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Abstract
Clostridium acetobutylicum is a natural producer of butanol, butyrate, acetone and ethanol. The pattern of metabolites reflects 
the partitioning of redox equivalents between hydrogen and carbon metabolites. Here the exogenous genes of ferredoxin-
NAD(P)+ oxidoreductase (FdNR) and trans-enoyl-coenzyme reductase (TER) are introduced to three different Clostridium 
acetobutylicum strains to investigate the distribution of redox equivalents and butanol productivity. The FdNR improves 
NAD(P)H availability by capturing reducing power from ferredoxin. A butanol production of 9.01 g/L (36.9% higher than 
the control), and the highest ratios of butanol/acetate (7.02) and  C4/C2 (3.17) derived metabolites were obtained in the C 
acetobutylicum  buk- strain expressing FdNR. While the TER functions as an NAD(P)H oxidase, butanol production was 
decreased in the C. acetobutylicum strains containing TER. The results illustrate that metabolic flux can be significantly 
changed and directed into butanol or butyrate due to enhancement of NAD(P)H availability by controlling electron flow 
through the ferredoxin node.
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Introduction

Butanol has higher energy content, low vapor pressure, is 
less hygroscopic and is more tolerant to water contamina-
tion in gasoline blends compared with ethanol and methanol, 

which facilitate its use in existing feedstocks for many 
energy and chemical products [8]. Traditional butanol pro-
duction is primarily derived from non-renewable petroleum, 
a dwindling resource whose use creates significant global 
environmental concerns. Butanol can be produced in large 
scale by anaerobic microorganisms that belong to the genus 
Clostridium through the acetone–butanol–ethanol fermenta-
tion (ABE fermentation), which was one of the oldest indus-
trial fermentation processes known and once considered the 
second largest industrial fermentation process in the world 
[15, 25]. Clostridium acetobutylicum has been mostly used 
for butanol production, and its key metabolic pathways, 
genetic manipulation, and the biphasic fermentation for 
butanol production have been well studied and developed [4, 
13, 14], which make it a suitable native producer of butanol 
for further strain development.

For biosynthesis of certain chemicals, it is essential to 
focus on the central carbon network that provides the inter-
mediates, energy, and redox balance [9, 19]. In many par-
ticular instances, genetic modifications are employed to 
position the redox balance and channel the reducing power 
that is a major limiting factor for fermentative products [19]. 
NAD(P)H is one of the most important cofactors in cellular 
redox balance for biosynthesis of components inside these 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1029 5-018-2068-7) contains 
supplementary material, which is available to authorized users.

 * George N. Bennett 
 gbennett@rice.edu

1 Department of BioSciences, Rice University, Houston, 
TX 77005, USA

2 Engineering Research Center of Industrial Microbiology 
of Ministry of Education, College of Life Sciences, Fujian 
Normal University, Fuzhou 350117, Fujian, China

3 Department of Bioengineering, Rice University, Houston, 
TX 77005, USA

4 Department of Chemical and Biomolecular Engineering, 
Rice University, Houston, TX 77005, USA

5 Provincial University Key Laboratory of Cellular Stress 
Response and Metabolic Regulation, College of Life 
Sciences, Fujian Normal University, Fuzhou 350117, Fujian, 
China

http://orcid.org/0000-0001-6349-179X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10295-018-2068-7&domain=pdf
https://doi.org/10.1007/s10295-018-2068-7


994 Journal of Industrial Microbiology & Biotechnology (2018) 45:993–1002

1 3

organisms [12, 24]. NAD(P)+ and NAD(P)H are constantly 
consumed and regenerated in cellular metabolism to achieve 
redox balance, which is essential for continuous catabolism 
and anabolism [5]. In fact, metabolic flux toward NAD(P)
H-consuming reactions will be redirected when cellular 
redox imbalance is generated [2]. The yield of some target 
compounds, for example, succinate and ethanol can be sig-
nificantly increased by enhancing the availability of NAD(P)
H in E. coli [2] and Clostridium thermocellum [6], respec-
tively. It is a reducing power consuming process for com-
plete butanol production from glucose by C. acetobutylicum 
(Fig. 1). Thus, the production of butanol could be enhanced 
if NAD(P)H regenerating systems have been optimized.

