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redox potentials that can be detected conveniently affect intracellular redox homeostasis and metabolism, and
consequently control profiles of fermentation products, which provide an alternative for monitoring and control
of these fermentation processes. This article reviews updated progress in the impact of redox potentials on gene
expression, protein biosynthesis and metabolism as well as redox potential control strategies for more efficient
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1. Introduction

Fermentations have a long history since human ancestor started
to produce flavor food and beverages such as pickle, yogurt, rice
wine and so on. Many of these fermentations are anaerobic or
microaerobic for desirable flavors, and in the meantime for contam-
ination control since most unwanted microbes propagate quickly
under aerobic conditions. More recently, biofuels such as ethanol
and butanol produced under microaerobic and anaerobic fermenta-
tion conditions respectively have garnered worldwide attention to
address concerns on the sustainable supply of crude oil and the
impact of over-consumption of petroleum-based products, particularly
transportation fuels, on ecological environment.

Unlike aerobic cultures and fermentations in which dissolved oxygen
can be monitored online, a big challenge for microaerobic and anaerobic
fermentations is lacking of real-time process monitoring technologies,
since pH detection that is commonly employed with these fermentation
processes reflects proton activity only, and thus is not sensitive to
delicate changes of intracellular metabolism. Redox potential, known
as oxidation-reduction or oxidoreduction potential (ORP), reflects over-
all electron transfer and redox balance involved in intracellular metabo-
lism, whose significance in biological systems was predicted nearly

one century ago by two prestigious British scientists at the University
of Cambridge (Needham and Needham, 1926). Although ORP theory
and measurement have been well established with relatively simple
chemical reaction systems, investigation on ORP's impact on intracellu-
lar metabolism, the core of complex biological systems, and applications
of ORP control in bioprocess engineering are still very limited.

Currently, advanced technologies such as nanosensors that can
penetrate into individual cells have been developed to measure
intracellular ORP directly for deep understanding on intracellular
redox balance and impact on cell physiology and metabolism
(Auchinvole et al., 2012), which provide basis for engineering strains
with preferable redox pathways for more efficient production of de-
sirable fermentation products. On the other hand, extracellular ORP
that can be detected conveniently in fermentation broth by an ORP
electrode synchronously reflects intracellular ORP status (de Graef
et al., 1999). Therefore, as illustrated in Fig. 1, ORP control strategies
can be developed and applied for altering intracellular ORP condi-
tions and metabolic profiles.

In this article, update progress in the impact of ORP on intracellular
metabolism is reviewed, and strategies for ORP control are discussed at
molecular levels and process engineering aspects as well for more effi-
cient production of fermentation products, taking ethanol fermentation
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Fig. 1. Interactions between environmental redox potential (ORP) and intracellular metabolism characterized by electron transfer and redox balance. The ORP of fermentation broth is
determined by chemicals with different reduction degrees such as dissolved oxygen. Intracellular ORP, dominated by the ratio of NAD(P)H/NAD(P)*, can be affected by metabolism
and extracellular ORP level. Some chemicals such as dissolved oxygen can penetrate through the membrane to react with reduced or oxidized metabolites directly, while others that
cannot penetrate into cytoplasm affect intracellular metabolism through oxidoreductases located within the membrane (Baker and Lawen, 2000). Gene expression is also affected by
ORP through redox sensitive proteins (Pei et al. 2011; Wietzke and Bahl, 2012), which consequently control enzyme synthesis to adjust the intracellular redox balance and metabolism.
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by the yeast Saccharomyces under microaerobic conditions and butanol
production by the bacterium Clostridium under anaerobic conditions as
examples.

2. Impact of ORP on metabolism
2.1. ORP principles

ORP is the tendency for a compound to acquire electrons. Thus, two
compounds are required for an oxidation-reduction reaction to occur,
during which the reducing compound donates electrons to the oxidizing
compound. Each redox pair has its intrinsic ORP value. The greater is the
affinity for electrons, the higher the ORP of a redox pair would be. Table 1
summarizes standard ORP values of major redox pairs involved in intra-
cellular metabolism. Unlike a half galvanic cell reaction, oxidation-
reduction reactions occur simultaneously within cells, no matter cultures
are aerobic such as antibiotic fermentation, microaerobic or anaerobic for
ethanol or butanol production, making ORP detected in extracellular
environment an indicator of the net outcome of intracellular metabolism
dominated by electron transfer and redox balance.

Compared to pH value that provides information of protons, ORP
represents activities of electrons. Therefore, ORP is more sensitive to
delicate changes of intracellular metabolism. An ORP electrode system
including a sensor composed of inert metal such as platinum, rhodium,
iridium or gold and a reference electrode, usually Ag/AgCl, can be used
to monitor real-time redox information of fermentation systems with
negligible impact on intracellular metabolism.

