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Abstract Xylose is the second most abundant sugar derived
from lignocellulose; it is considered less desirable than glu-
cose for fermentation, and strategies that specifically increase
xylose utilization in wild-type cells are goals for biofuel pro-
duction. Xylose consumption, butanol production, and hydro-
gen production increased in both Clostridium beijerinckii and
a novel solventogenic bacterium (strain DC-1) when anthra-
quinone-2,6,-disulfonate (AQDS) or riboflavin were used as
redox mediators to transfer electrons to poorly crystalline
Fe(OH)3 as an extracellular electron sink. Strain DC-1 was
most closely related to Rhizobiales bacterium Mfc52 based
on 95% 16S rRNA gene sequence similarity, which demon-
strates that this response is not limited to a single genus of
xylose-fermenting bacteria. Xylose utilization and butanol
production were negligible in control incubations containing
cells plus 3% (w/v) xylose alone during a 10-day batch fer-
mentation, for both strains tested (n-butanol titers of
0.05 g L−1). Micromolar concentrations of AQDS and ribofla-
vin were added as electron shuttling compounds with poorly
crystalline Fe(OH)3 as an insoluble electron acceptor, and

respective n-butanol titers increased to 6.35 and 7.46 g L−1.
Increases in xylose consumption for the iron treatments were
relatively high, from less than 0.49 g L−1 (xylose alone, no
iron or electron shuttling molecules) to 25.98 and 29.15 g L−1

for the AQDS and riboflavin treatments, respectively.
Hydrogen production was also 3.68 times greater for the
AQDS treatment and 5.27 greater for the riboflavin treatment
relative to controls. Strain DC-1 data were similar, again indi-
cating that the effects are not specific to the genus
Clostridium.
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Introduction

Butanol (n-butanol) is used as a chemical feedstock in several
industrial sectors and has been suggested as a biofuel alterna-
tive to ethanol (Szwaja and Naber 2010; Cooney et al. 2009;
Masum et al. 2014). Biologically synthesized butanol is attrac-
tive as a supplement for the world’s gasoline-powered trans-
portation infrastructure due its favorable combustion proper-
ties and high energy content. However, substrate costs or poor
utilization, low productivity, and low solvent titers continue to
impede advancements of traditional industrial fermentations.

The current global market for n-butanol is estimated to be
$10 billion, and it is projected to grow annually at a rate of
15.1% until 2021 (de Maria 2016). Butanol is considered an
amendment to gasoline in lieu of ethanol or as a stand-alone
liquid fuel for next-generation vehicles; the latter use is less
likely given the current production (Harvey and Meylemans
2011). Although it is a low molecular mass alcohol, similar to
ethanol, it has much higher energy content. Complete butanol
combustion releases 29.2 MJ L−1 while ethanol releases
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19.6 MJ L−1 (Lee et al. 2008). Butanol is stable and has good
blending characteristics for use with traditional gasoline. It has
become a significant target for alternative energy platforms in
the USA and abroad. However, butanol derived from petro-
leum is undesirable due to uncertainty in the petroleummarket
and because petroleum-based fuels are regarded as less sus-
tainable than operationally defined renewable fuels. Synthetic
biological processes, such as acetone-butanol-ethanol (ABE)
fermentations, are being investigated to supplement these ap-
proaches (Jiang et al. 2009; Atsumi et al. 2008; Connor and
Liao 2009; Lee et al. 2012).

ABE fermentation is promising but does have several lim-
itations, including, but not restricted to low solvent yields,
poor substrate utilization, and low biomass conversion rates
(Green 2011). These limitations have been addressed through
genetic modifications and/or reactor engineering design alter-
ations (Harris et al. 2001; Qureshi and Maddox 1988; Roffler
et al. 1987). Both of these approaches have been successful,
but these strategies are typically proprietary, and they often
cannot be inserted into existing reactor infrastructure due to
economic infeasibility. Emerging biofuel markets are seeking
Bdrop-in^ technologies that will work with current reactor
designs with few modifications (Liang et al. 2002;
Alkasrawi et al. 2003). In addition, genetically modified or-
ganisms (GMOs) are often viewed skeptically by the public,
despite the strong progress made in the field.