Reduced ferredoxin functions are a key role of an 
electron carrier and it is able to transfer electrons to the 
iron hydrogenase for  H2 production. The cellular reduced 
ferredoxin  (Fdred, while  Fdox represents the oxidized 

ferredoxin) can also be utilized for reduction of NAD(P)+ 
via a ferredoxin–NAD(P)+ oxidoreductase, and then the 
proton motive force generated is used to drive the phos-
phorylation of ADP in some organisms [23]. In this study, 
the exogenous genes for ferredoxin–NAD(P)+ oxidoreduc-
tase (FdNR) from Chlorobium tepidum TLS and trans-
enoyl-coenzyme reductase (TER) from Treponema denti-
cola have been introduced in several different Clostridium 
acetobutylicum strains to change the cellular redox state 
and modify the availability of various reduced cofactors. 
The FdNR (EC 1.18.1.2) used in this study is derived from 
the green sulfur bacteria Chlorobium tepidum TLS and is 
capable of reducing both  NADP+ and  NAD+, preferen-
tially  NAD+, in the presence of  Fdred (reaction 1), while 
the TER (EC 1.3.1.38) from Treponema denticola utilizes 
NAD(P)H as the sole electron donor to catalyze the reduc-
tion of crotonyl-CoA in a simplified version of the more 

Fig. 1  Schematic presentation of the strategy of this work for chang-
ing the cellular redox states of Clostridium acetobutylicum. The 
metabolic pathways contains genes ferredoxin–NAD+ oxidore-
ductase (FdNR); trans-enoyl-coenzyme A (CoA) reductase (Ter); 
pyruvate:ferredoxin oxidoreductase (pfor); ferredoxin–NAD+ oxi-
doreductase (fnor); acetate kinase (ack); phosphotransacetylase (pta); 

thiolase (thl); beta-hydroxybutyryl-CoA dehydrogenase (hbd); croto-
nase (crt); butyryl-CoA dehydrogenase (bcd); phosphotransbutyrylase 
(ptb); butyrate kinase (buk); alcohol dehydrogenase (adh); butanol 
dehydrogenase (bdh); aldehyde–alcohol dehydrogenase (adhE2); ace-
toacetate decarboxylase (adc) and coenzyme A transferase (ctfAB)
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complicated bifurcating reaction typical in Clostridia 
(reaction 2).

Materials and methods

Strains and culture conditions

The strains and plasmids used in this study are shown in 
Table 1. E. coli Top10 was cultivated at 37 °C in Luria–Ber-
tani (LB) medium supplemented with 25 μg/mL of chlo-
ramphenicol when necessary. C. acetobutylicum ATCC824-
derived strains were cultivated in an improved clostridial 
growth medium (CGM) containing 2.0 g  (NH4)2SO4, 0.5 g 
 KH2PO4, 1.0  g  K2HPO4, 0.01  g  MnSO4 ·  2H2O, 0.1  g 
 MgSO4 ·  7H2O, 0.015 g  FeSO4 ·  7H2O, 0.01 g  CaCl2, 0.02 g 
 CoCl2, 0.02 g  ZnSO4, 1.0 g yeast extract, 2.0 g tryptone and 
50.0 g glucose in an anaerobic chamber (Coylab, MI, US) 
at 37 °C. For the solid medium, C. acetobutylicum strains 
were grown anaerobically on 2 × YTG (30 g tryptone, 20 g 
glucose, 10 g yeast extract, 4 g NaCl per liter, pH 5.8) agar 
plates at 37 °C supplemented with 25 μg/mL of thiampheni-
col when necessary.

Clostridium acetobutylicum ATCC 824, C. acetobutyli-
cum ATCC824  buk-, and C. acetobutylicum M5 were used in 
this study. Butyrate kinase was inactivated in strain C. ace-
tobutylicum ATCC824  buk- to decrease butyrate production 
[10]. The degenerate C. acetobutylicum M5 cannot produce 

(1)Fdred +NAD(P)+ +H+ = Fdox +NAD(P)H

(2)
Crotonyl − CoA + NAD(P)H + H+ = Butyryl − CoA + NAD(P) +

butanol and acetone because this strain has lost the mega-
plasmid pSOL1 that is essential for solvent formation [7].