2.2. Environmental factors affecting ORP

In general, temperature and the ratio of oxidizing to reducing com-
pounds play key roles to modulate ORP in solution. When organisms
are involved in cultures or fermentations, more environmental factors
such as dissolved oxygen and anaerobic conditions should be taken
into account (Kjaergaard, 1977). For microaerobic fermentations such
as ethanol production by yeast, dissolved oxygen probe is unable to de-
tect trace oxygen dissolved in fermentation broth. However, as illustrat-
ed in Table 1, the standard ORP for O,/H,0 is the highest among all
redox pairs related to intracellular metabolism. Therefore, if electrons
are transferred, oxygen must be a prior acceptor, affecting ORP more ef-
fectively, even though dissolved oxygen level is much lower than that
for other metabolites (Pham et al., 2008). As for anaerobic fermenta-
tions, effect of chemicals including nutritional substrates supplemented
with medium and metabolites released into fermentation broth by cells
becomes significant due to the absence of dissolved oxygen and differ-
ent degree of reduction presented by these chemicals. (Chen et al.,
2012; Nakashimada et al., 2002).

Table 1

Standard ORPs of common redox pairs involved in intracellular metabolism.
Redox pairs E® (mV) Reference
H*/H —420 Murray et al. (2003)
NAD*/NADH —320
NADP*/NADPH —315 Rodkey and Donovan (1959)
Lipoate; ox/red —290 Murray et al. (2003)
Acetoacetate/3-hydroxybutyrate —270
GSSG/2GSH —240 Schafer and Buettner (2001)
Pyruvate/lactate —190 Murray et al. (2003)
Oxaloacetate/malate —170
Fumarate/succinate +30
Cytochrome b; Fe>*/Fe?*+ +80
Ubiquinone;ox/red +100
Cytochrome c1; Fe**/Fe?* +220
Cytochrome a; Fe®*/Fe? ™ +290
Oxygen/water +820

2.3. Intracellular ORP homeostasis

Conjugated redox pairs and their homeostasis are fundamentals for
intracellular metabolism, since many biological functions of cells are
affected by ORP levels through gene expression (Murray et al., 2011;
Vemuri et al,, 2006) and enzyme synthesis, which consequently affect
signal sensing and transduction, and ultimately metabolic profiles
(Mason et al., 2006; Riondet et al., 2000), particularly under stress
conditions associated with industrial production (Kiiltz, 2005).

Since techniques to detect intracellular ORP are limited, redox
pairs in cytoplasm are commonly used to characterize ORP status.
Among various redox pairs, oxidized nicotinamide adenine dinucleo-
tide (NAD") and nicotinamide adenine dinucleotide phosphate
(NADP") are two major cofactors, which accept electrons from
other molecules and become reduced, forming NADH and NADPH,
respectively, making the redox pairs NADH/NAD' and NADPH/
NADP* overwhelmingly dominant with intracellular metabolism.
For example, the bioinformatics database KEGG had included 855
and 1064 redox reactions catalyzed by 106 and 88 enzymes with
NAD ™ and NADP™ as cofactors by October 2012. Therefore, intracel-
lular ORP is primarily determined by the ratio of NADH/NAD* and to
a less extent by the ratio of NADPH/NADP*.

NADH is generated from NAD ™ predominately through catabolism
of reducing substrates such as glucose to provide reducing power for
various redox reactions, and consequently NAD™ is regenerated for
redox balance. As mentioned, dissolved oxygen is used as the final elec-
tron accepter under aerobic and microaerobic culture conditions, but
electrons are accepted by intermediate metabolites with desirable
fermentation products produced when oxygen is not available under
anaerobic conditions. In contrast, NADPH is more important in anabo-
lism as many metabolic pathways involved in the biosynthesis of build-
ing blocks such as amino acids, lipids and nucleotides use NADPH as a
reducing agent, which is produced most commonly through the pentose
phosphate pathway. In addition, interconversion between NADH and
NADPH also occurs, such as the ATP-driven conversion of NADH to
NADPH mediated by NADH kinases in S. cerevisiae (Shi et al., 2005),
and the transhydrogen reaction catalyzed by either membrane-bound
or souble transhydrogenases in Escherichia coli (Sauer et al.,, 2004).

Redistribution of metabolic flux and improvement of fermenta-
tion product yield have thus been investigated by altering intracellu-
lar NADH levels. For example, engineering E. coli for overexpression
of the NAD "-dependent enzyme formate dehydrogenase to increase
NADH availability enhanced ethanol production under anaerobic
chemostat culture conditions (Berrios-Rivera et al., 2002), while
increasing NADH oxidation in S. cerevisiae to reduce NADH levels de-
creased glycerol production due to alleviation of overflow metabo-
lism (Vemuri et al., 2007). This progress provides insightful
understanding on developing ORP control strategies at molecular
and process engineering levels as well for more efficient production
of desirable fermentation products.

