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Abstract While production of biofuels from renewable re-
sources is currently receiving increased attention globally,
concerns on availability and sustainability of cheap sub-
strates for their production are growing as well.
Lignocellulose-derived sugars (LDS) remain underutilized
and merit consideration as a key feedstock. Among other
obstacles such as low yield and low solvent titer, mitiga-
tion of stresses stemming from lignocellulose-derived mi-
crobial inhibitory compounds (LDMICs) that severely im-
pair cell growth and solvent production is a major area of
research interest. In addition to attempts at developing
LDMIC-tolerant strains via metabolic engineering to en-
hance utilization of LDS, unconventional approaches that
elicit different metabolic perturbations in microorganisms
to relieve solvent- and LDMIC-mediated stresses have
been explored to increase solvent production from LDS.
In this review, the impacts of metabolic perturbations in-
cluding medium supplementation with glycerol; furfural
and 5-hydroxymethyl furfural; allopurinol, an inhibitor of
xanthine dehydrogenase; calcium (Ca®") and zinc (Zn*")
ions); and artificial electron carriers, methyl viologen and
neutral red, on butanol production are discussed. Although
these approaches have brought about considerable in-
creases in butanol production, both from LDS and defined
glucose-based media, the modes of action for most of these
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perturbations have yet to be fully characterized. Better un-
derstanding of these mechanisms would likely inform de-
velopment of LDMIC-tolerant, butanol-overproducing
strains, as well as possible combinatorial application of
these approaches for enhanced butanol production. Hence,
delineating the underlying mechanisms of these perturba-
tions deserves further attention.
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Introduction

Bioproduction of butanol is currently receiving intensive
research attention both in academia and industry. This is
driven largely by the physicochemical properties of buta-
nol, including higher energy content, reduced corrosive-
ness, higher octane rating, and a lower heat of vaporiza-
tion (Knoshaug and Zhang 2009; Ranjan and Moholkar
2012) among other properties, when compared to ethanol.
These properties make butanol a promising next-
generation biofuel capable of replacing gasoline without
the need to alter the current automobile engine technology
(Cheng et al. 2012; Visioli et al. 2014). In addition to its
huge potential as a transport fuel, butanol has multifarious
industrial applications as a base chemical with an estimat-
ed global annual demand of 10-12 billion pounds worth
US$7-8.4 billion, and the demand is expected to increase
by 3 % annually (Kirschner 2006; Li et al. 2014). Toward
achieving higher butanol concentrations and yields suffi-
cient to warrant re-commercialization of bioproduction of
butanol, researchers are employing a range of tools such
as metabolic engineering and induction of metabolic per-
turbations in butanol-producing microorganisms to
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increase substrate utilization, cell growth, and productivi-
ty. Metabolic perturbations largely involve incorporation
of substrate-based and non-substrate-based supplements
to the fermentation medium, aimed at reinforcing meta-
bolic flux towards product (butanol) formation, or to in-
crease tolerance to microbial inhibitory compounds in the
fermentation medium that impair cell growth and product
formation.

Current trend seeks to produce butanol from renewable
lignocellulosic biomass with a view to reducing the overall
cost of production (Ezeji et al. 2010; Visioli et al. 2014).
Lignocellulosic biomass (LB) has emerged as readily
available and cheap source of fermentable sugars for the
production of fuels and chemicals by microbial fermenta-
tion. However, use of lignocellulose-derived sugars (LDS)
as a substrate for butanol production poses formidable
challenges to commercial-scale production of butanol,
mainly as a result of generation of lignocellulose-derived
microbial inhibitory compounds (LDMICs) during pre-
treatment of LB to release LDS (Palmqvist and Hdhn-
Hagerdal 2000). High concentrations of LDMICs generat-
ed during LB pretreatment drain fermenting microorgan-
isms of ATP and NAD(P)H, thereby distorting redox bal-
ance, with the attendant production of acids in
solventogenic Clostridium species. Solventogenic
Clostridium species resort to acid production to counter
the ATP-draining effect of LDMICs (Ujor et al. 2014) be-
cause acid production serves as a means of ATP generation
(Grupe and Gottschalk 1992). These activities ultimately
cause cell death and premature termination of the fermen-
tation due to the combined toxicity of acids and LDMICs
(Grupe and Gottschalk 1992; Almeida et al. 2008; Ask
et al. 2013; Ujor et al. 2014).