Plasmid construction

The genes for FdNR from Chlorobium tepidum TLS and Ter 
from Treponema denticola have been codon and expression 
optimized and synthesized by GenScript Ltd (Piscataway, 
NJ, USA). FdNR and Ter were amplified using the FdNR-F, 
FdNR-R primer pair and Ter-F, Ter-R primer pair, respec-
tively (Supplementary Table 1). Then FdNR and Ter were 
sub-cloned between HindIII and EcoRI sites downstream 
of the ptb promoter from pSOS94 and placed into the C. 
acetobutylicum expression vector, pJIR750 using T4 DNA 
ligase (Roche, Basel, Switzerland) [3] to obtain the plasmids 
pJIR750-FdNR and pJIR750-Ter, respectively.

Transformation

The recombinant plasmids pJIR750-FdNR and pJIR750-Ter 
were electrotransformed into C. acetobutylicum ATCC824, 
C. acetobutylicum M5 and C. acetobutylicum ATCC824  buk- 
following the improved protocol reported described previ-
ously [16]. The C. acetobutylicum cells were incubated at 
37 °C under anaerobic conditions until the  OD600 reached 
0.6–0.8 (logarithmic phase). Then the cultures were washed 
twice using cold ETM buffer (270 mM sucrose, 0.6 mM 
 Na2HPO4·12H2O, 4.4 mM  NaH2PO4·2H2O, 10 mM  MgCl2. 
 6H2O), and the cells were resuspended in 1–2 mL ET buffer 
(270  mM sucrose, 0.6  mM  Na2HPO4·12H2O, 4.4  mM 
 NaH2PO4·2H2O). The competent cells were mixed and 

Table 1  Strains and plasmids used in this study

Strains and Plasmids Description References

E.coli Top10 McrA, Δ(mrr-hsdRMS-mcrBC), Phi80lacZ(del)M15, ΔlacX74 deoR, recA1, 
araD139, Δ(ara-leu)7697, rpsL(SmR)

Invitrogen

C. acetobutylicum ATCC 824 Wild-type stock Lin & Blaschek 1984 [18]
C. acetobutylicum  buk- Butyrate kinase mutant Green et al. 1996 [10]
C. acetobutylicum M5 A degenerate mutant that has lost the megaplasmid pSOL1 Clark et al. 1989 [7]
824 pJIR750 C. acetobutylicum 824 with pJIR750 used as the control This study
824 pJIR750-FdNR C. acetobutylicum 824 with pJIR750-FdNR This study
824 pJIR750-Ter C. acetobutylicum 824 with pJIR750-Ter This study
M5 pJIR750 C. acetobutylicum M5 with pJIR750 used as the control This study
M5 pJIR750-FdNR C. acetobutylicum M5 with pJIR750-FdNR This study
M5 pJIR750-Ter C. acetobutylicum M5 with pJIR750- Ter This study
Buk- pJIR750 C. acetobutylicum 824  Buk- with pJIR750 used as the control This study
Buk- pJIR750-FdNR C. acetobutylicum 824  Buk- with pJIR750-FdNR This study
Buk- pJIR750-Ter C. acetobutylicum 824  Buk- with pJIR750- Ter This study
pJIR750 ori pIP404 and pUC18,  CmR, E. coli–Clostridium shuttle vector Bannam & Rood 1993 [3]
pJIR750-FdNR pJIR750 with ferredoxin–NAD(P)+ oxidoreductase from Chlorobium tepidum This study
pJIR750-Ter pJIR750 with trans-enoyl-coenzyme A (TER) reductase from Treponema denticola This study
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incubated with the plasmids and electrotransformed under 
conditions of 2000 V, 25 μF of capacitance and 200 Ω of 
resistance. After culturing in a 5-mL tube with pre-heated 
CGM for 20 h, the recovered cells were spread onto 2 × YTG 
agar plates with thiamphenicol and incubated at 37 °C under 
anaerobic conditions. Single colonies were picked and veri-
fied using colony PCR and DNA sequencing. The pJIR750 
vector also was transformed into the three different C. aceto-
butylicum strains to be used for the control strains in culture 
experiments.