3. ORP control strategies

ORP is determined by a ratio of oxidative to reductive substances
within fermentation systems. Therefore, strategies implemented to
regulate ORP mainly focus on how to change the ratio, and different
strategies including strain modification through metabolic engineer-
ing and process engineering have been explored. Table 2 summarizes
some metabolites produced under ORP-control conditions.

3.1. Strain modification

Theoretically, ORP can be controlled at molecular levels by altering
the expression of genes encoding key enzymes for electron transfer
and redox reactions in vivo. Such a strategy has been explored mainly
with the model species: E. coli and S. cerevisiae. Liu et al. (2011d) deleted
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Table 2
Examples for enhanced production of metabolites under ORP controlled conditions.
Product Strain ORP control strategy* Result Reference
Succinic acid Corynebacterium 3: Substrates More reduced environment benefited succinic acid production. Chen et al. (2012)
crenatum 3: K3Fe(CN)g; Na,S
Actinobacillus 2: Electrochemical bioreactor Succinate production was increased by 20%. Park and Zeikus
succinogenes (1999)
3: Glucose Sorbitol Gluconate  The best result was achieved when using highly reduced sorbitol. Li et al. (2010a)
3: KsFe(CN)g; DTT The highest succinic acid yield and productivity were observed Li et al. (2010b)
at —350 mV.
Clostridium 3: Na,S The succinate yield was the highest and by-products were the Sridhar and
thermosuccinogenes 4: COy; Ny least at —275 mV. Eiteman (1999)
1,3-propanediol Klebsiella pneumoniae 4: Different aeration Redox potential at — 190 mV was preferable. Du et al. (2006)
4: Ny and/or air A mutant is capable of producing more 1,3-propanediol Du et al. (2007)
3: NaBH,4 and NaOH under —280 mV.
Xylitol Candida tropicalis 4: Agitation Optimal redox potential level for xylitol production was Kastner et al.
—100 mV and the shift range for ethanol to xylitol is —50 to —100 mV. (2003)
Candida shehatae 4: Agitation 300 mV was a better redox potential level for high xylitol yield. du Preez et al.
Pichia stipitis (1988)
Hydrogen Enterobacter 3: Addition of NADH Decrease of overall hydrogen. Comparatively, the addition of NAD* Zhang et al.
aerogenes provided an opposite effect as noted-above. (2009)
3: Different substrates At low redox potential (such as —540 mV), it favors high H, evolution Nakashimada et
capability. al. (2002)
Lactic acid E. coli 1: Knocking out pflB The reduced condition was regarded as effective to improve lactate Liu et al. (2011d)
production and to inhibit formation of other organic acids.
Ethanol Z. mobilis S. cerevisiae 2: Electrochemical bioreactor  Z. mobilis was demonstrated to favor reducing circumstance, and S. cerevisiae Jeon and Park
produced more ethanol in high redox potential. (2010)
Saccharomyces 4: Air The ORP of — 150 mV was considered as the best value for VHG ethanol Lin et al. (2010)
cerevisiae fermentation to achieve faster productivity and higher yield.
Butanol Clostridium 3: Dithiothreitol, cysteine, Na,S Redox potential control at —290 mV achieved an earlier solventogenesis, Wang et al.
acetobutylicum 4: Air and thus solvent production increased by 35% than uncontrolled process. (2012)
Clostridium 1: Knocking out ack and Butanol titer reached the highest 10 g/L and butanol yield was 27% when Yu et al. (2011)

tyrobutyricum E. coli

overexpressing adhE2
1: Creating NADH and

using glucose as substrate.
Butanol titer achieved 15 g/L or 30 g/L with in situ product recovery

Shen et al. (2011)

acetyl-CoA driving force

* Please refer to Section 3: 1 for strain modification; 2 for energy input; 3 for reagent supplementation; 4 for sparging gases.

pflB and adhE in E. coli to increase NADH levels, leading to lactate accu-
mulation. Berrios-Rivera et al. (2002) modified E. coli to overexpress
formate dehydrogenase to increase the ratio of NADH/NAD™ to lower
ORP levels. Singh et al. (2009) tested a genetically modified E. coli strain
with the genes encoding pyruvate-formate lyase and lactate dehydro-
genase deleted, leading to ORP imbalance. Hou et al. (2010) controlled
the similar genes of the native NAD *-dependent formate dehydroge-
nase in the cytosol or mitochondria of S. cerevisiae whose formate
metabolism is in vain, which regulated NADH in different parts of the
cells through dehydrogenizing formate. Although targeted to one or
few key enzymes in whole metabolic net, intracellular ORP control
may result in unexpected effect, which limits its applications.

3.2. Process engineering

Although developing robust strains with preferable redox pathways
through metabolic engineering tools is an ultimate solution for more
efficient production of various fermentation products, the progress is
slow and time-consuming, and the reported successful story is very
limited due to the intrinsic complexity of biological systems. In contrast,
process engineering can bring immediate effect on techno-economic
performance of industrial production.