Developing affordable technologies to circumvent the
inherent hurdles posed by the generation of LDMICs to
acetone-butanol-ethanol (ABE) fermentation is vigorous-
ly pursued globally. The use of metabolic engineering to
enhance bioproduction of butanol has made significant
progress over the past decade. The results of such studies
have been reviewed extensively elsewhere (Nielsen et al.
2009; Liitke-Eversloh and Bahl 2011; Jang et al. 2012).
Furthermore, process design aimed at increasing butanol
production has been well reviewed by other authors
(Ezeji et al. 2007a; Jin et al. 2011). In addition to the
complex metabolic cues that regulate butanol production
by solventogenic Clostridium species, the inhibitory ef-
fects of LDMICs on microbial growth have necessitated
the use of unconventional methods to ameliorate these
negative effects and increase conversion of LDS to buta-
nol. In this review, we highlight these unconventional
methods, particularly those that employed metabolic per-
turbations for increasing butanol production from pure
glucose and LDS.
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Furan-mediated increase in ABE production

Among other compounds, the furans, furfural and 5-
hydroxymethyl furfural (HMF) are key LDMICs that exert
severe inhibitions on solventogenic Clostridium species dur-
ing ABE fermentation of LDS (Ezeji et al. 2007b; Zhang et al.
2012; Zhang and Ezeji 2013; Ujor et al. 2014, 2015). Interest-
ingly, at sublethal concentrations (<2 g/L), furfural and HMF
exert stimulatory effects on solventogenic Clostridium
species, culminating in increased fermentation and butanol
production. With Clostridium beijerinckii BA101, Ezeji
et al. (2007b) reported up to 19 % increase in ABE concen-
tration following addition of 0.5-1.0 g/L furfural or HMF to
the fermentation medium. Further, increasing furfural/HMF
concentration to 2 g/L led to 11 % increase in ABE produc-
tion. With Clostridium acetobutylicum ATCC 824, the pres-
ence of either furfural or HMF (2 g/L) did not dampen ABE
production, as both treated and untreated cultures (control)
produced similar amounts of butanol and ABE, respectively
(Zhang et al. 2012). However, in the same study, the presence
of 2 g/L furfural or HMF did enhance the growth of
C. acetobutylicum ATCC 824 by up to 25 %. Ezeji et al.
(2007b) also observed up to 13 % increase in cell growth
when C. beijerinckii BA101 cultures were supplemented with
furfural or HMF (<2 g/L).

In a study with C. beijerinckii P260, supplementation of the
fermentation medium (60 g/L glucose) with wheat straw hy-
drolysate containing <1 g/L of each of furfural and HMF was
found to increase ABE concentration and productivity by ~17
and 100 %, respectively, when compared to the glucose con-
trol with no wheat straw hydrolysate (Qureshi et al. 2012).
The authors observed that when 0.5 g/L furfural was added
to fermentations with glucose (60 g/L), ABE productivity in-
creased by ~4-fold, while addition of 0.5 g/L HMF engen-
dered a 2-fold increase in ABE productivity. Also, increasing
furfural or HMF concentrations to 1 g/L and combination of
both inhibitors (0.5 g/L each of furfural and HMF) elicited
considerable increases in ABE productivity (Qureshi et al.
2012).

The stimulatory effects of furfural and HMF on cell
growth and ABE production at sublethal concentrations
(<2 g/L) have been attributed to enhanced NAD" regener-
ation, which accelerates the oxidative step (glyceralde-
hyde-3-phosphate — 1,3-bisphosphoglycerate) of the gly-
colytic pathway and ultimately increases glycolysis (Zhang
et al. 2012). Both NADH and NADPH are important co-
factors in the transformation of furfural and HMF to their
less toxic alcohols (furfuryl alcohol and HMF alcohol, re-
spectively) by a variety of enzymes including aldo/keto
reductases, alcohol dehydrogenases, and short-chain
dehydrogenase/reductases (Almeida et al. 2008; Ask
et al. 2013; Zhang et al. 2015). Similarly, NAD(P)H plays
a crucial role in the transition from acidogenesis to
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solventogenesis (ABE production; Grupe and Gottschalk
1992). Consequently, high furan concentrations lead to
the depletion of NAD(P)H, as fermenting cells attempt to
detoxify the furans to their less toxic alcohols (Almeida
et al. 2008; Ask et al. 2013; Ujor et al. 2014). This thereby
triggers redox imbalance leading to inability to transition
from acid production to solvent production, and conse-
quently cell death, due to the combined toxicity of acids
and undetoxified furfura/HMF (Ujor et al. 2014). Con-
versely, at concentrations <2 g/L, furfural and HMF are
more rapidly detoxified with concomitant generation of
NAD", which is likely reduced via the glycolytic pathway
(Fig. 1; Zhang et al. 2012). This would amplify flux
through the glycolytic pathway, thus replenishing NADH,
which ensures complete detoxification of furfural and/or
HMF, with attendant increase in cell growth (for some spe-
cies/strains). Subsequently, intracellular repletion of
NADPH coupled with increased cell concentration (for
some species/strains) promotes solventogenesis.