Batch fermentation

Bach fermentation was carried out in 250-mL capped bot-
tles containing 50 mL CGM. All the glycerol stocks of the 
recombinant strains were inoculated into CGM containing 
25 μg/mL of thiamphenicol and cultivated anaerobically. 
When the  OD600 reached 0.8, the culture was inoculated 
into the capped bottles at an initial inoculum ratio of 10% 
(vol/vol). Samples were taken every 24 h, centrifuged, and 
the supernatant was used for analysis of solvent production. 
The fermentation experiments were performed in triplicates.

Analytical methods

Residual glucose and the main fermentation products 
including acetate, ethanol, butanol, butyrate, and acetone 
were determined using a Shimadzu 20A LC System high-
performance liquid chromatography (Shimadzu Corporation, 
KS, USA) with a refractive index detector (RID-10A), and 
equipped with an Aminex HPX-87H HPLC column (Bio-
Rad Laboratories Inc., CA, USA). A 0.5 mM  H2SO4 solu-
tion was used as the mobile phase at a flow rate of 0.5 mL/
min and the column was kept at 30 °C. In addition, cell 
density was analyzed by determining the  OD600 of the C. 
acetobutylicum cell suspension using a spectrophotometer 
(Shimadzu UV-2600, TX, USA).

Results and discussion

Expression of the FdNR and TER in the three 
different C. acetobutylicum strains

The FdNR from Chlorobium tepidum can efficiently cata-
lyze reduction of both  NADP+ and  NAD+ in the presence 
of ferredoxin and reaction center complex. However, the 
TER of T. denticola has been functionally identified as a 
NAD(P)H-dependent reductase that catalyzes the reaction 
of crotonyl-CoA to butyryl-CoA as its most active substrate 
[20]. These two exogenous genes have been introduced into 
the three different C. acetobutylicum strains to study their 
influence on the cellular reducing power availability and 

the correlation of higher proportions of the more reduc-
ing equivalents requiring  C4-derived metabolites (butanol 
and butyrate) production to the presence of these genes. As 
shown in Fig. 1, a key enzyme pyruvate–ferredoxin oxidore-
ductase (PFOR) of C. acetobutylicum central metabolism 
catalyzes the oxidative decarboxylation of pyruvate to gener-
ate acetyl-CoA,  CO2 and  Fdred. As an electron carrier, this 
 Fdred plays a key role in the transfer of electrons to the iron 
hydrogenase for  H2 production under appropriate conditions. 
Actually, there is more than one enzyme that acts in this 
particular reaction. A molecule of NADH is typically gen-
erated from pyruvate to acetyl-CoA; however, in Clostridia 
the pyruvate–ferredoxin oxidoreductase is the main enzyme 
responsible for this conversion. Thus, the introduced FdNR 
could capture a fraction of the  Fdred to generate NAD(P)H, 
resulting in a lowering of the loss of reducing equivalents 
to form  H2 rather than a carbon-based metabolite. In the 
pathway of butanol production from acetyl-CoA, despite the 
supplemental redox generated by the recombinant FdNR, 
there are still another four reactions that require of NAD(P)H 
consumption. However, the formation of acetate from pyru-
vate does not require reducing power. Therefore, the ratio of 
butanol to acetate was used to represent the relative redox 
status in the process of butanol production from pyruvate, 
and in non-solvent-producing strains, the ratio of butyrate 
to acetate would be affected. The total cellular NADH levels 
of all the C. acetobutylicum strains had been also detected 
(Supplementary Fig. 1). However, the total cellular NADH 
levels are greatly affected by the substrates, products, oxygen 
uptake and culture conditions. Thus, the ratio of butanol 
to acetate is more suitable to reflect the redox status in the 
process of butanol production pathway.