3.2.1. Energy input

Bioelectrical reactors (BERs) equipped with electrodes can control
ORP of fermentation systems directly through electron flow supplied
by energy input in the form of electric current. The efficacy of BERs
depends on interactions between microorganism(s) and the surface of
working electrode, but underlying mechanism remains to be elucidated
(Fleming, 2010; Thrash and Coates, 2008). Therefore, potentials at the
working electrode and abiotic reactions occurring at the electrode
surface are two key factors. ORP control through such an electrochemical
strategy has been explored with different microbial systems including

pure cultures for ethanol fermentation by Zymomonas mobilis (Jeon et
al., 2009a) and S. cerevisiae (Na et al., 2007) and butanol production by
C. acetobutylicum (Peguin and Soucaille, 1996) as well as mixed cultures
for methane and hydrogen production from organic wastes (Jeon et al.,
2009b; Wang et al., 2011) and biodegradation of recalcitrant pollutants
(Mu et al,, 2010).

BERs are only suitable for culture and fermentation at small scale
for laboratory research or production of value-added products due
to significant electrical energy consumption and limit surface area
provided by the working electrode for redox reactions to occur. To
address concern on electrical energy consumption, microbial fuel
cell can be integrated into a BER system, which was explored recently
in biohydrogen production by Wang et al. (2011), but the reliability of
such a complicated system and significant capital investment on
production facilities impede its application at large scale for industrial
production.

3.2.2. Reagent supplementation

Chemicals with different degrees of reduction such as potassium
ferricyanide, methyl viologen and neutral red are redox reagents,
which can be supplemented into fermentation systems as electron
carriers affecting environmental ORP and intracellular metabolism
(Bagramyan et al., 2000; Girbal et al., 1995; Peguin and Soucaille,
1996). On the other hand, cystine/cysteine, oxidized/reduced gluta-
thione and NADH/NAD ™ are major biological redox pairs, which
not only affect ORP status, but as intermediates also directly involve
in intracellular metabolism. Thus, these redox reagents or precursors
like vitamin nicotinic acid can be supplemented.

Unlike BERs which require special bioreactor configurations, redox
reagents can be supplemented conveniently with any bioreactors and
fermentation systems, but there are two obvious disadvantages with
this strategy: a) supplemented chemicals potentially interfere with
physiological functions of cells, and b) some chemicals, particularly



C.-G. Liu et al. / Biotechnology Advances 31 (2013) 257-265 261

biochemical reagents, are too costly to be used from the viewpoint of
industrial application for bulk commodity production.

3.2.3. Sparging gases

Redox-active gases such as oxygen, hydrogen and carbon monoxide
can be sparged into fermentation systems to control ORP. While
dissolved oxygen elevates ORP, hydrogen decreases it. In addition,
inert gases nitrogen and helium can also be sparged into fermentation
systems to strip off dissolved oxygen and hydrogen, and thus affect
ORP indirectly.

Pham et al. (2008) sparged oxygen, hydrogen and helium, respec-
tively, during ethanol fermentation by S. cerevisiae to create different
ORP conditions to study their impact on yeast physiology and metabo-
lism, which provides insight for more efficient ethanol production
through ORP control. As for anaerobic fermentations such as butanol
fermentation by strictly anaerobic clostridia, carbon monoxide that in-
hibits hydrogenases, and consequently H, production can be sparged
to direct more reducing power to solvent production (Meyer et al.,
1986). In contrast, nitrogen sparging can improve fermentative hydro-
gen production by stripping off hydrogen and alleviate its inhibition in
H,-producing enzymes (Kim et al,, 2006; Mizuno et al., 2000).

Compared with BERs and supplementation of redox reagents, sparg-
ing gases is more economically competitive for ORP control at large
scale for industrial processes, if low cost gas is available. Carbon monox-
ide and nitrogen gases are too expensive for industrial applications in
bulk commodity production, and air seems to be the only selection for
this purpose.

4. ORP control under microaerobic conditions: ethanol fermentation

Fuel ethanol is a major biofuel, which is now commercially produced
worldwide from sugar- and starch-based feedstocks. Comparing to
other parameters such as temperature, pH and medium composition,
ORP has less influence on ethanol fermentation under regular fermenta-
tion conditions with medium containing sugars no more than 250 g/L
and ethanol concentration in fermentation broth less than 13% (v/v),
due to the intrinsic redox balance associated with the glycolytic path-
way and downstream reduction of acetaldehyde to ethanol, as illustrat-
ed in Fig. 2, and good tolerance of S. cerevisiae to ethanol inhibition.