The question that remains to be answered is whether the
stimulatory effects of <2 g/L is as a result of enhanced activity
of the glycolytic enzyme [glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), which regenerates NADH from NAD"
in the glycolytic pathway], or due to increased expression of
furfural detoxifying enzymes in the presence of 2 g/L furfural
(Zhang and Ezeji, 2013). No study has been conducted to
specifically address either scenario, although there are indica-
tions that increased glycolytic flux may be responsible. How-
ever, in all cases where solventogenic Clostridium species
were challenged with <2 g/L furfural/ HMF, there was no sig-
nificant increase in overall glucose consumption, despite in-
creases in cell growth by C. acetobutylicum (Zhang et al.
2012) and C. beijerinckii BA101 (Ezeji et al. 2007b), while
C. beijerinckii P260 exhibited a slight reduction in cell growth

i
: i Glucose
NADH NAD* |
FurfuralM Furfuryl NAD*
alcohol
naowe|
NADH NAD* PR S -
D S—
HMF HMF alcohol Pyruvate
Acetate Acetyl-P Acetyl-CoA

Acetone«<——— Acetoacetyl-CoA

Nj&H NAD* NgDH NAD*
Butyrate Butyryl-P Butyryl-CoA — Butyraldehyde Butanol

Fig. 1 Key NADH and NAD"-generating and utilizing steps during
furfural/HMF transformation and ABE biosynthesis. Similar to butanol
and ethanol biosynthesis reactions, transformation of furfural and HMF to
their less toxic alcohols uses NADH, while glycolysis upstream of the

(Qureshi et al. 2012), possibly due to butanol toxicity. Hence,
different strains/species may exhibit subtle differences in the
mechanisms responsible for enhanced solvent accumulation
upon furan supplementation.

Roles of calcium (Ca*") and zinc (Zn>") ions in ABE
production

While the involvement of Fe**, Mg2+, and Mn”*" in ABE
production has been established over the years (Bahl et al.
1986; Peguin and Soucaille 1995), Ca*" and Zn>" have
emerged of late as key players in the modulation of growth
and ABE production in solventogenic Clostridium species. It
has to be noted though that CaCO; has long been used as a
supplement during ABE fermentation, although largely as a
buffer (Marchal et al. 1985; Ren et al. 2010). El Kanouni et al.
(1998) were the first to report that the presence of CaCO; in
the fermentation medium relieves carbon catabolite repres-
sion, thereby allowing concomitant utilization of xylose and
glucose by C. acetobutylicum. The study suggested that ob-
served effect transcended the buffering capacity of CaCO3 and
speculated that enhanced butanol tolerance occurred possibly
through stabilization of membrane proteins by Ca®". Further,
addition of the nonbuffering CaCl, to the fermentation medi-
um produced a similar result as CaCO; (concomitant utiliza-
tion of glucose and xylose) in C. acetobutylicum and elicited
increased ABE production in cultures of C. beijerinckii
NCIMB 8052 (Han et al. 2013). By incorporating CaCOj
(4 g/L) in the fermentation medium, Richmond et al. (2011)
also observed marked increases in growth and ABE produc-
tion by C. acetobutylicum ATCC 824 and C. beijerinckii
P260.

NADH NAD* NADH NAD*

— Acetaldehyde M Ethanol

ABE pathway generates NADH. Increased flux through the glycolytic
pathway appears a rational mechanism for regenerating NADH, hence
accounting for increased growth and ABE production in most cultures
challenged with <2 g/L furfural/ HMF
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In light of these findings, Han et al. (2013) conducted an
extensive comparison of CaCOj to other buffering carbonates
[N32CO3, K2C03, (NH4)2CO3, NaHCO3, NH4HCO3], and
their results showed ~25 % higher ABE production in
CaCOs-supplemented cultures relative to cultures supple-
mented with the other carbonates. Global proteomic analysis
of CaCOs-treated cells of C. beijerinckii NCIMB 8052
showed dramatic increases in the levels of heat shock proteins,
carbohydrate catabolic enzymes, and proteins involved in
DNA synthesis, transcription, and repair, among other func-
tions, relative to the untreated cells (Han et al. 2013). Thus,
CaCOj3-mediated increase in cell growth elicits increased ex-
pression of DNA and protein chaperones to mitigate potential
increases in DNA mutations and protein misfolding due to
rapid cell growth, which consequently relieves butanol toxic-
ity (Fig. 2), as protein and DNA chaperones are known to
increase butanol tolerance (Tomas et al. 2004).

The positive effects of Ca>* have also been reported for
cultures grown in typically toxic LDS-based media. For in-
stance, while hot-water-pretreated Miscanthus giganteus hy-
drolysate (15 % solid loading) did not support growth and
ABE production in C. beijerinckii NCIMB 8052 at all due to
the presence of LDMICs, addition of CaCOj; to the hydroly-
sate ameliorated the inhibitory effects of LDMICs on
C. beijerinckii NCIMB 8052 with concomitant ABE produc-
tion (Zhang and Ezeji 2014). Similarly, CaCOj; supplementa-
tion was reported to enhance the production of hydrogen,
volatile fatty acids, and solvents by C. sporogenes BEOI in
dilute acid-pretreated rice straw, by positively modulating
electron transport (Gottumakkala et al. 2015). In a study with
multiple strains, Li et al. (2013) reported enhanced growth,
sugar utilization, and solvent production following CaCO;
supplementation of xylose liquor, a by-product of acid-
mediated hydrolysis of corncobs.