Hemicellulose monomers such as xylose are desirable
feedstocks for industrial ABE production since they do not
compete directly with human food sources (Valentine et al.
2012). Xylose, a pentose sugar, comprises nearly 30% of all
plant-derived biomass (Kumar et al. 2009). Many organisms
cannot efficiently ferment xylose, or they lack the necessary
machinery to transport and assimilate it into central metabo-
lism (Gírio et al. 2010). This has made glucose the preferential
sugar substrate; it is readily fermented by most industrial
solvent-producing strains (El Kanouni et al. 1998).

Certain members of the genus Clostridium rely either on
xylose proton symporters or ATP-dependent xylose transport
proteins to move the sugar molecules across the cell mem-
brane (Servinsky et al. 2010). Xylose must be converted prior
to glycolysis, with steps that require ATP hydrolysis and re-
generation of NAD+ and NADP+ cofactors (Jeffries 1983).
While glucose is usually 100% fermented by the cells of in-
terest, xylose utilization in ABE fermentation can be 60% or
less, and these xylose-amended cultures typically have acetate
as a carbon co-substrate. Any strategies that increase xylose
utilization will be beneficial to mixed sugar fermentations that
rely on a variety of plant feedstocks (Xiao et al. 2012; Wu
et al. 2016; Mes-Hartree and Saddler 1982).

Previous reports using glucose as the sole substrate suggest
that electron mediators such as neutral red altered substrate
utilization, solventogenesis, and most recently, hydrogen pro-
duction (Park et al. 1999; Peguin and Soucaille 1995; Rao and

Mutharasan 1987; Ye et al. 2012). Butanol production was
increased in comparison to controls in pH-controlled, fed-
batch anode (electrode) reactors amended with methyl
viologen; the sole substrate was glucose in all cases (Peguin
and Soucaille 1996). More recently, the redox potential of a
fed-batch reactor was modified using a potentiostat to mimic
Bnear oxic^ conditions, and data indicated that solvent yield
increased relative to controls (Shin et al. 2002). Influencing
NAD+/NADH ratios was reported to increase production of
certain fermentation end products (Meyer and Papoutsakis
1989; Singh et al. 2009). However, glucose was the sole sub-
strate and the experiments did not directly address improving
substrate utilization due to extracellular electron transfer. The
data presented below were developed specifically to advance
xylose as a comparable substrate to glucose, with wild-type
solventogenic bacteria.

The following data demonstrate that Clostridium
beijerinckii and non-Clostridia fermentative cells can utilize
extracellular electron transfer molecules and ferric iron to alter
the normal flow of carbon and electrons during xylose fermen-
tation, thereby increasing both solventogenesis and xylose
utilization in ABE-producing organisms. Both of these are
desirable outcomes for eventual use in reactors with wild-
type organisms used in biofuel production.

Methods

Culture maintenance

Clostridium beijerinckii strain NCIMB 8052 was re-vegetated
from frozen spores to start each experiment. A 50-μL volume
of the spore suspension was used to inoculate 10 mL of fresh
tryptone-yeast-glucose (TYG) media, and this was incubated
at 37 °C for 28 h. Fresh TYG media was inoculated with 3%
(v/v) of a dormant culture of strain DC-1. This was incubated
for 28 h at 37 °C. TYG medium consisted of 30 g L−1

tryptone, 20 g L−1 glucose, and 10 g L−1 yeast extract in
nanopure water. TYG medium was prepared by dispensing
10 mL of media into anoxic Balch-type pressure tubes, and
each was sparged with nitrogen for 10 min in the liquid phase,
followed by a 1-min degassing of the headspace. Tubes were
capped with blue butyl stoppers and sealed with aluminum
crimps. The tubes were autoclaved for 15 min at 121 °C and
cooled prior to inoculation.