In this study, Fig. 2 shows the ratios of butanol/acetate 
of the three C. acetobutylicum strains with the expression 
of pJIR750-FdNR (C. acetobutylicum ATCC824 pJIR750-
FdNR, C. acetobutylicum ATCC824  buk- pJIR750-FdNR 
and C. acetobutylicum M5 pJIR750-FdNR) or pJIR750-
TER (C. acetobutylicum ATCC824 pJIR750-TER, C. 
acetobutylicum ATCC824  buk- pJIR750-TER and C. ace-
tobutylicum M5 pJIR750-TER). The C. acetobutylicum 
strains containing pJIR750 (C. acetobutylicum ATCC824 
pJIR750, C. acetobutylicum ATCC824  buk- pJIR750 and 
C. acetobutylicum M5 pJIR750) were used as controls. 
It was found that the ratio of butanol/acetate of the C. 
acetobutylicum strains ATCC824 and C. acetobutylicum 
ATCC824  buk- with expression of the exogenous FdNR 
was higher than the corresponding controls. Especially 
the butanol/acetate ratios of the strain C. acetobutyli-
cum ATCC824  buk- pJIR750-FdNR was 45.6% higher 
than that of the control. We also have observed a rapid 
increase in the butanol/acetate ratio in cultures of C. ace-
tobutylicum ATCC824  buk-. The effect on the butanol/
acetate ratio was noticeable in the C. acetobutylicum 
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ATCC824  buk- cultures. After the acidogenic stage (24 h), 
the butanol/acetate ratio was 1.5 in C. acetobutylicum 
ATCC824  buk- pJIR750-FdNR and was nearly 7.0 at 72 h. 
Compared to C. acetobutylicum ATCC824  buk- the high-
est butanol/acetate ratio of wild-type strain C. acetobu-
tylicum ATCC824 (2.70) is much lower, indicating that 
carbon flux could be diverted into butanol production due 
to the inactivation of the butyrate kinase in the C. ace-
tobutylicum ATCC824 v- strain. However, expression of 
TER has negative effects on the butanol/acetate ratio. The 
butanol/acetate ratios of both C. acetobutylicum ATCC824 
pJIR750-TER (1.87) and C. acetobutylicum ATCC824  buk- 
pJIR750-TER (3.86) are lower than the corresponding con-
trols. Since C. acetobutylicum M5 cannot produce butanol, 
the ratio of butyrate/acetate is employed to describe redox 
status of this degenerate strain. Similar to the C. aceto-
butylicum ATCC824 and C. acetobutylicum ATCC824 
 buk-, more butyrate but less acetate has been produced in 
cultures of M5 pJIR750-FdNR. In addition, the butyrate/

acetate ratio is increased by 55.31% with the expression 
of FdNR and decreased by 9.89% with the expression of 
TER in C. acetobutylicum M5 compared to the control 
strain, respectively.

These results indicate the introduced enzyme FdNR can 
divert redox to NAD(P)H, and generate a more reduced 
pattern of metabolites, such as butanol and butyrate in C. 
acetobutylicum. The generated reducing power obtained as 
NAD(P)H by FdNR that is otherwise used in the produc-
tion of hydrogen thereby increased the in vivo availability 
of NAD(P)H that can be used for longer chain and higher 
alcohol production. Actually, in other microorganisms, such 
as E. coli, the productivity of the target compound succi-
nate can be increased and the by-product formate reduced 
by enhancing the NADH availability through heterologous 
expression of an exogenous  NAD+-dependent formate dehy-
drogenase [2]. In this study, expression of the exogenous 
FdNR in the three different C. acetobutylicum strains indeed 
helps to enhance the reducing power availability for longer 

Fig. 2  Effects of the FdNR and TER on ratios of butanol/acetate of the different Clostridium acetobutylicum strains
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chain length acids and solvent molecules. This increase in 
NAD(P)H availability significantly changed the final metab-
olite concentration pattern under anaerobic conditions.