The growth of solventogenic Clostridium species in
LDMIC-containing media increases acid production (Ujor
et al. 2014) to counteract inhibitor-mediated depletion of
ATP (Almeida et al. 2008; Ask et al. 2013). Consequently,

Fig. 2 Physiological events
associated with increases in ABE

production in CaCOs3- and CaCl,-

supplemented cultures

Increased sugar

transport and utilization

|

CaCl,
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the buffering effect of CaCO; helps to relieve acid-induced
toxicity during fermentation of lignocellulosic biomass hydro-
lysate (LBH). However, the positive effect of CaCO; in this
regard cannot be solely ascribed to its buffering capacity. First,
acid production (which generates ATP for growth) during
ABE fermentation can only occur upon inception of cell
growth. Second, growth is completely inhibited in non-
CaCOs-supplemented cultures in LBHs. Therefore, it is plau-
sible that another mechanism(s) beyond buffering, which per-
haps includes Ca®*-mediated signaling contributes to the on-
set of C. beijerinckii growth, as well as tolerance to LDMICs
and solvents during fermentation of LBHs. Whereas Ca®"
signaling is well defined in eukaryotes, the same cannot be
said of prokaryotes, although some progress has been made.
Identification of a dedicated Ca®" receptor in prokaryotes akin
to the eukaryotic calcium receptor (calmodulin) may help to
understand in greater detail the roles of Ca®" in the biology of
solventogenic Clostridium species.

Zn*" was not considered an important component of ABE
fermentation medium prior to the work of Wu et al. (2013),
who reported that medium supplementation with 0.001 g/L
ZnSO4 TH,0 engendered early initiation of solventogenesis
with a modest increase (8 %) in ABE concentration, signifi-
cant increases in productivity (77 %) and optical density (cell
growth; ~24 %). Consequently, supplementation of the fer-
mentation medium with ZnSO,4-7H,0 reduced the duration
of ABE fermentation from 64 to 40 h, with a slight increase
in final solvent concentration. Zn>" has been reported to pos-
itively influence the expression of glycolytic enzymes (Wu
et al. 2013) as well as exert a stabilizing effect on butanol
dehydrogenase, the terminal enzyme of the butanol produc-
tion pathway (Walter et al. 1992). Further, Zn>" plays a key
role in the regulation of intracellular metabolism via interac-
tions with Zn-dependent DNA binding domains. Although
further studies are required to unravel the specific mechanisms
by which Zn>" evokes an earlier initiation of solventogenesis,
it appears Zn>" upregulates diverse genes whose protein prod-
ucts are involved in sugar utilization and ABE production,

CaC0; — Buffering effect

l Increased levels

Enhanced of chaperones

growth l

Stabilized biosynthesis | Enhanced butanol
machinery accumulation

Enhanced butanol
tolerance
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thereby leading to a more rapid growth and early switch to
solventogenesis, following swift accumulation of acids

(Fig. 3).

Supplementation of fermentation medium
with glycerol enhances ABE production from LBH

The high cost of fermentative butanol production is largely
ascribed to the cost of substrate. Attempts at overcoming this
obstacle have identified LB as a veritable source of cheap
sugars not only for butanol production but also for biological
production of other biofuels and biochemicals (Palmqvist and
Hahn-Hégerdal 2000). Depending on the type of plant bio-
mass used, the amount (solid loading), and pretreatment con-
ditions, the resulting concentrations of various LDMICs vary
and may severely or completely inhibit the growth of
solventogenic Clostridium species (Ezeji et al. 2007b; Zhang
and Ezeji 2014). Even when inhibition of the growth of the
fermenting microorganisms is not substantial, butanol produc-
tion is often dramatically impaired despite the intrinsic capac-
ity of these microorganisms to transform LDMICs to less tox-
ic products during fermentation (Ezeji et al. 2007b; Zhang and
Ezeji 2014).

Boosting intracellular supply of NAD(P)H and/or ATP rep-
resents a rational strategy for combating LDMIC-mediated
inhibitions during fermentation of LBH. Whereas glycerol as
a sole substrate or in combination with glucose may not sig-
nificantly increase total ABE production, it does enhance bu-
tanol and ethanol production over acetone (Girbal et al. 1995).
However, when fermentation is conducted in LDMIC-
containing media, glycerol does exert a considerable positive
impact on total ABE production and still favors butanol accu-
mulation over acetone (Ujor et al. 2014). In a rather uncon-
ventional approach in which C. beijerinckii NCIMB 8052 was
grown in furfural-replete cultures, Ujor et al. (2014) demon-
strated that glycerol supplementation of a glucose-based

medium resulted in 2.3-fold increase in both cell growth and
ABE production.

To demonstrate the inherent capacity of C. bejjerinckii to
detoxify furfural to the less toxic furfuryl alcohol, 4—6 g/L
furfural which normally inhibit cell growth when added to
cultures at 0 h were pulse-fed into cultures of C. beijerinckii
NCIMB 8052 at 10 h (when considerable cell density had
been accumulated; Ujor et al., 2014). One set of fermentation
was conducted in a medium containing only glucose, while
another set contained a mixture of glucose and glycerol (glu-
cose/glycerol molar ratio 1:2). With 4 g/L furfural, both sets of
cultures exhibited similar growth, ABE and furfural detoxifi-
cation profiles (Ujor et al. 2014). However, increasing furfural
concentration to 5 and 6 g/L resulted in dramatic changes in
the growth, ABE and furfural detoxification profiles in favor
of glycerol-supplemented cultures over the un-supplemented
culture controls (Ujor et al. 2014). The ability of glycerol to
enhance solvent production in LDMIC-containing cultures
was further accentuated by the work of Sabra et al. (2014),
who showed that glycerol supplementation of LBH resulted in
2.6-fold increase in butanol production when compared to the
unsupplemented LBH.