Experimental conditions

Experiments using xylose as the fermentation feedstock were
run in defined P2 medium, which consisted of 0.5 g L−1

KH2PO4, 0.5 g L−1 K2HPO4, 2.0 g L−1 (NH4)2SO4,
10 mL L−1 mineral mix (20 g MgSO4, 1 g MnSO4, 1 g
NaCl, and 1 g FeSO4), and 10 mL L−1 vitamin mix (100 g
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p-aminobenzoic acid, 1 g biotin, and 10 g thiamine). P2 media
for the batch fermentation containing Clostridium beijerinckii
NCIMB 8052 was prepared in 160-mL serum bottles; the
media was sparged with nitrogen for 15 min, and each head-
space was degassed for 5 min. P2 media for DC-1 batch fer-
mentation was prepared in anaerobic Balch tubes; the media
was sparged with nitrogen for 10 min in the liquid phase,
followed by a 1-min degassing of the headspace. Bottles and
tubes were capped, crimped, and autoclaved at 121 °C for
20 min on a liquid cycle. Final liquid volumes at the onset
of experimentation for Clostridium beijerinckii NCIMB 8052
and DC-1 were 100 and 10 mL, respectively. All experiments
were conducted without off-gas release.

C. beijerinckii cells (6% v/v) were transferred from a cul-
ture grown on TYG for 28 h into P2 media containing 6 g L−1

xylose; this was incubated for an additional 28 h. A 6% (v/v)
transfer of this culture was made to experimental 160-mL
bottles. Strain DC-1 was transferred from a dormant culture
to TYG media and allowed to incubate at 37 °C for 28 h.
Following the 28-h incubation, 6% (v/v) of the culture grown
on TYG was transferred to P2 media containing 6 g L−1 xy-
lose, this incubated for 28 h at 37 °C. A 6% (v/v) transfer of
this was made to experimental tubes, bringing the final vol-
ume to 10 mL at the start of each experiment.

The experiment in which glucose was used as the fermen-
tation substrate was prepared as described previously (Baer
et al. 1987). This media recipe contained supplementary ace-
tate in the form of ammonium acetate. The fermentation broth
was prepared under anoxic conditions in Balch tubes, and the
final glucose concentration was 6% (w/v). An additional rep-
licate was prepared in 160-mL serum bottles for pH monitor-
ing throughout the fermentation. Prior to autoclaving, bottles
were sparged and degassed with nitrogen, capped with blue
butyl stoppers, and crimped. Final liquid volume at the onset
of experimentation was 100 mL.

Stock solutions of 20 mM AQDS (Sigma, 98%), 20 mM
riboflavin (Sigma, 98 + %), and 1 M poorly crystalline Fe(III)
oxy(hydroxide) (poorly crystalline Fe(OH)3; also referred to
as BFeGel^ on figure axes) were prepared in nanopure H2O,
sparged for 15 min in the liquid phase, and degassed for 5 min
in the headspace with nitrogen which was passed over a heat-
ed copper column to remove trace oxygen (Lovley and
Phillips 1986). The bottles were then sealed with blue butyl
stoppers and crimped with aluminum caps. AQDS and ribo-
flavin stocks were autoclaved at 121 °C for 20 min on a liquid
cycle, and upon cooling, they were transferred to respective
experimental bottles at a previously optimized final concen-
tration of 500 μM prior to inoculation (Table S1). Chemical
structures of the oxidized versus reduced forms are illustrated
in Fig. S1.

Stock solutions of 600 g L−1 D-(+)-xylose (Alfa Aesar;
98 + %) and 600 g L−1 glucose (anhydrous; Fisher
Chemical) were prepared in nanopure H2O, and they were

degassed following the same procedures as listed above.
Anoxic sugar stock solutions were filter sterilized into exper-
imental triplicates using sterile 0.2-μm filters (Pall Supor
Membrane) prior to starting the experiments.

