiological conditions with an intracellular pH of
6.0 and 1,000-fold higher intracellular acetate levels versus acetaldehyde (31). During
gas fermentation by C. ljungdahlii, CO, as a carbon and energy source, is metabolized
quickly for growth during the exponential phase (6, 32). Under this condition, Fdred,
ATP, NADPH, and NADH can be quickly produced (Fig. 1). Acetate can be converted to
ethanol through the AOR pathway for recycling of reducing equivalents to maintain the
redox balance during metabolism. During the stationary phase, biomass production
ceases, resulting in a reduction of ATP demand. Therefore, the oxidation of ethanol to
acetate is driven by a thermodynamic balance, during which reducing equivalents are
released. It is noted that no ATP was produced during ethanol oxidation. This specu-
lation can explain why ethanol production increased during the exponential phase and
decreased during the stationary phase (17, 18, 33). Chemostat technology can maintain
a constant growth of strains at a specific dilution rate with pH control in the bioreactor.
Under optimal conditions, biomass and ethanol are produced in large quantities, and
ethanol oxidation does not occur (33).

The pathway of ethanol oxidation. Ethanol can be biosynthesized through both
the AdhE and AOR pathways (Fig. 1). Which pathway is used by C. ljungdahlii during
ethanol oxidation? Though acetate and ethanol have identical stoichiometry regarding
carbon balance as C2-compounds in end products, their energy metabolism is signif-
icantly different between the AdhE and AOR pathways during gas fermentation.
Through the AdhE pathway, 2 mol of NADH and 1 mol of ATP are produced during
ethanol oxidation to acetate, whereas through the AOR pathway, 1 mol of Fdred and 1
mol of NADH are produced. During CO fermentation, NADPH is formed by electron
bifurcation of Fdred and NADH via Fd-dependent transhydrogenase (Nfn) (18). There-
fore, the NAD�/NADH and NADP�/NADPH ratios were determined to figure out the
pathway for ethanol oxidation to acetate (Fig. 6). It was found that the NAD�/NADH
ratio increased during the exponential phase and decreased during the stationary
phase, which was consistent with the ethanol titer profile in the broth, indicating that
ethanol synthesis requires electron transfer from NADH and ethanol oxidation supplies
electrons to NAD�. Furthermore, the NADP�/NADPH ratio curve was identical to the
NAD�/NADH ratio curve throughout fermentation (Fig. 6B), revealing that the Fdox/
Fdred ratio varied during ethanol oxidation. Therefore, our results indicated that ethanol
is oxidized by the AOR pathway. This means ethanol generation and reuse share the
same metabolic pathway during gas fermentation in C. ljungdahlii. Our observation
provides evidence explaining why deletion of aor2 or adhE1 enhances the production
of ethanol in C. autoethanogenum fermentation (15). Inactivation of aor2 or adhE1
blocks ethanol oxidation, thereby increasing the titers of ethanol in the broth.

FIG 5 Detection of 13C labeled products after incubation of C. ljungdahlii WT cells in fresh medium with 13C-acetate (A) or 13C-ethanol (B) under anaerobic
conditions.
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Transcriptional analysis of ethanol biosynthesis and oxidation. Because of
ethanol production and oxidation, carbon and redox flows were distinctly different at
the exponential (48 h) and stationary (96 h) phases. Comparative transcriptomics was
performed using RNA-Seq technology to investigate intracellular flux patterns at the
transcriptional level. Table S2 lists 49 genes involved in the central carbon and energy
metabolic pathways. As speculated, C. ljungdahlii required ATP for biomass production;
thus, the genes related to ATP formation, which include Rnf-ATPase system genes,
AdhE pathway genes, acetate formation genes, and the Nfn gene, had higher tran-
scriptional levels in the exponential phase than in the stationary phase. Although the
WLP is an ATP-consuming pathway during formyl-THF formation, it is the sole CO
fixation pathway and principal metabolic pathway involved in gas fermentation. There-
fore, the expression levels of genes involved in the WLP are higher during the
exponential phase. During the stationary phase, biomass production ceases, and the
efficiency of carbon source uptake is decreased (Fig. 7).