The stimulatory effect of glycerol on cell growth and
ABE production in LDMIC-containing cultures can be
traced largely to the biochemistry of glycerol catabolism
(Fig. 4). While ATP is central to growth and overall cell
functioning, detoxification of most LDMICs is NAD(P)H-
dependent because LDMIC-transforming aldehyde and al-
cohol dehydrogenases are NAD(P)H-reliant. Relative to
molar equivalent of glucose, glycerol utilization generates
two additional moles of NADH (Lin 1976) and different
authors have reported significant increases in both NADH
and ATP in C. acetobutylicum during ABE fermentation of
a glucose + glycerol medium (molar ratio, 1:2), in compar-
ison with cultures grown on glucose alone with no glycerol
supplementation (Girbal and Soucaille 1994; Vasconcelos
et al. 1994; Girbal et al. 1995). Similarly, C. beijerinckii
grown in a mixture of glucose and glycerol was found to

Fig. 3 Putative mechanism of A
Zn*"-induced increase in ABE
productivity. a Rapid induction of
ABE production in Zn>"
-supplemented cultures. b
Typical ABE accumulation in
non-Zn*"-supplemented cultures.

2+ .
The presence of Zn™" expedites )

—> Increased glycolytic flux
Zn?* 5 Enhanced cell growth
———> Stabilized butanol dehydrogenase

Inoculation—> Acidogenesis —> Solventogenesis—> Sporulation

:> Earlier induction of
solventogenesis

fermentation, thereby leading to !

40h |

reduced fermentation time and
hence, productivity B
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Fig. 4 Influence of enhanced
NADH-generating capacity of
glycerol catabolism on furfural
transformation and alcohol
(butanol and ethanol)
biosynthesis in furfural-
challenged, glycerol-
supplemented cultures, during
ABE fermentation. DHAP
dihydroxyacetone phosphate,
AKR aldo/keto reductase, SDR
short chain dehydrogenase/
reductase, AD alcohol
dehydrogenase

Glycolysis — |

exhibit higher intracellular NADH and NADPH levels than
those grown solely on glucose (Ujor et al. 2014). Glycerol
catabolism generates NADH directly (Fig. 4). Given that
NAD" is a precursor for NADP™ in a reaction catalyzed by
ATP-NAD" kinase (Moat and Foster 1987; Heuser et al.
2007), glycerol metabolism can indirectly generate
NADPH, which likely explains intracellular increase in
NADPH levels in glycerol-supplemented cultures (Ujor
et al. 2014). The protein product of the gene, Cbei_ 1708,
in C. beijerinckii NCIMB 8052 is annotated as an ATP-
NAD" kinase. Interestingly, glycerol supplementation has
been shown to increase alcohol and aldehyde dehydroge-
nases activities in C. acetobutylicum, which play a central
role in butanol biosynthesis and transformation of furfural
and HMF to their less toxic alcohols (Girbal and Soucaille
1994; Vasconcelos et al. 1994; Girbal et al. 1995; Almeida
et al. 2008; Zhang et al. 2015).

Taken together, the presence of glycerol in the growth me-
dium increases intracellular supply of ATP and reducing equiv-
alents [NAD(P)H] critical for growth and LDMIC detoxifica-
tion by solventogenic Clostridium species, respectively. In-
creased intracellular NAD(P)H levels elicit a corresponding
increase in NAD(P)H-dependent LDMIC-detoxifying alcohol
and aldehyde dehydrogenases, which collectively amplify the
intracellular arsenal that directly combats LDMICs. Ultimately,
these activities (Fig. 4) result in rapid detoxification of LDMICs
and transition from acid to solvent production as evidenced by
reduced butyric and acetic acid levels in glycerol-supplemented
LDMIC-containing cultures of C. beijerinckii and Clostridium
pasteurianum (Ujor et al. 2014; Sabra et al. 2014). Further,
increases in the levels of aldehyde and alcohol dehydrogenases,
particularly butyraldehyde and butanol dehydrogenases, in
glycerol-supplemented cultures (Girbal and Soucaille 1994;
Girbal et al. 1995; Vasconcelos et al. 1994) may contribute to
butanol production following LDMIC detoxification (Fig. 4).
Ujor et al. (2014) reported a spike in glycerol/glucose utilization
ratio with increasing furfural concentration (4—6 g/L) during

@ Springer
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fermentation of glycerol-supplemented glucose media, which
suggests that the redox stresses caused by furfural enhanced
glycerol utilization. Increase in glycerol metabolism generated
a corresponding increase in intracellular NAD(P)H levels,
which are disposed of (oxidized to NAD(P)") by accelerated
transformation of LDMICs to less inhibitory alcohols and en-
hanced biosynthesis butanol and ethanol (Fig. 4).