Effects of the FdNR and TER on biomass and butanol 
(butyrate) production

The redox conditions and biomass accumulation of the 
three C. acetobutylicum strains have been studied. Figure 3 
shows growth of the different C. acetobutylicum strains with 
expression of FdNR and TER. After 96-h batch fermenta-
tion, all the wild-type strains with expression of pJIR750 
have the highest biomass accumulation. The recombinant 
strains with expression of the FdNR have less biomass than 
that of the wild type but higher than the strains with TER. 
All the three C. acetobutylicum strains show similar trends 
in growth. Generally, the improved cellular NAD(P)H level 
results in more yield of biomass. Verho et al. have expressed 
an exogenous NADP-dependent d-glyceraldehyde-3-phos-
phate dehydrogenase (NADP–GAPDH) in Saccharomyces 

cerevisiae and deleted the gene zwf1 in the pentose phos-
phate pathway that is essential for a competing reaction, 
which regenerated NADPH to facilitate anaerobic pentose 
fermentation to ethanol [22]. However, it is also found that 
biomass accumulation of S. cerevisiae increased (< 5.0%) 
when the NADPH availability was enhanced by the genetic 
engineering of the redox reactions [22]. The decreased bio-
mass accumulation of the C. acetobutylicum strains with 
higher NAD(P)H availability is inconsistent with the previ-
ous reports and may be due to the large amount of substrate 
converted to metabolites vs cell mass in this organism. C. 
acetobutylicum has a typical two-stage growth process in 
batch culture. The cells first accumulate biomass and pro-
duce acetate and butyrate and later solvents of butanol, ace-
tone, and ethanol. The possible reason for the low biomass 
accumulation in C. acetobutylicum strains when express-
ing FdNR is that the regenerated NADPH could lead to 
the faster production of acids, which when combined with 
butyrate accumulation causes a shorter period of biomass 
accumulation in metabolism as the cells move toward the 

Fig. 3  Effects of the FdNR and TER on biomass accumulation of the different Clostridium acetobutylicum strains
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solvent production phase. Therefore, the strains with higher 
ratio of NAD(P)H/NAD(P)+ would generate less biomass 
compared with the control. As a result, it is valuable to find 
that the efficiencies of butanol transformation from glucose 
(yield of butanol/glucose) of C. acetobutylicum strains can 
be enhanced by the improved NAD(P)H availability. In addi-
tion, since TER functions as the NAD(P)H oxidase, theo-
retically, yield of biomass will be decreased when ratio of 
cellular NADH has been consumed [11]. All the three C. 
acetobutylicum strains with expression of TER have lower 
biomass accumulation compared with the other strains. 
The reason for the reduced biomass can be explained by 
the imbalance of the redox cofactors. The imbalanced redox 
conditions caused by expression of a NAD(P)H-oxidoreduc-
tase may lead to increased energy dissipation or diversion 
in the C. acetobutylicum strain, resulting in reduction of 
biomass yield. Since the reaction catalyzed by TER is less 
energy conserving than that catalyzed by the bifurcating Bcd 
complex that includes electron-transferring flavoproteins, 
the cell energetics may be lower when TER is used as a 
partial substitute in this major reaction of metabolism. Oth-
erwise, the diverted free energy captured in NADH might 
have been utilized for oxidative phosphorylation in aerobic 
respiring organisms [21].

The production of butanol and butyrate has been evaluated 
(Fig. 4). It is found that butanol production of the strains C. 
acetobutylicum ATCC824 pJIR750-FdNR and C. acetobutyli-
cum ATCC824  buk- pJIR750-FdNR was higher than the cor-
responding controls, while both strains with TER had lower 
butanol production compared with the controls. The highest 
butanol production of the C. acetobutylicum ATCC824  buk- 
pJIR750-FdNR is 9.01 g/L that is 36.9% higher than the con-
trol, and also higher than that of the strain C. acetobutylicum 

ATCC824 pJIR750-FdNR (7.6 g/L). Butyrate production of 
C. acetobutylicum M5 pJIR750-FdNR was higher than the 
control and C. acetobutylicum M5 pJIR750-TER. The results 
illustrated that butanol or butyrate could be increased in the C. 
acetobutylicum strains with expression of FdNR. Atsumi et al. 
(2008) reported that a more than twofold increase of n-butanol 
production could be achieved in E. coli with enhanced reduc-
ing power by deleting the native pathway competing for both 
carbon flux and NAD(P)H consumption [1]. In addition, the 
similar results show that yield of some target compounds can 
be significantly increased by enhancing the cellular ratio of 
NAD(P)H/NAD(P)+ [2, 6]. Except for butanol or butyrate, 
production of other NAD(P)H-consuming chemical com-
pounds, such as ethanol, was not improved significantly by 
the regenerated reducing power. The results illustrated that 
ethanol production has not been influenced by the changed 
NAD(P)H availability.