The comparative transcriptomics results suggest that the expression levels of aor2
and CO dehydrogenase complex genes participating in central metabolic pathways are
higher during the stationary phase. This result further proves that the AOR pathway
plays a critical role in ethanol oxidation. Based on gene function analysis, both
pathways are responsible for important ferredoxin-dependent redox reactions. Fdred is
the original energy source for CO fermentation. Genes related to Fdred formation are
highly expressed, indicating that C. ljungdahlii requires energy for metabolism during
the stationary phase. However, detailed functions of this CO dehydrogenase remain to
be further studied beyond the transcriptional level. Notably, during H2:CO2 fermenta-
tion, primary energy is derived from the electron bifurcation reaction of the hydroge-
nase complex rather than from CO reduction during gas fermentation by C. ljungdahlii,
and ethanol is also oxidized during H2:CO2 fermentation in C. autoethanogenum (15).
Stoichiometric analysis of ATP gains based on gas fermentation by C. ljungdahlii
revealed that the ATP yield is 0.75 mol ATP with 1 mol of acetate formed during
autotrophic growth on H2:CO2, in contrast to 10 mol of ATP with 1 mol of acetate, 1 mol
of 2,3-butanediol, and 4 mol of ethanol formed for cells grown on CO (34).

Formate dehydrogenases (FDHs) catalyze the first step in the carbonyl branch of the
WLP. Interestingly, all genes related to the WLP are organized in a huge gene cluster
(Clju_c37550 to -37670). fdh genes are not located in this cluster, and some are located
distant from this cluster in the chromosome (13). The genome of C. ljungdahlii contains
three gene clusters that encode potential FDHs. At the transcriptional level, the fdh
gene expression level indicated by the reads per kilobase per million (RPKM) value is
high. However, the fold change values are not greater than 2. We consider that their
transcription profiles during the exponential and stationary phases do not significantly
change. Furthermore, FDH forms a complex with an electron-bifurcating hydrogenase,

FIG 6 Time courses of NAD�/NADH and NADP�/NADPH ratios during fermentation in C. ljungdahlii WT grown on
CO:CO2 (vol/vol, 80/20).
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and this complex accounts for 6% (m/m) of all cytoplasmic proteins involved in C.
autoethanogenum growth on CO (18). These results suggest that FDHs play an impor-
tant role in the metabolic processes of gas fermentation during both the exponential
and stationary phases.

The expression profiles of nine genes related to central metabolic pathways were
investigated during the exponential and stationary phases via quantitative real-time
PCR to verify the RNA-Seq result (Fig. S7). The results indicated that the fold change
trends of these key genes were consistent with the findings of RNA-Seq analysis.

Conclusions. The Rnf-ATPase system plays a critical role in NADH production,
accompanied by ATP generation during gas fermentation by C. ljungdahlii (4, 11, 35,
36). Ethanol synthesis is a preferred strategy for recycling NADH/NAD� to maintain the
redox balance during autotrophic growth. Therefore, deletion of both adhE genes leads
to significant growth deficiencies. In this study, an ethanol oxidation phenotype was
clearly observed during fed-batch fermentation with pH and gas pressure control.
Combined with the results of key gene knockout, we propose that ethanol synthesis
and oxidation are closely related to the growth phase during gas fermentation. Ethanol
is synthesized as an NADH sink to achieve redox balance during the exponential phase
and is oxidized during the stationary phase in the classic batch fermentation of C.
ljungdahlii. These findings provide experimental proof to explain some important
previously divulged results. (i) Why does the aor2 deletion mutant of C. autoethano-
genum produce up to 2.5-fold more ethanol than the WT strain under the same growth
condition (15)? Our results indicate that AOR2, as well as AdhE1, is responsible for
ethanol oxidation during the stationary phase. Inactivation of aor2 blocks the oxidation
pathway, resulting in a high ethanol concentration in end products. (ii) Why is contin-

FIG 7 Schematic of the central metabolic pathways of C. ljungdahlii grown on CO:CO2 (vol/vol, 80/20). The sequence numbers represent
the correlation enzyme or enzyme complex participating in the metabolic reactions listed in detail in Table S2. The positive values
represent the increased change fold during the exponential phase. The negative values represent the decreased change fold during the
exponential phase.