Despite the positive effects observed with glycerol, most
solventogenic Clostridium species utilize glycerol poorly. Of-
ten, glycerol is utilized only when supplied as a co-substrate
with glucose. Hence, large amounts of glycerol are left unuti-
lized after fermentation, thereby constituting a major econom-
ic waste. Therefore, further studies are imperative to better
delineate roadblocks to glycerol utilization by most
solventogenic Clostridium species. Findings from such stud-
ies will forge a roadmap to genetic construction of efficient
glycerol-utilizing strains. Such strains will not only allow ef-
ficient conversion of glycerol, which is currently accumulated
in excess as a by-product of biodiesel production (Johnson
and Taconi 2007) to butanol but also ensure robust conversion
of LBH to butanol via glycerol supplementation.

Allopurinol supplementation: a new strategy
for mitigating the toxicity of LDMICs during ABE
fermentation

Allopurinol [4-hydroxypyrazolo-(3,4-D)-pyrimidine)] is an
analog of hypoxanthine primarily used in the treatment of gout
in humans (Rundles et al. 1963; Kelley et al. 1968). In vivo,
allopurinol is metabolized to oxypurinol [4,6-
dihydroxypyrazolo-(3,4-D)-pyrimidine], which competitively
inhibits xanthine dehydrogenase (XDH; Rundles et al. 1963;
Kelley et al. 1968). Oxypurinol inhibits XDH by binding
tightly to the latter, and in so doing competitively excludes
the natural substrates of XDH, xanthine, and hypoxanthine,
from binding to this enzyme (XDH), hence drastically
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reducing uric acid formation (Kelley et al. 1968). Although
allopurinol appears to be the least likely candidate for allevi-
ating LDMIC toxicity, addition of allopurinol to furfural-
challenged medium during ABE fermentation resulted in
marked increase in butanol production with corresponding
increase in cell growth (Ujor et al. 2015).

In furfural-challenged cultures of C. beijerinckii, supple-
mentation of the fermentation medium with allopurinol
(1 mM) enhances the rate of furfural detoxification, growth,
and ABE production (Ujor et al. 2015). However, the presence
of allopurinol in the fermentation medium did not increase
NAD(P)H levels. On the contrary, allopurinol supplementa-
tion did in fact mitigate the negative effects of nalidixic acid (a
DNA-damaging antibiotic) on growth and butanol production
by C. beijerinckii. Furfural compromises the cellular integrity
of fermenting microbial cells, which includes DNA damage
(Zdzienicka et al. 1978). It is deducible that allopurinol-
mediated mitigation of furfural toxicity is as a result of purine
salvage. XDH inhibition leads to the accumulation of purines,
xanthine, and hypoxanthine, both of which are precursors of
deoxyribonucleotides, the monomers for DNA replication and
repair (Kolberg et al. 2004). Thus, it is reasonable that the
excess hypoxanthine and xanthine resulting from XDH inhi-
bition by allopurinol is reutilized via the purine salvage path-
way for DNA replication and repair (Christiansen et al. 1997;
Xietal. 2000; Ujor et al. 2015). This assumption is supported
by the finding that genes encoding both hypoxanthine and
xanthine phosphoribosyltransferases (HPRT and XPRT), both
of which are key purine salvage enzymes, were upregulated in
C. beijerinckii grown in fermentation medium supplemented
with allopurinol during furfural challenge (Ujor et al. 2015). In
the same study, both inosine (precursor of hypoxanthine) and
xanthine were also found to produce modest increases in bu-
tanol production in furfural-challenged cultures.

In a similar study, the ability of Escherichia coli to tolerate
furfural increased following over-expression of thyA, which
encodes thymidylate synthase, an essential enzyme in de novo
biosynthesis of deoxythymidine monophosphate (dTMP).
Further, addition of the pyrimidine and pyrimidine precursor,
thymine and thymidine, as well as combination of tetrahydro-
folate and serine to the fermentation medium also enhanced
furfural tolerance in E. coli (Zheng et al. 2012). These find-
ings, therefore, suggest that increased supply of purine and
pyrimidine deoxyribonucleotides during exposure to furfural
stress enhances furfural tolerance owing to increased repair of
furfural-mediated DNA damage (Zheng et al. 2012; Ujor,
et al. 2015). In solventogenic Clostridium species, enhanced
recovery from furfural stress, particularly DNA damage, ulti-
mately streamlines the progression of cell growth to ensure
transition from the acidogenic to the solventogenic growth
phases. As demonstrated in E. coli (by overexpression of
thyA), overexpression of HPRT and XPRT as well as other
purine and/or pyrimidine salvage enzymes represents a

rational approach for combating furfural toxicity and perhaps,
toxicities stemming from other LDMICs in solventogenic
Clostridium species.