It seems that FdNR not only regenerated the avail-
able NAD(P)H but promoted the carbon flux to butanol 
or butyrate, resulting in proper fermentation balance and 
increased butanol production. Butyrate production was 
decreased modestly in the C. acetobutylicum strains with 
expression of TER compared with the controls. One explana-
tion could be that the carbon flux was dissipated due to con-
sumption of reducing power by TER. Thus, the enzymatic 
activity of butyryl-CoA dehydrogenase (Bcd) was probably 
lower because the process of crotonyl-CoA to butyryl-CoA 
was under competition by a less energetically favorable reac-
tion for the cell. In addition, butyrate production of C. aceto-
butylicum ATCC824  buk- pJIR750-FdNR was less than that 
of C. acetobutylicum ATCC824 pJIR750-FdNR due to the 
inactivation of the butyrate kinase in  buk- strains. However, 
it was surprising to find that C. acetobutylicum ATCC824 
 buk- pJIR750 produced more butyrate than C. acetobutyli-
cum ATCC824 pJIR750. The reason could be that there is 
an alternative pathway for diverting butyryl-CoA to butyrate 
(e.g., the partial action of the broad specificity acetate kinase 
on the substrate) when the cellular reducing power is insuf-
ficient. Another explanation is carbon flux tends to butyrate 
formation from butyryl-CoA since there is no requirement 
for reducing power in the pathway; however, two more mol-
ecules of NADPH are needed for butanol production from 
butyryl-CoA. Although the production of the butanol is not 
very high (no more than 10 g/L) in this work, the strategy for 
titer improvement through enhancing NADPH availability 
could be employed in other hyper-butanol-producing strains 
and under more optimized culture conditions.

Redox states of the recombinant C. acetobutylicum 
strains

It is essential to achieve a redox balance for cellular metab-
olism and synthesis of commodity compounds. Under 

Fig. 4  Effects of the FdNR and TER on butanol and butyrate produc-
tion of the different Clostridium acetobutylicum strains
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anaerobic growth and in the absence of an alternate oxidiz-
ing agent, the regeneration of NAD(P)+ is achieved through 
fermentation, using NADH to reduce metabolic intermedi-
ates. In this study, we have demonstrated that the desired 
butanol or butyrate production could be improved when 
enhanced NAD(P)H availability was achieved. The results 
illustrate that carbon flux distribution in the central meta-
bolic pathways is associated with the cellular redox states. 
Figure 5 shows the theoretical flux from the glycolysis path-
way to butyrate accompanied with the distribution of reduc-
ing power according to the production of butanol, butyrate, 
acetate, and consumption of glucose in early exponential 
stage of growth or in non-solvent-producing organisms. In 
the wild-type C. acetobutylicum strain, about one-third of 
carbon flux is passed to acetoacetyl-CoA from pyruvate and 
acetyl-CoA (Fig. 5a). Theoretically, 0.67 mol of butyrate 
can be obtained assuming 1:1 butyrate to acetate production 
as is found in reported studies of early phase cultures of C. 
acetobutylicum [17]. At the same time, 2 mol of the NADH 
generated from glycolysis is distributed into the pathway of 
butyrate production. 0.67 mol of acetate which is equivalent 
to one-third of the flux from acetyl-CoA can be produced. 
In addition, 2.67 mol of  Fdred that is derived from the cor-
responding one-third of the 2 mol of NADH distribution 
from glycolysis and the 2 mol NADH from transformation 
of pyruvate is used as electron carriers for  H2 production.