Very high gravity (VHG) fermentation that uses medium containing
sugars in excess of 250 g/L to increase ethanol titer significantly in
fermentation broth not only saves energy consumption for ethanol
distillation, but also for distillage treatment, since the discharge can
be reduced substantially (Bai et al., 2008). However, when ethanol
fermentation is carried out under VHG conditions, severe stresses,
particularly inhibition of elevated ethanol concentration, detrimentally
affect viability of yeast cells, and stuck fermentation with prolonged
fermentation time and more sugars remained unfermented frequently
occurs (Ingledew, 1999). Yeast cells respond to these stresses with
biosynthesis of more protective metabolites such as glycerol, and thus
detract NADH from ethanol production, resulting in an imbalance of
redox, making ORP control more effective.

4.1. ORP profile of VHG ethanol fermentation

As illustrated in Fig. 3, the ORP profile of VHG ethanol fermentation
by S. cerevisiae resembles a bathtub (Lin et al,, 2010). When yeast cells
were inoculated into fresh medium, dissolved oxygen as electron accep-
tor was consumed quickly through respiration to generate ATP for
growth, and a drastic decrease of ORP was thus observed. With gradual
depletion of dissolved oxygen, yeast metabolism switched from aerobic
growth to anaerobic ethanol fermentation, and in the meantime many
pathways such as enhanced glycerol biosynthesis were activated to re-
spond to stresses, which correspondingly consumed reducing equiva-
lent NAD(P)H. Moreover, oversupply of reducing substrates such as
glucose further decreased ORP. As sugars consumed, severe stresses
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Fig. 2. Redox balance in ethanol fermentation by the yeast Saccharomyces. Ethanol
fermentation is a redox neutral process. However, biosynthesis of protective metabolites
such as glycerol under VHG fermentation conditions distracts NADH, which consequently
affects the redox balance, making ORP control more efficient for ethanol production.

slowed down yeast growth and ethanol fermentation, ORP started to
increase due to the lysis of yeast cells and corresponding release of
oxidative metabolites into the environment.

4.2. ORP control strategies

Unlike butanol fermentation in which metabolic engineering has
been intensively explored on strain modifications to direct carbon flux
and electron flow for more efficient butanol production, similar report
on ethanol fermentation with S. cerevisiae is very limited, which has
been focused mainly on reducing glycerol production to increase etha-
nol yield from sugars, and pentose fermentation for ethanol production
from lignocellulosic biomass. Recently, bioprocess engineering strate-
gies were developed to improve yeast viability and ethanol production
under VHG fermentation conditions (Liu et al., 2011a,b,c).
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Fig. 3. Time-course of VHG ethanol fermentation by S. cerevisiae (Data adapted from
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4.2.1. Strain modification

Glycerol as the main by-product competes for carbon flux and re-
ducing power with ethanol production, since glycerol synthesis re-
quires NADH which is also essential for acetaldehyde reduction to
ethanol. Metabolic engineering stratagies were thus developed to alter
the internal redox balance and redistribute carbon flux by deleting
and/or overexpressing genes encoding the key enzymes.

Guo et al. (2009) deleted GPD1 or GPD2 encoding glycerol-3-
phosphate dehydrogenases in an industrial yeast. Thus decrease of
glycerol (4.29% for gpd1A and 7.95% for gpd2A) and increase of ethanol
(6.83% for gpd1A and 7.41% for gpd2A) were observed. Howerver, lower
biomass density compromised ethanol productivity. To solve the
problem of redox imbalance caused by deleting GPD1 or GPD2,
these researchers expressed two heterologous genes related to
glyceraldehyde-3-phosphate dehydrogenase from Bacillus cereus
and Kluyveromyces lactis in the gpd2A yeast strain (Guo et al,
2011), which enhanced ethanol production with less glycerol pro-
duced, and in the meantime growth of the modified strain was not
significantly affected.

Pentose such as xylose is the second most abundant sugar in lig-
nocellulosic biomass, which needs to be converted efficiently for
bioethanol to be economically competitive as a biofuel. However,
S. cerevisiae is unable to ferment pentose unless metabolically mod-
ified. In enginnered S. cerevisiae strains, both NADPH-dependent xylose
reductase (XR) and NAD"-dependent xylitol dehydrogenase (XDH)
from the xylose-metabolizing yeast Pichia stipitis are required to con-
vert xylose sequentially, which inevitably causes an imblance of redox
cofactors that leads to an accumulation of xylitol, and compromises eth-
anol production rate as well as yield.

Hou et al. (2009) overexpressed POS5 encoding the native NADH
kinase in the cytosol to convert accumulated NADH into NADPH and
overcome the redox imblance, which enhanced ethanol production
under aerobic culture conditions rather than anaerobic fermentation
conditions, but growth of the modified yeast was reduced due to in-
creased energy dissipation. Verho et al. (2003) overexpressed gene
GDP1 encoding NADP*-dependent glyceraldehyde-3-phosphate de-
hydrogenase, and in the meantime deleted ZWF1 encoding glucose-
6-phosphate dehydrogenase in a xylose-metabolizing S. cerevisiae
strain. Ethanol yield was increased by 50%, and xylitol accumulation
was reduced, correspondingly, due to the reconstruction of redox re-
actions. Progress in engineering S. cerevisiae for better redox balance
to improve xylose fermentation was reviewed recently by Matsushika
et al. (2009).