Samples were collected periodically over a 240-h period.
For each experimental analysis, 0.3 mL was withdrawn from
experimental triplicates using sterile, anoxic syringes, and
samples were filtered through 0.2-μm filters into autosampler
vials with 250-μL glass inserts (Lab Supply Distributors).
Screw top PFTE caps were used to seal the vials, and the
samples were stored at 4 °C until GC and HPLC analyses.
For the 100-mL batch fermentations, an additional 3 mL of
culture broth was removed from experimental bottles at each
time point, and these samples were dispensed into clean
15-mL screw top conical tubes for pH analysis. The pH was
analyzed immediately after sample withdrawal. Headspace H2

was analyzed following liquid sampling. Headspace gas
(0.5 mL) was withdrawn from each sample and analyzed as
described below.

Analytical techniques

Solvents were analyzed using a Shimadzu 2014 gas chromato-
graph with a flame ionization detector (GC-FID) equipped
with an autosampler and an Agilent DB-FFAP column
(30 m × 0.250 mm; 0.25-μm film thickness), using helium
as the carrier gas at a constant pressure of 125 kPa. Injector
and detector temperatures were 200 and 250 °C, respectively.
Liquid injections (1 μL) were used for sample analysis,
followed by a methanol wash step and two nanopure H2O
rinse steps prior to each successive injection. The temperature
program included a 40 °C initial dwell for 4 min, followed by
a temperature ramp at a rate of 50 °C min−1 until the column
oven reached 220 °C. The columnwas held at this temperature
for 4 min until cool down.

Xylose, glucose, and organic acids were analyzed using a
Dionex high-performance liquid chromatograph (HPLC)
equipped with a Bio-Rad HP-aminex column. The mobile
phase consisted of 5 mM degassed H2SO4, and the flow rate
was 0.6 mL min−1. Temperatures of the column oven and the
RI detector were 60 and 50 °C, respectively. Organic acids
were quantified using a UV-Visible wavelength detector set
at 210 nm. Xylose and glucose were quantified using a
Shodex RI-101 refractive index detector.

Headspace hydrogen was analyzed using a Shimadzu GC-
8A equipped with an internal thermal conductivity detector
(TCD) and a 100/120 Carbosieve SII column (10′ length ×
1/8″ outer diameter). Nitrogen was the carrier gas at a constant
pressure of 400 kPa. The TCD voltage was set at 60 V; the
column temperature was set at 50 °C, and the injector and
detector temperatures were both set at 150 °C. A Vici gas-
tight syringe was used to deliver a 0.5-mL injection volume
for each sample analyzed.
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The pH was measured with a Thermo Scientific OrionStar
A111 pH meter equipped with an Orion 9107BNMD probe.
The meter was calibrated prior to each use with a reference
standard buffer kit.

Biomass was quantified by measuring the total dry weight
of cells. Aluminum weigh boats were baked overnight at
100 °C and were cooled in a desiccation chamber. Weigh
boats containing cells were baked overnight at 100 °C and
subsequently weighed after cooling to determine the total
dry weight. Residual xylose was quantified and subtracted
from the total weight, thus providing a more accurate biomass
reading.

Kinetic modeling

A modified Gompertz equation (Eq. 1) was used to fit the
cumulative metabolite production curve to obtain the metab-
olite production rate RMetabolite for butanol (Lin and Lay 2004;
Mu et al. 2006, 2007; Zwietering et al. 1990; Zhang et al.
2013). Specific production rate (in units of grams Butanol
L−1 h−1) were calculated by normalizing the RButanol by the
volume of the medium in the batch experiments. The same
equation was also used to fit the substrate utilization, plotted
as substrate utilized versus time. Substrate utilization rates are
expressed as gram per liter per hour. λi is in units of hours.

P ¼ Pmax � exp −exp
exp 1ð Þ � R
Pmax λ−tð Þ þ 1

� �� �
ð1Þ

Electron flux analysis

Electron flow modeling and the metabolic stoichiometric
equations used in this model were adapted from previously
described metabolic flux analyses, where it was assumed that
(1) no intracellular intermediates accumulate during fermen-
tation and (2) NADH remained balanced throughout the fer-
mentation (Du et al. 2015; Ye et al. 2011; Lee et al. 2009).
Xylose consumption and metabolite production data were
used to calculate the total number of electrons liberated based
on oxidation half reactions for each. Complete xylose oxida-
tion was assumed to yield 20 electrons per mol fermented;
biomass, butanol, ethanol, acetone, hydrogen, acetate, and
butyrate productions were assumed to consume 28, 24, 12,
16, 2, 8, 20 electron equivalents per mol, respectively. The
following assumptions were made on a per mol basis:

& 1.67 mol pyruvate is generated per mol xylose from
glycolysis

& Electron consumption from electron mediator reduction is
negligible

& Ferric iron (poorly crystalline Fe(OH)3) reduction con-
sumes 1meq electrons per mMFe3+ reduced to Fe2+ based

on a generalized stoichiometric iron reduction equation
(Eq. 2):

Fe3þ þ e−→Fe2þ ð2Þ

Results

Electron shuttle-enhanced xylose utilization
and solventogenesis in C. beijerinckii NCIMB 8052

Ten-day, static batch fermentations demonstrated that electron
shuttling to ferric iron increased xylose consumption and bu-
tanol production with 3% xylose as the sole fermentable sub-
strate. Acetate was not supplemented in any experiment (i.e.,
true Bxylose-alone^ conditions). Xylose consumption (from a
30 g L−1 input) was limited in the controls containing cells
plus xylose alone (0.49 g L−1), along with the incubation
containing poorly crystalline Fe(OH)3 alone (3.76 g L−1;
Table 1) though xylose consumption and butanol production
in the poorly crystalline Fe(OH)3 alone incubations were
higher than xylose only controls. However, cells amended
with riboflavin or AQDS plus poorly crystalline Fe(OH)3 con-
sumed 29.15 and 25.98 g L−1 xylose, respectively. In the ab-
sence of poorly crystalline Fe(OH)3, xylose consumption was
minimal for fermentations amended with either AQDS
(0.51 g L−1) or riboflavin alone (1.43 g L−1; Fig. S2).

Butanol production in controls containing xylose alone
(0.05 g L−1; Fig. 1) or poorly crystalline Fe(OH)3 plus xylose
(0.26 g L−1; Table 1) was relatively limited after 10 days of
incubation. Cells amended with poorly crystalline Fe(OH)3
plus AQDS or riboflavin produced butanol at much higher
concentrations (Fig. 1); the respective butanol titers for
AQDS and riboflavin amended batches were 6.34 and
7.45 g L−1. The rates of butanol production were also signif-
icantly higher (P < 0.05; Table S3) in the electron shuttle-
amended incubations (Table 1).

The solubility of the specific electron sink influenced
xylose consumption and butanol production in ABE fer-
mentations. Soluble iron in the form of Fe3+ citrate was
also utilized as an electron sink in fermentations contain-
ing 3% xylose to which AQDS or riboflavin was not
added. After 10 days of growth, respective xylose con-
sumption and butanol production levels were 21.88 and
6.01 g L−1 (Fig. 1), which are similar to those with AQDS
plus insoluble poorly crystalline Fe(OH)3 and riboflavin
plus poorly crystalline Fe(OH)3. Citrate alone was not
fermented (Fig. S3). However, xylose fermentations
amended with 20 mM citrate produced 4.1 times less bu-
tanol than the Fe3+ citrate-amended triplicate (Fig. S3).
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The increase in solvent production in the shuttle-amended
experimental data was fitted using a modified Gompertz equa-
tion as previously reported (Lin and Lay 2004; Mu et al. 2006,
2007; Zwietering et al. 1990; Zhang et al. 2013). Xylose con-
sumption rates for the treatments containing poorly crystalline
Fe(OH)3 supplemented with AQDS and riboflavin were 104
times and 148 times greater than those for the control and 6.7

times and 9.6 times greater than those for the treatment
amended with poorly crystalline Fe(OH)3 plus xylose, respec-
tively (Table 1; Fig. S4). The Gompertz function was unable
to fit the data generated for butanol productivity in the batch
that was amended with cells plus 3% xylose (alone) due to the
low levels of butanol production in the controls (see inset
within Fig. 1).