Ethanol Metabolism Dynamics in Clostridium ljungdahlii Applied and Environmental Microbiology

July 2020 Volume 86 Issue 14 e00730-20 aem.asm.org 9

https://aem.asm.org


uous fermentation (chemostat fermentation) suitable for ethanol production using
syngas as a feedstock in C. autoethanogenum and C. ljungdahlii (17, 18, 33)? Our study
results illustrated that biomass production is a prerequisite for ethanol production.
Continuous fermentation technology maintains strain growth at a constant rate, and
ATP is continuously produced. This prompts continuous ethanol biosynthesis rather
than oxidation.

MATERIALS AND METHODS
Bacterial strains and media. Escherichia coli strains were cultivated at 37°C in LB medium in the

presence of appropriate antibiotics for general plasmid propagation and cloning. C. ljungdahlii DSM
13528 was purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany, and conserved by freezing mid-exponential phase cultures at �80°C with 20%
glycerol. The cultures were cultivated at 37°C under anaerobic conditions. YTF medium was used in
mutant construction, and a modified DSMZ 879 medium with a headspace of a gas mixture (CO:CO2,
80:20 or H2:CO2, 60:40) as the carbon source was used in gas fermentation (35, 37). The modified DSMZ
879 medium has the following composition (per liter): 1.0 g NH4Cl, 0.1 g KCl, 0.2 g MgSO4·7H2O, 0.8 g
NaCl, 0.02 g CaCl2·2H2O, 0.1 g KH2PO4, 2.5 mg Na2WO4·2H2O, 1.0 g NaHCO3, 1.0 g cysteine-HCl·H2O, 1 g
yeast extract, 0.5 g cysteine, 0.5 mg resazurin, 10 ml trace element solution, and 10 ml vitamin solution.
Trace element solution contains 2.0 g nitrilotriacetic acid, 1.3 g MnCl2·H2O, 0.4 g FeSO4·7H2O, 0.2 g
CoCl2·7H2O, 0.2 g ZnSO4·7H2O, 0.2 g Na2MoO4·2H2O, 0.02 g NiCl2·6H2O, and 0.1 g Na2SeO3·5H2O in 1 liter
distilled water. The vitamin solution contains 2 mg biotin, 2 mg folic acid, 10 mg pyridoxine-HCl, 25 mg
thiamine-HCl·2H2O, 5 mg riboflavin, 5 mg nicotinic acid, 5 mg D-Ca-pantothenate, 0.1 mg vitamin B12,
5 mg �-aminobenzoic acid, and 5 mg lipoic acid in 1 liter distilled water. Analytical-grade chemicals used
in the medium were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All
antibiotics were purchased from Sangon Co., Ltd. (Shanghai, China).

Plasmid construction and �adhE1 �adhE2 mutant deletion. Using the adhE1-deleted C. ljung-
dahlii strain as the parent (30), we deleted the adhE2 gene, yielding a ΔadhE1 ΔadhE2 mutant. The strains
and primers used in this study are listed in Tables 3 and 4. The CRISPR/Cas9 editing plasmid, pMTLcas-
adhE2, was constructed for adhE2 deletion in C. ljungdahlii. The plasmid pMTLcas-adhE1 was digested
with SalI/XhoI, yielding a linear vector without the original single guide RNA (sgRNA) and two homol-
ogous arms (HAs). The sgRNA that targets the 20-nucleotide (nt) target spacer of adhE2 was obtained by
PCR-amplification using the primers adhE2gRNAs/gRNAaster with pMTLcas-adhE1 as the template. The
two HAs that flank the coding region of adhE2 were PCR-amplified from C. ljungdahlii genomic DNA using
the primers adhE2uas/adhE2us and adhE2ds/adhE2das. Then, the fragments of sgRNA and HAs were
assembled through an overlap extension PCR, yielding the sgRNA-HA fragment. Finally, the above-
mentioned linear vector (derived from pMTLcas-adhE1) and sgRNA-HA fragment were assembled using
the ClonExpress MultiS one-step cloning kit (Vazyme Biotech Co. Ltd., Nanjing, China), which resulted in
the target plasmid pMTLcas-adhE2.