4.2.2. Bioprocess engineering

Aeration control is a common method to regulate redox potential
in ethanol fermentation (Lin et al,, 2010; Liu et al., 2011a; Yu et al,,
2007), which needs a feedback system including an ORP probe and
a controller to control aeration duration and rate once ORP level is
lower than setting values. The ORP level of — 150 mV was observed
to be optimal, leading to the highest ethanol yield and better ethanol
productivity under VHG fermentation conditions (Lin et al., 2010; Yu
et al.,, 2007). Besides, Liu et al. (2011a) developed glucose feeding
scheme to provide reducing power in time to maintain the ORP
level. However, limited improvement on ethanol yield was observed,
since high cell viability could not be maintained with this scheme. In
order to overcome this drawback, a continuous process combining
with programmed aeration was fabricated, which stimulated growth
of yeast cells to replenish the loss of their viability (Liu et al., 2011a).

5. ORP control under anaerobic conditions: acetone-butanol-
ethanol fermentation

Acetone-butanol-ethanol (ABE) is produced by strictly anaerobic
bacterium Clostridium spp. at a ratio of approximately 3:6:1 (Jones
and Woods, 1986). Compared to ethanol, butanol contains more energy,

and is less volatile and hydroscopic and more compatible with existing
infrastructure, which is regarded as an advanced biofuel (Diirre, 2008).
However, fermentative production of butanol is very costly. On the one
hand, major byproducts acetone and ethanol significantly compromise
butanol yield, which correspondingly increase feedstock consumption.
On the other hand, extremely low butanol titer in fermentation broth
due to butanol toxicity in cells makes butanol recovery very energy-
intensive (Keasling and Chou, 2008).

5.1. Impact of ORP on butanol production

ABE fermentation is a biphasic process characterized by acidogenesis
and solventogenesis (Lee et al., 2008), which is predominantly controlled
by electron transfer and redox balance, as illustrated in Fig. 4. Acetic and
butyric acids are produced and built up as the major intermediates
during the acidogenic phase concomitant with generation of ATP,
which, together with NADH generated in the glycolytic pathway, sup-
ports biosynthesis for cell growth. Subsequently, cell growth slows
down till cessation occurs at stationary phase due to the toxicity of accu-
mulated acetate and butyrate, and solvent production is then initiated by
the uptake of acidic intermediates and continued glucose consumption.
The fermentation ends with sporogenesis and cell autolysis due to buta-
nol toxicity. Therefore, ORP control would be an effective strategy
for ABE fermentation, which was highlighted by the recent progress
in global transcriptional regulation of C. acetobutylicum exposed to
artificial electron carriers such as methyl viologen (Honicke et al.,
2012), and application of ORP control for ABE fermentation to switch
to solventogenesis earlier (Wang et al., 2012).

5.1.1. Acidogenesis

Two moles each of pyruvate, ATP and NADH are produced from
one mole glucose consumed through the glycolytic pathway in the
acidogenic phase. The cleavage of pyruvate by pyruvate-ferredoxin
oxidoreductase results in the formation of acetyl-CoA and CO,
concomitant with the reduction of ferredoxin, an important electron
carrier in ABE fermentation, during which electrons are released and
accepted by protons for hydrogen production catalyzed by hydroge-
nases. Stoichiometrically, two moles acetate or one mole butyrate
could be produced from one mole glucose consumed, yielding four
or three moles of ATP, correspondingly, to support cell growth, and
in the meantime generating two moles of NADH for solvent produc-
tion later in the solventogenic phase (Jones and Woods, 1986).

The key enzyme in the electron transfer system is NADH ferredoxin
oxidoreductase, which catalyzes the oxidation of NADH. Meanwhile,
another enzyme, NADPH ferredoxin oxidoreductase controls pro-
duction of NADPH from reduced ferredoxin to support biosynthesis
associated with cell growth as well as butyraldehyde reduction cata-
lyzed by the NADPH-dependent butanol dehydrogenase later in the
solventogetic phase. An update review on key enzymes for butanol
production is available (Gheshlaghi et al., 2009).

When acids accumulate to sufficiently high levels, cells cannot main-
tain the pH gradient across membranes, and a dramatic decrease in
growth occurs (Huang et al., 2010). Therefore, the shift to solvent pro-
duction in clostridia is an adaptive response to toxic effect of acidic me-
tabolites through their reassimilation and induced expression of genes
for stress response (Grimmler et al., 2011; Grupe and Gottschalk, 1992).