Acetone concentration was lower than butanol in all fer-
mentations containing shuttles plus poorly crystalline
Fe(OH)3. Acetone was not detected in controls containing
cells plus xylose alone, and minimal acetone (0.02 g L−1)
was generated in the 20 mM poorly crystalline Fe(OH)3 ex-
perimental treatment (Fig. S5). Acetone titers of 0.49 and
1.2 g L−1 were quantified in fermentations amended with
AQDS and riboflavin, respectively.

Glucose fermentation by C. beijerinckii NCIMB 8052

Ten-day batch fermentations using C. beijerinckii NCIMB
8052 with 6% glucose as the sole fermentable substrate were
conducted to demonstrate that the wild-type cells used in these
experiments functioned identically to strain 8052 reported in
other studies, to negate the possibility that the xylose data
were an artifact of a degenerate strain of C. beijerinckii
NCIMB 8052. The fermentations were conducted using con-
ditions identical to past reports and contained acetate-
amended P2 media with 6% glucose (Bryant and Blaschek
1988). The fermentations ran longer than typical glucose-fed
cultures, but this was likely due to smaller inoculum volumes
and differences in how the batch cultures were incubated (stat-
ic versus agitated). Despite the slightly longer incubation time,
the resulting products were very similar to the reported data.

Butanol was produced in all treatments (Fig. 2), and the
glucose-only controls had similar or identical solvent titers to
previously reported studies (Formanek et al. 1997; Zhang and
Ezeji 2013). Poorly crystalline Fe(OH)3, with or without elec-
tron shuttle amendments, increased butanol production in a

Table 1 C. beijerinckii NCIMB 8052 volumetric rate of butanol production and xylose consumption in 100-mL batch fermentations containing 3%
xylose. Values for rates of butanol production and xylose consumption (g L−1 h−1) represent the volumetric productivity for each experimental triplicate

Butanol productivity
(g L−1 h−1; P < 0.05)

Butanol Pmax (g L
−1;

P < 0.05)
Xylose consumed
(g L−1)

Xylose consumption rate
(g L−1 h−1; P < 0.05)

Butanol yield
(g g−1)

Cells + xylose control ND* ND* 0.48 ± 0.06 0.003 ± 0.00 0.10 ± 0.03

500 μM AQDS ND* ND* 0.51 ± 0.25 ND* 0.11 ± 0.07

500 μM riboflavin ND* ND* 1.43 ± 0.43 ND* 0.03 ± 0.01

20 mM FeGel 0.003 ± 0.00 0.26 ± 0.02 3.76 ± 0.76 0.051 ± 0.01 0.07 ± 0.02

20 mM iron(III) citrate 0.163 ± 0.04 6.53 ± 0.30 21.88 ± 1.28 0.336 ± 0.06 0.27 ± 0.00

500 μM AQDS
+20 mM FeGel

0.192 ± 0.04 6.70 ± 0.20 25.98 ± 0.88 0.342 ± 0.02 0.24 ± 0.00

500 μM riboflavin
+20 mM FeGel

0.125 ± 0.02 6.77 ± 0.28 29.15 ± 1.52 0.488 ± 0.03 0.26 ± 0.00

ND* Not Determined

Fig. 1 Butanol production and xylose consumption using C. beijerinckii
NCIMB 8052 and 3% xylose as the sole fermentable substrate. Results
are the means of triplicate incubations; bars indicate one standard
deviation
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manner similar to the xylose-fermenting cultures, but the var-
iations amongst treatments were not as large (Fig. 2). This is
consistent with previous data suggesting the extracellular elec-
tron transfer effect is minimal with glucose as the sole fer-
mentable substrate, suggesting it is better as a strategy for
targeting less efficient carbon molecules such as xylose (Ye
et al. 2012).

Hydrogen production with xylose and glucose

Hydrogen concentrations increased in the presence of electron
shuttles plus ferric iron (Figs. S6 and S7), while the control
containing cells alone and 6% glucose was 1.7–1.9 times less

than these treatments after 240 h (Fig. S8). These data are
consistent with previous results suggesting that hydrogen pro-
duction increased as a response to electron shuttling (Zhang
et al. 2013; Ye et al. 2011).