TABLE 3 Primers used in this study

Name Sequence (5=–3=)
adhE2gRNAs AATCTTAAGGAGGAGTTTTCGTCGACGACGAAGCACTCCTAAAGGCGTTTTAGAGCTAG
gRNAaster ATAAAAATAAGAAGCCTGCAAATGCAGGCTTCTTATTTTTATAAAAAAAGCACCGACTC
adhE2uas TTGCAGGCTTCTTATTTTTATATATTGGAAGTTGGTAAAGGATATATGGTAG
adhE2us TTTATTTTTTCTTTCTTGTTTTCTTCTCCACAGTCATTAATTAACGACACCTCTTTCC
adhE2das ACTGTGGAGAAGAAAACAAGAAAGAAAAAATAAATATATAATAAATTG
adhE2ds AAGCTTGCATGTCTGCAGGCCTCGAGCACCATGCACTCTGGCTTAGATCCCCTAAAAG
adhE1-f AAGGATATATGGTAGTATTTGCAGG
adhE2-r GCTCAATTTTATTTACTGCAGTCAC

TABLE 4 Strains and plasmids used in this study

Strain or plasmid name Characteristics
Reference or
source

Strains
C. autoethanogenum DSM 10061 (wild type) DSMZ
C. ljungdahlii DSM 13528 (wild type) DSMZ
ΔadhE1 mutant DSM 13528 ΔadhE1 30
ΔadhE1 ΔadhE2 mutant DSM 13528 ΔadhE1 ΔadhE2 This work

Plasmids
pMTLcas-adhE1 pCB102 ori, catP, ColE1, tra, Pthl-Cas9, ParaE-sgRNA, adhE1 homologous arm 30
pMTLcas-adhE2 pCB102 ori, catP, ColE1, tra, Pthl-Cas9, ParaE-sgRNA, adhE2 homologous arm This work
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Then, the target plasmid was transferred into adhE1-deleted C. ljungdahlii by electroporation to
delete adhE2 according to the protocol (30). The C. ljungdahlii mutant containing deletions in both adhE1
and adhE2 was named the ΔadhE1 ΔadhE2 mutant.

Batch fermentation with gas. Batch fermentation was performed in a 250-ml screw-cap bottle with
a 50-ml working volume in triplicate. The medium was assembled in a Coy anaerobic chamber (Grass
Lake, MI, USA). After autoclaving, FeSO4, vitamins, cysteine-HCl, and NaHCO3 were added using syringes
with a 0.2-�m filter. Then, gases in the headspace were substituted by CO:CO2 (80:20, vol/vol) or H2:CO2

(60:40, vol/vol) as required with a pressure of 0.2 MPa every 12 h. Fed-batch fermentation was carried out
in a FUS-5L bioreactor (Gouqiang Biotech Co. Ltd., Shanghai, China) containing 2.5 liters of modified DSM
879 medium. The gases were controlled at a constant pressure of 0.1 MPa. The stirring rate was 250 rpm,
and the pH was maintained at 6.0 automatically by adding 2 M KOH. A 300-ml preculture of C. ljungdahlii
was inoculated into the bioreactor, and 5-ml samples were withdrawn every 12 h for cell density
monitoring and product analysis.