5.1.2. Solventogenesis

As intracellular ATP is consumed by biosynthesis, solventogenesis is
initiated to consume NAD(P)H accumulated during the acidogenesis
(Grupe and Gottschalk, 1992). Acetyl-CoA and butyryl-CoA function as
key intermediates for ethanol and butanol production from acetate
and butyrate. Meanwhile, acetoacetyl-CoA not only serves as the bridge
between acetyl-CoA and butyryl-CoA, but also is the substrate for ace-
tone production catalyzed by acetoacetyl-CoA:acetate/butyrate: CoA
transferase, which also catalyzes the conversion of acetate and butyrate
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Fig. 4. Major redox reactions in acetone-butanol-ethanol fermentation by the bacterium Clostridium. Blue and purple arrows for acidogenesis and solventogenesis, respectively.

accumulated in the acidogenic phase back to acetyl-CoA and butyryl-
CoA. The reduction of acetyl-CoA and butyryl-CoA to acetylaldehyde
and butyraldehyde is catalyzed by acetaldehyde dehydrogenase and
butyraldehyde dehydrogenase, respectively, followed by the further re-
duction of acetylaldehyde and butyraldehyde to ethanol and butanol by
ethanol dehydrogenase and butanol dehydrogenase (Gheshlaghi et al.,
2009). These reduction processes consume NAD(P)H to maintain intra-
cellular redox balance.

5.2. ORP control strategies

Manipulating intracellular electron transfer and redox balance can
direct clostridial metabolism towards more efficient butanol produc-
tion. Two strategies can be applied for this objective: strain modification
and bioprocess engineering.

5.2.1. Strain modification

Unlike well established model strains such as E. coli and Bacillus
subtilis, metabolic engineering of clostridia is more challenging. Al-
though tools for gene transformation, overexpression and knockout as
well as transcriptome analysis have been developed for clostridia
(Papoutsakis, 2008), success in metabolic engineering pathways for
electron transfer and redox balance of the species to optimize product
composition and improve butanol ratio and titer is still limited (Liitke-
eversloh and Bahl, 2011).

Since electron flow is primarily regulated at the ferredoxin/
hydrogenase node in clostridia, an antisense RNA strategy was
thus developed to depress the expression of hupC encoding a
hydrogen-uptake hydrogenase in C. saccharoperbutylacetonicum,
and an increase in acetone production was observed, but butanol
production was compromised (Nakayama et al., 2008), indicating
that targeting the hydrogenase and hydrogen production might
be a promising metabolic engineering strategy.

Engineering butyric acid-producing C. tyrobutyricum to overexpress
alcohol dehydrogenase from C. acetobutylicum for butanol production

was also reported, and 10.0 g/L butanol was produced after inactivating
a few other genes (Yu et al, 2011). Recently, the model strain
C. acetobutylicum ATCC 824 was engineered with the secondary alcohol
dehydrogenase (adh) to reduce acetone into isopropanol with
NADPH/NADP™ as cofactor, and thus isopropanol-butanol-ethanol
(IBE), a mixture that is more suitable for fuels use was produced
(Collas et al., 2012; Lee et al., 2012). Similar strategy was applied im-
mediately in engineering the robust butanol-tolerant industrial
strain C. acetobutylicum Rh8 (Dai et al., 2012). The progress not
only improves the quality of the mixture as biofuels, but most impor-
tantly provides a platform for modifying redox balance of clostridia
to optimize their product profiles.

With the development of the ClosTron technology, the targeted mu-
tagenesis of the ABE pathway in clostridia can be performed more effec-
tively, resulting in an in-depth understanding of underlying biological
mechanisms and the improvement of butanol production (Heap et al.,
2007). Cooksley et al. (2012) developed mutants defective in alcohol/
aldehyde dehydrogenases 1 and 2 (adhEl and adhE2), butanol
dehydrogenases A and B (hydA and hydB), a uncharacterized putative
alcohol dehydrogenase (CAP0059) and other key enzymes in order to
understand their impact on the ABE biosynthesis, and to locate poten-
tial targets for further metabolic manipulation to improve butanol titer.

In addition to engineering targeted enzymes and pathways, global
manipulation of the butanol biosynthetic pathway could also be ex-
plored. For example, the redox-sensing protein Rex, a transcriptional
regulator in C. acetobutylicum encoded by the gene CAC2713 and its
role in the solventogenic shift were investigated, and experimental re-
sults illustrated that Rex controls the expression of genes in butanol bio-
synthetic pathways in response to the intracellular NADH/NAD ™ shift,
and thus a Rex-negative mutant produced more ethanol and butanol
with less hydrogen and acetone as by-products (Wietzke and Bahl,
2012). These findings provide insights for engineering redox balance at
a global level to enhance butanol production.