Metabolic flux from pyruvate to butyrate was redistrib-
uted when the exogenous FdNR was overexpressed in C. 
acetobutylicum strain in early phase cultures or as shown 
in the early phase culture of the non-solvent-producing 
degenerate C. acetobutylicum M5. The changes of butyrate 
production and biomass suggested that an over-supply of 
NAD(P)+ from the introduction of FdNR affects the intracel-
lular redox balances, which probably enforce an alteration in 
the cellular flux through NAD(P)+-consuming enzymes for 
redox cofactor balance. The theoretical carbon flux redistri-
bution can be seen in Fig. 5b and is close to that composition 
found in the early stage of C. acetobutylicum M5 bearing 
the FdNR. NAD(P)H is increased in the system because the 
exogenous FdNR has captured the lost redox that is origi-
nally utilized by  H2 production and it is now consumed by 
the other reactions such as the reduction of crotonyl-CoA 
to butyryl-CoA to balance the reduced cofactor pool. The 
regenerated NAD(P)H accumulates in addition to the origi-
nal normal cellular NADH and the reducing power has been 
redistributed in the metabolic pathways. According to the 
Fig. 5b, the additional 0.58 mol of NAD(P)H that is cap-
tured by the FdNR from  H2 production is added to NAD(P)
H pool. Therefore, a total of 2.58 mol of NAD(P)H is avail-
able for the pathway of butyrate production. Accordingly, 
2.86 mol of  Fdred is required as electron carriers, however, 
only 2.28 mol of total  Fdred and NAD(P)H is utilized for  H2 

Fig. 5  Redox states and carbon flux distributions of the wild type (a) and recombinant C. acetobutylicum strain with expression of FdNR (b). A 
higher flux from  Fdred to NAD(P)H allows more reducing equivalents to butyrate compared to hydrogen production
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production. The carbon flux from acetyl-CoA to butyrate 
production is also changed, and 0.86 mol of butyrate is 
produced in these early acid phase cultures. The flux from 
acetyl-CoA to acetate is reduced to 0.28 mol. Thus, the ratio 
of butyrate/acetate for the C. acetobutylicum strain with 
expression of FdNR is increased to 3:1, compared to 1:1 of 
the wild type (Fig. 5).

However, if we look at solvent phase, we can examine 
the ratio of butanol to acetate, and while this is more com-
plex to analyze or fully interpret we can make some com-
ments. In addition, we calculated the ratio of  C4 (butanol and 
butyrate)/C2 (acetate and ethanol)-derived metabolites from 
all the C acetobutylicum strains after 96-h batch fermenta-
tion (Table 2). The highest ratio of  C4/C2 is 3.17, which was 
obtained from C. acetobutylicum ATCC824  buk- pJIR750-
FdNR. Similar to the results of Fig. 2,  C4/C2 ratios of C ace-
tobutylicum strains with expression of FdNR are all higher 
than the controls and the corresponding strains with TER. 
The results suggest that the increased NADH availability 
in vivo is probably channeled towards acetyl-CoA conden-
sation and reduction to favor and drive the carbon flux to 
formation of longer chain metabolites such as butanol and 
butyrate, that can utilize and recycle the additional NAD(P)
H. Thus, the ratios of  C4/C2, butanol/acetate and production 
of butanol (or butyrate in M5 strains) are all increased due 
to the enhanced NADH availability with expression of the 
exogenous FdNR.

Conclusions

This work demonstrates an increase in NAD(P)H availabil-
ity in three different Clostridium acetobutylicum strains 
by introducing an exogenous ferredoxin–NAD(P)+ oxi-
doreductase (FdNR). In contrast, introduction of a trans-
enoyl-coenzyme reductase (TER) did not lead to increased 
C4 compounds or increased butanol. The production pro-
portions of desired compounds butanol and butyrate have 

been significantly improved, as well as ratios of butanol/
acetate and C4/C2-derived metabolites under the enhanced 
redox states from different recombinant C acetobutylicum 
strains. The strategy of this work is useful for microbial 
production processes in which control of the redox pro-
portioning within the network is limiting for a desired 
pathway.
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