Preparation of cell extracts and enzyme activity analysis. Wild-type, ΔadhE1 mutant, and ΔadhE1
ΔadhE2 mutant strains were cultured in YTF medium with 5 g/liter fructose until the late-exponential
phase. Cells were collected by centrifugation at 10,000 � g at 4°C under strictly anoxic conditions and
were resuspended in 20 ml of anoxic 50-mM potassium phosphate (pH 7.4) containing 2 mM dithiothre-
itol (DTT). Lysozyme was added to the cell suspension, and the mixture was incubated at 37°C for 30 min.
Then, it was moved to an anaerobic chamber for ultrasonication. Finally, cells debris was removed by
centrifugation at 35,000 � g at 4°C for 1 h. The protein concentration was determined using the Bradford
method (18).

Acetaldehyde:ferredoxin oxidoreductase activity and ethanol dehydrogenase activity were deter-
mined under strictly anoxic conditions at 37°C in 1.5-ml anaerobic cuvettes sealed with rubber stoppers
(Hellma GmbH, Müllheim, Germany). The cuvettes were filled with pure N2 at 1.2 � 105 Pa as the gas
phase before use to maintain anaerobic conditions during enzyme catalysis. The reactions were moni-
tored photometrically at the specified wavelength. Ferredoxin reduction was monitored at 430 nm
(Δ�ox-red � 13.1 mM�1 cm�1), and NADH formation was monitored at 340 nm (Δ�ox-red �
6.2 mM�1 cm�1). One unit (1 U) was defined as the transfer of 2 �mol electrons min�1. For the
acetaldehyde:ferredoxin oxidoreductase activity assay, the mixture contained 50 mM Tris-HCl (pH 7.4),
2 mM DTT, 1.5 mM acetaldehyde, and 30 �M ferredoxin. For alcohol dehydrogenase activity determina-
tion, the assay mixture contained 50 mM Tris-HCl (pH 7.4), 2 mM DTT, 1.5 mM ethanol, and 1 mM NAD�

(17, 18).
Ferredoxin was obtained by heterologous expression of gene WP_013236834.1 from C. autoethano-

genum in E. coli C41 (38–40). Gene amplification was performed by PCR with genomic DNA of C.
autoethanogenum as the template. The following primers were used: 5=-CATGCCATGGCATATAAAATTA
CAGAGGAT-3= (reverse primer, the NcoI restriction site is underlined); 5=-CCGCTCGAGGCTTTCTTCAACT
GGTGCTC-3= (forward primer, the XhoI restriction site is underlined). The PCR fragment was digested by
restriction endonucleases and subsequently ligated into expression vector pET28b, which had been
digested by the same restriction endonucleases. Finally, the constructed plasmid was transferred into E.
coli C41 (DE3), which already harbored plasmids pRKISC and pCodonPlus for production of iron-sulfur
proteins. Cell cultivation and ferredoxin purification steps were performed as previously described (38).
Ferredoxin was stored at �20°C in an N2 atmosphere until use.

Gene expression analysis by RNA-Seq. Comparative transcriptomics of cells between the expo-
nential and stationary phases was performed to investigate gene expression profiles based on two
biological replicates. Cell pellets cultured in a bioreactor were collected by centrifugation at 10,000 � g
at �4°C for 48 h and 96 h and then were immediately frozen in liquid nitrogen and stored at �80°C. RNA
isolation and high-throughput RNA sequencing (RNA-Seq) were conducted by Oebiotech Corp. (Shang-
hai, China). Total RNA was extracted using a mirVana microRNA (miRNA) isolation kit (Ambion, Santa
Clara, CA, USA) following the manufacturer’s protocol. RNA integrity was evaluated using an Agilent 2100
bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples with an RNA integrity number (RIN) of
�7 were subjected to subsequent analysis. Libraries were constructed using a TruSeq stranded mRNA
LTSample prep kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. Then,
these libraries were sequenced on an Illumina sequencing platform (HiSeq 2500), and 150-bp/125-bp
paired-end reads were generated. Based on reads per kilobase of transcript per million mapped reads
(RPKM) normalization, the gene expression profiles were analyzed.