Increase in butanol production by redox modulations
that inhibit/limit hydrogen production

During ABE fermentation, acidogenesis is accompanied by a
high level of hydrogen production, which reduces upon tran-
sition to the solventogenic phase (Girbal et al. 1995; Honicke
et al. 2012; Du et al. 2015). Hydrogen production is reduced
during solventogenesis because the biosynthesis of butanol
and ethanol is NAD(P)H-dependent; hence, both pathways
compete with hydrogen biosynthesis for reducing equivalents
(Girbal and Souicaille 1998; Liitke-Eversloh and Bahl 2011;
Honicke et al. 2012). Therefore, drastic reduction of or com-
plete inhibition of hydrogen biosynthesis frees up extra reduc-
ing equivalents, which results in increased accumulation of
NAD(P)H and early initiation of solventogenesis and conse-
quently, higher butanol and ethanol titers (Girbal et al. 1995;
Girbal and Souicaille 1998; Liitke-Eversloh and Bahl 2011;
Honicke et al. 2012; Du et al. 2015).

One approach for achieving increased generation of
NAD(P)H is by the use of metabolic engineering tools to
construct mutant strains in which electron flow and carbon
flux are modulated to favor generation of NAD(P)H for buta-
nol biosynthesis (Liitke-Eversloh and Bahl 2011; Du et al.
2015). Another approach which has been classically
employed to achieve the same objective is the use of different
metabolic perturbations that lead to reduced hydrogen produc-
tion such as inhibition of hydrogenase activity by increasing
hydrogen partial pressure (Yerushalmi and Volesky 1985),
reversible inhibition of hydrogenase by carbon monoxide
sparging (Meyer et al. 1986), iron limitation (Peguin and
Soucaille 1995), and supply of artificial electron carriers such
as methyl viologen (MV) and neutral red (NR; Girbal et al.
1995; Peguin and Soucaille 1995; Honicke et al. 2012; Du
et al. 2015). These perturbations alter conventional flow of
electrons and carbon flux during fermentation to increase
NAD(P)H generation, thereby enhancing butanol and ethanol
biosynthesis at the expense of hydrogen production (Honicke
etal. 2012; Du et al. 2015).

For the purpose of this review, culture supplementation
with the artificial electron carriers, MV and NR (particularly
MYV, which has been studied more extensively), will be
discussed further in relation to increased butanol production.
A considerable body of evidence in the literature suggests that
both MV and NR share similar mechanisms of action, which
involves siphoning electrons from ferredoxin, the orthodox
carrier of electrons for hydrogen production (Girbal et al.
1995; Honicke et al. 2012; Du et al. 2015). During
acidogenesis, hydrogenase steals electrons from reduced
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ferredoxin (FdH,) for hydrogen production while pyruvate/
ferredoxin oxidoreductase (PFdOR) regenerates FdH, during
oxidative decarboxylation of pyruvate to acetyl-CoA, a key
intermediate in acid and solvent biosynthesis (Girbal et al.
1995; Honicke et al. 2012; Du et al. 2015). In the
solventogenic phase, however, re-oxidation of ferredoxin is
carried out by ferredoxin/NAD(P)" reductase (FNR) and in
so doing, generates ample reducing equivalents [NAD(P)H]
for butanol biosynthesis (Girbal and Soucaille 1998; Honicke
etal. 2012; Du et al. 2015).

Supplementation of the culture with MV and NR has been
shown to exert little or no effect on hydrogenase activity and
mRNA levels (Girbal et al. 1995; Honicke et al. 2012). On the
contrary, FNR activity and mRNA levels increase dramatical-
ly in response to MV or NR supplementation (Girbal et al.
1995; Honicke et al. 2012). Indeed, FNR has a higher affinity
for MV than ferredoxin as substrate (with a low K, value for
MYV), while hydrogenase has a high K, value for MV (MV is a
poor substrate for hydrogenase; Demuez et al. 2007). Honicke
et al. (2012) reported that while culture supplementation with
MV barely affects hydrogenase mRNA levels, the expression
of ferredoxin-encoding genes reduced considerably. Whereas

FNR/MVH or NRH complex

Reduced MV/NR

FdH,

NR
FdH,

Fig.5 Increased NADPH generation and reduced hydrogen biosynthesis
due to culture supplementation with methyl viologen (MV) or neutral red
(NR). a Cells supplemented with MV or NR in which hydrogenase (Hyd)
expression/activity does not change significantly while ferredoxin/NAD
(P)" reductase (FNR) is significantly upregulated, and ferredoxin (FdH,)
is downregulated. The abundant ferredoxin/NAD(P)" reductase binds to
the equally abundant MV/NR, leading to enhanced NADPH generation at
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these findings reveal a complex web of underlying genetic
events in M V-treated cells, some of which might be as a result
of cascade effect, interesting deductions can be drawn. For
instance, contrary to the notion that reduced hydrogen produc-
tion in MV- and NR-supplemented cultures was likely as a
result of depressed hydrogenase activity or expression, enzy-
matic and microarray analyses suggest otherwise (Girbal et al.
1995; Honicke et al. 2012). Therefore, the mechanism(s) by
which artificial electron carriers such as MV and NR exert
their effects on product formation could be attributed to re-
duced ferredoxin and increased FNR expression (Fig. 5).
Hydrogenase prefers FdH, over reduced MV as substrate,
thus, reduced levels of FdH, in MV-supplemented cultures
leads to decrease in hydrogen production due to diminished
interaction between hydrogenase and FdH,_a key prerequisite
for hydrogen biosynthesis. Further, concomitant increase in
the level of FNR, which prefers MV as substrate ultimately
translates to increased interaction between FNR and MV, and
consequently enhanced NAD(P)H generation (Fig. 5). Since
the intracellular levels of FdH, is low following MV supple-
mentation, MV becomes the prevalent electron carrier, and
thereby rendering the hydrogenase-catalyzed hydrogen