Electron shuttling-enhanced xylose utilization
and solventogenesis in strain DC-1

Strain DC-1 is a novel solventogenic culture that was isolated
from crystalline cellulose-fed enrichments developed from
woodland marsh sediment at Clemson University (in progress).
The 16S rRNA gene sequence analysis indicated that DC-1
shares a 95% sequence similarity to Rhizomicrobium electricum
Mfc52 (Rhizobiales bacteriumMfc52, AB365487.1), and all da-
ta indicate that this is a novel species or genus of solvent-
generating eubacteria. Strain DC-1 is phylogenetically distinct
from most ABE-producing organisms, but it possesses similar
metabolic characteristics, including the ability to carry out ABE
fermentation. Furthermore, the bacterium forms central endo-
spores, and terminal inclusion bodies are visible in both sporu-
lated and non-sporulated cells suggesting morphological differ-
ences between it and the other ABE-generating genera or
species.

Using nearly identical fermentation conditions as for C.
beijerinckii NCIMB 8052, strain DC-1 was tested to determine
if electron shuttles plus ferric iron influenced xylose consumption
and butanol production in a similar manner. The only difference
was that strain DC-1 fermentations were performed in 10-mL
Balch tubes, rather than 100-mL bottles. Cells incubated with
3% xylose alone produced little butanol (0.11 g L−1) relative to
cells incubated with poorly crystalline Fe(OH)3 (7.58 g L−1) or

Fig. 2 Butanol production in acetate-amended fermentations using C.
beijerinckii NCIMB 8052 with 6% glucose as the sole fermentable sub-
strate. Results are the means of triplicate incubations; bars indicate one
standard deviation

Fig. 3 Butanol, acetone, ethanol, acetate, and butyrate production using C. beijerinckii NCIMB 8052 and strain DC-1, with 3% xylose as the sole
fermentable substrate. Results are the means of triplicate incubations; bars indicate one standard deviation
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AQDS or riboflavin (both approximately 8 g L−1) (Fig. 3;
Table 2). Xylose consumption for the 3% xylose-alone control
and the 20mMpoorly crystalline Fe(OH)3-amended incubations
were 3.07 g L−1 and 8.41 g L−1 (Fig. 4), respectively. In com-
parison, the poorly crystalline Fe(OH)3-amended treatments that
contained AQDS or riboflavin had respective xylose consump-
tion values of 29.2 g L−1 and 29.6 g L−1 (Fig. 4). Kinetic data for
xylose consumption and butanol production by treatment, quan-
tified using the modified Gompertz equation, are listed in
Table 2.

Electron distribution analysis

Approximately 69–81% of all end product electron equiva-
lents (including those consumed from acidogenic pathways
used for the formation of butanol) liberated from pyruvate
were consumed by the butanol pathway, and only 10–11%
of the reducing equivalents contributed to the acidogenic path-
ways in the shuttle-amended treatments and the treatment
amended with ferric citrate (Table S2). The combined acetate
and butyrate pathways accounted for the largest end product
electron distribution (32%) in the cells plus xylose control.

The number of electron equivalents consumed by the
control incubations in the hydrogen pathway was 2–3.5
times greater than that in the iron and shuttle-amended
batch incubations, indicating that overall electron flow
was shunted away from the hydrogenase pathway to-
wards the longer chain alcohols and ketones within
these treatments. Calculated ATP generation was consis-
tent throughout the control and the experimental incu-
bations, with respect to the amount of xylose consumed
(Fig. 1).

Solvent yields

Total butanol yields for treatments containing the terminal
electron acceptor poorly crystalline Fe(OH)3 and amended
AQDS were 2.4 and 6.5 times greater than those for con-
trols containing xylose alone for C. beijerinckii NCIMB
8052 and strain DC-1, respectively (Tables 1 and 2).

Treatments amended with poorly crystalline Fe(OH)3
and riboflavin had butanol yields of 2.6 and 6.75 times
higher than that of the cells plus xylose control for C.
beijerinckii and strain DC-1 (Tables 1 and 2). In compar-
ison, strain BA101, a butanol hyperproducing mutant of
C. beijerinckii NCIMB 8052, had only 1.2 times higher
butanol yield than the wild type when xylose was used as
the fermentation substrate (Qureshi et al. 2008).