Although genetic manipulation of clostridia has been tapped
with unremitting effort, solvent production by the microorganisms
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is still not economically competitive, particularly when butanol is pro-
duced as biofuel at a large scale. Synthetic biology that can build up new
biological entities such as molecules, pathways, regulatory network, or-
ganisms and systems for more efficient production of targeted products
provides a new tool to address challenges associated with engineering
or modification of native strains. Bond-Watts et al. (2011) reported a
significant progress in construction of the butanol production pathway
by incorporating two plasmids into E. coli. The first plasmid
(pBAD33-Bul) carried three genes encoding PhaA (acetoacetyl-CoA
thiolase/synthase) and PhaB (3-hydroxybutyryl-CoA dehydrogenase)
from Ralstonia eutrophus and Crt (crotonase) from C. acetobutylicum as
a single operon driven by the arabinose promoter to produce crotonyl-
CoA from acetyl-CoA, and the second plasmid contained an operon
comprising the genes ccr and adhE2 encoding crotonyl-CoA reductase
and butyraldehyde/butanol dehydrogenase, respectively, which was
driven by a T7lac promoter for producing secretory butanol from
crotonyl-CoA. After optimization of the synthetic pathway, replacing
ccr with ter encoding a crotonyl-CoA specific trans-enoyl-CoA reductase
in Euglena gracilis that does not catalyze the reverse oxidation of
butyryl-CoA to crotonyl-CoA in the presence of NAD™ or NADP™, the
butanol titer was increased to 2.95 g/L. However, the redox imbalance
nature requires an additional oxidation reaction to generate reducing
equivalents to direct the synthetic butanol pathway. Almost simulta-
neously, an elegant solution to this problem was resolved by
constructing a modified butanol pathway in E. Coli for more metabol-
ic flux towards butanol synthesis driven by excess NADH, and a buta-
nol concentration of 15 g/L was achieved (Shen et al., 2011).

5.2.2. Bioprocess engineering

While genetic modification of clostridia is tedious and slow,
bioprocess engineering strategy can be explored with immediate im-
pact on ABE fermentation in case it is economically competitive for
industrial application.

When using more reduced substrate mannitol instead of glucose, a
high butanol titer of 16.0 g/L was obtained by an engineered butyric
acid producing mutant C. tyrobutyricum (Yu et al, 2011). Similarly,
more alcohols and less hydrogen were produced using the mixture of
glucose and glycerol in the culture of C. acetobutylicum ATCC 824
(Vasconcelos et al., 1994). Other studies on addition of artificial electron
carriers such as methyl viologen and neutral red also caused significant
carbon flow shift from acids to alcohols production accompanied by de-
creased hydrogen evolution (Girbal et al., 1995; Peguin and Soucaille,
1996). These results indicate that reducing substrates provide more re-
ducing power, and in turn drive more metabolic flux toward butanol
production.

In addition to increasing reducing equivalents by reduced chemicals
which are more expensive than sugars from industrial feedstocks like
corn-starch, inhibition of hydrogenases by sparging CO or elevating
hydrogen partial pressure was attempted to manipulate redox balance
and improve butanol production. For example, butanol concentration
was increased to 7.8 g/L by sparging a mixture of 85% N, and 15% CO,
compared to 4.8 g/L butanol produced by sparging pure N, (Kim et al.,
1984), and elevated H, partial pressure also significantly increased
butanol titer and ratio (Yerushalmi et al., 1985). These results indicate
that CO or H, may inhibit hydrogenase activity and electron transfer
from reduced ferredoxin to NAD(P)*, and consequently improve
NAD(P)H pool and alcohol production.

Recently, Wang et al. (2012) demonstrated that controlling ORP of
ABE fermentation by C. acetobutylicum DSM 1731 at —290 mV initiated
solvent production earlier, and solvent productivity was increased by
35% compared with the control without ORP control, although the ratio
of butanol in the solvent did not increase significantly. Moreover, they
sparged small amount of air into the ABE fermentation system to control
ORP, which not only provides an insightful understanding on the metab-
olism of the strictly anaerobic species, but also an economically compet-
itive method for enhancing butanol production.

6. Conclusions

Most fermentation products produced under microaerobic or anaer-
obic conditions are bulk commodities. Although these fermentations
have been well established with long-term production practices, cost
saving is an endless effort, particularly for the production of biofuels
and bio-based chemicals such as ethanol and butanol at large scales to
address global concern on sustainable development. Since redox reac-
tions and homeostasis are basis for intracellular metabolism, ORP status
controls profiles of metabolites, which subsequently provides an effec-
tive strategy to direct more materials and energy to the pathways for ef-
ficient production of desirable products. With advanced technologies
that can detect intracellular ORP levels and analyze gene expression
and protein biosynthesis caused by ORP shifts, mechanism underlying
this phenomenon can be elucidated at molecular and bioprocess engi-
neering levels, and more robust strains and optimized processes can be
developed, correspondingly, which have been highlighted in ethanol
and butanol fermentations under microaerobic and anaerobic conditions.
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