Hyd

the expense of hydrogen biosynthesis. b In cells un-supplemented with
MV/NR, hydrogenase and ferredoxin are more abundant than ferredoxin/
NAD(P)" reductase. Hence, there is more interaction between
hydrogenase and ferredoxin resulting in relatively higher hydrogen
production than NADPH generation. MVH reduced methyl viologen,
NRH reduced neutral red, Hyd no change in hydrogenase expression,
FdH?2 downregulation of ferredoxin, FNR upregulation of FNR



Appl Microbiol Biotechnol (2016) 100:1089-1099

1097

production unfavorable while enhancing NAD(P)H genera-
tion owing to increased MV-FNR interaction. The resulting
increase in NAD(P)H generation supplies ample reducing
power for butanol and ethanol biosynthesis.

Concluding remarks

Ever since the genomes of two major solventogenic
Clostridium species—C. acetobutylicum 824 and
C. beijerinckii NCIMB 8052—were sequenced, these bacteria
have been the focus of significant analyses and adaptive en-
gineering toward increasing solvent production (particularly
butanol) during ABE fermentation (Ezeji et al. 2010). In par-
allel, substrate cost has been widely recognized as a factor that
exerts a significant influence on the cost of biological produc-
tion of butanol, thus necessitating the use of alternative sub-
strates such as LDS. Although considerable advances have
been made on both fronts, low solvent productivity and inef-
ficient utilization of LDS by solventogenic Clostridium spe-
cies constitute a major stumbling block to the commercializa-
tion of bio-butanol production. Consequently, three broad re-
search efforts are currently under vigorous pursuit. First is the
use of transcriptomic and proteomic tools to better understand
the negative effects of solvents on the metabolism of
solventogenic Clostridium species as well as development of
appropriate technologies to mitigate solvent toxicity during
fermentation (Tomas et al. 2004; Honicke et al. 2012; Han
etal. 2013; Nietal. 2013). Second, isolation of new cellulases
and use of site-directed mutagenesis geared toward enhancing
the catalytic efficiency of cellulases, and thereby enhancing
LB deconstruction to LDS. Third, knockdown/deletion of ca-
tabolite control protein A (CcpA), the master effector of ca-
tabolite repression in solventogenic Clostridium species (Ren
et al. 2010), to override the intrinsic order of sugar utilization,
and thus enhance efficient utilization of mixed sugars (e.g.,
LDS). However, little attention is given to LDMICs and their
effects on solventogenic Clostridium species during fermen-
tation. Indeed, these inhibitors have contributed considerably
to recent failures reported during cellulosic ethanol scale-up
and commercialization. We are certain that without addressing
the inhibitory effects of butanol and LDMICs on
solventogenic Clostridium species during ABE fermentation,
it will be difficult to achieve butanol concentrations and yields
sufficient to warrant re-commercialization of biological buta-
nol production. We reason that information obtained with
“omics” and downstream processing technologies could be
used to elicit metabolic perturbations in fermenting microor-
ganisms to serve as a paradigm for solvent production im-
provement studies that judiciously exploit the intrinsic capac-
ity of these microorganisms to adapt to stressful conditions
such as high concentrations of butanol and LDMICs.

To achieve optimum performance with regards to butanol
yield and productivity, unraveling the dynamics of the molec-
ular interplays that underlie MV- or NR-induced increases in
butanol production seems an untapped area in the quest to better
understand the molecular physiology of these microorganisms
during ABE fermentation. For example, knockout or knock-
down of ferredoxin-, hydrogenase-, and/or FNR-encoding
genes in select solventogenic Clostridium species, with and
without MV or NR supplementation, may provide further in-
sights into how these artificial electron carriers enhance butanol
production. Data emanating from such studies may form the
basis for engineering a butanol-overproducing strain, which
excludes the economic burden of MV or NR supplementation.
Additionally, as demonstrated in E. coli (by overexpression of
thyA), overexpression of HPRT and XPRT as well as other
purine and/or pyrimidine salvage enzymes in solventogenic
Clostridium species may be a rational approach for combating
inhibitions stemming from LDMICs in LBHs and consequent-
ly, enhance LDS utilization for butanol production. Further,
evaluating the combined effect of Ca?* and Zn*" may prove
instructive for enhanced ABE productivity, particularly from
LDS with a view to improving the economics of LDS-based
ABE fermentation. Unraveling the specific mechanisms under-
lying Zn>*-mediated increase in solvent productivity will likely
contribute to rational design of a butanol overproducing strain
when combined with knowledge of Ca**-induced increase in
ABE productivity, cell growth, and solvent tolerance.
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