Discussion

Electron shuttling was the primary driver in substantially in-
creasing both productivities and yields from xylose, making
batch fermentation kinetics more favorable, notably in that
these cultures were incubated without supplemental acetate
(to increase butanol yield). These levels of xylose consump-
tion have thus far only been reported for genetically modified
Clostridium strains, where the xylose utilization genes had
been altered to increase uptake and metabolism; to the best
of our knowledge, this is the first report of nearly 100% xylose
utilization in wild-type C. beijerinckii NCIMB 8052 with

Table 2 Butanol productivities and xylose consumption rates for DC-1 batch fermentation. Fermentations were carried out in 10-mL tubes with 3%
xylose as the feedstock. Values for rates of butanol production (g L−1 h−1) represent the volumetric productivity for each experimental triplicate

Butanol productivity (g L−1 h−1;
P < 0.05)

Butanol Pmax (g L
−1;

P < 0.05)
Xylose consumption rate
(g L−1 h−1)

Butanol yield
(g g−1)

Control ND* ND* 0.219 ± 0.09 0.03 ± 0.01

20 mM FeGel 0.018 ± 0.00 1.83 ± 0.04 0.078 ± 0.01 0.18 ± 0.02

500 μM AQDS +20 mM
FeGel

0.218 ± 0.04 7.72 ± 0.26 0.742 ± 0.15 0.25 ± 0.02

500 μM riboflavin +20 mM
FeGel

0.161 ± 0.02 8.24 ± 0.30 0.605 ± 0.09 0.26 ± 0.01

ND* Not Determined

Fig. 4 Xylose consumption after 10 days of fermentation using C.
beijerinckii NCIMB 8052 or strain DC-1. The inset indicates xylose
consumption with the electron shuttles AQDS or riboflavin, without
poorly crystalline Fe(OH)3. Results are the means of triplicate
incubations; bars indicate one standard deviation
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concomitant increases in butanol production (Li et al. 2013;
Xiao et al. 2011). Results were identical using a xylose-
fermenting novel strain most closely related to members of
the Rhizobiales, indicating the physiological response is not
limited to a specific order of microorganisms, but rather influ-
ences the xylose fermentation pathway irrespective of taxo-
nomic affiliation.

Experiments with glucose were conducted with ace-
tate added to the growth medium, which is the standard
culturing condition for this strain (Bryant and Blaschek
1988). Glucose-grown cultures utilized nearly 100% of
the added glucose on a consistent basis, although extra-
cellular electron transfer did slightly increase butanol
production. Previous studies have indicated that acetate
influenced ABE fermentations by inducing expression of
the sol operon or acting as a direct substrate for
acetoacetyl-CoA, thus increasing solvent production
(Chen and Blaschek 1999). However, acetate was with-
held from all xylose fermentation experiments in an
effort to simplify the culture conditions and isolate the
effects of Fe3+ plus electron shuttles, by eliminating
another carbon/electron donating molecule from the
reactions.

Engineering processes to provide the highest metabo-
lite yield are paramount in industrial fermentation de-
sign. Ideal processes have the highest stoichiometric ra-
tios of metabolite produced-to-substrate consumed. As
mentioned previously, the fermentations in this study
were not performed in the presence of exogenous ace-
tate, a supplementary carbon source which increases
ABE fermentation efficiency. Furthermore, supplementa-
tion of this value-added product would contribute to an
overall decrease in the ratio of carbon transformed into
butanol, thus rendering the process economically infea-
sible if performed on the scale required to meet current
alternative energy demands. These data demonstrate a
strategy for specifically targeting xylose uptake and uti-
lization in biofuel-producing wild-type cells, which can
be easily retrofitted to existing fermentation systems
without needing to modify reactor infrastructure. Any
technologies that increase xylose fermentation make
pre-treated lignocellulose more feasible as a feedstock.
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