In order to confirm the authenticity of RNA-Seq data, the expressions of nine key genes located in
the central metabolic pathway were evaluated using quantitative real-time PCR (qRT-PCR) on a Light-
Cycler 480 system (Roche Applied Science, Indianapolis, USA) (35). cDNA synthesis was performed
according to the instructions from TransGen Biotech Co., Beijing, China. The genes and primers used here
are shown in Table S1. All quantitative PCRs were repeated in three biological and three technical
replications.

Analytical method. Cell growth was determined spectrophotometrically at 600 nm (A600) using a
UV/visible Ultrospec 2100 Pro spectrophotometer (GE Healthcare, USA). The concentrations of fructose,
ethanol, acetic acid, lactate, and 2,3-butanediol were determined using an Agilent 1100 high-
performance liquid chromatography (HPLC) system with an Agilent Hi-Plex H column equipped with a
refractive index detector and operated at 35°C. Column temperature was maintained at 55°C. Slightly
acidified (5 mM H2SO4) water was used as the mobile phase at a flow rate of 0.7 ml/min. Molecular
hydrogen (H2) and carbon dioxide (CO2) were detected using a gas chromatography device (GC-7820;
Lunan Analysis Instruments Co. Ltd., Tengzhou, China) equipped with a TDX-01 column (2-m length,
3-mm inner diameter). The gas mixture was determined by a thermal conductivity detector with
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high-purity argon acting as the carrier gas. Changes in the headspace pressure of bottles during gas
fermentation were measured using a Hakin pressure detector (Hakin Instruments Co. Ltd., Qingdao,
China).

A GC-mass spectrometry (GC-MS) system (Agilent 7890AGC) with a 5,975 C mass selective detector
was used to analyze 13C-labeled ethanol and acetate. A 30-m HP-INNOWax column with a 0.25 mm inner
diameter and 0.25 �m thickness was used, and helium was the carrier gas at 1 ml/min. The MS
instrument was operated in the full scan mode to detect ethanol and acetate. One �l of sample was
injected with the injection port temperature at 250°C. The temperature program was as follows: 50°C at
2 min, then increasing 10°C/min to 70°C and 25°C/min to 250°C, and then 250°C for 14 min. 13C-labeled
ethanol or acetate was added into the modified DSM 879 medium to achieve a final concentration of 1
g/liter and was analyzed with a mass spectrometer (InertXL MSD; Agilent Technologies). The cells
growing in CO under controlled pH and gas pressure were taken out of the bioreactor at the exponential
and stationary phases. Cells were collected by centrifugation at 7,500 � g for 5 min at room temperature
under anaerobic conditions. Then, the pellets were resuspended in fresh 13C-labeled ethanol
medium and 13C-labeled acetate medium. The tubes were incubated at 37°C, and the reaction was
stopped at different times by cooling on ice and centrifuging at 10,000 � g at 4°C, followed by
GC/MS analysis. Carbon atoms in ethanol and acetate were marked by isotope. Thus, the charac-
teristic peak of 13C-labeled acetate and ethanol could be tested by GC-MS to avoid ethanol and
acetate in background cells.

The ratios of NADH/NAD� and NADPH/NADP� were measured using Amplite colorimetric NADH and
NADPH assay kits (AAT Bioquest, Inc., Sunnyvale, CA, USA). The cell pellets were washed with 0.1 M
ice-cold phosphate-buffered saline (PBS) and then suspended in lysate buffer at room temperature for
15 min prior to analysis. The reaction was carried out in 96-well plates at room temperature for 10 h. The
concentrations of NADH, NADPH, NAD�, and NADP� were monitored at 460 nm or 635 nm using a
microplate reader (BioTek, Winooski, VT, USA).

Data availability. RNA-Seq data were submitted to the ArrayExpress database (www.ebi.ac.uk/
arrayexpress) under accession number E-MTAB-7753.
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