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Pretreatments such as dilute acid at elevated temperature are
effective for the hydrolysis of pentose polymers in hemicellulose
and also increase the access of enzymes to cellulose fibers. How-
ever, the fermentation of resulting syrups is hindered by minor
reaction products such as furfural from pentose dehydration. To
mitigate this problem, four genetic traits have been identified that
increase furfural tolerance in ethanol-producing Escherichia coli
LY 180 (strain W derivative): increased expression of fucO, ucpA,
or pntAB and deletion of yqhD. Plasmids and integrated strains
were used to characterize epistatic interactions among traits and
to identify the most effective combinations. Furfural resistance
traits were subsequently integrated into the chromosome of LY180
to construct strain XW129 (LY180 AyqghD ackA::Py.qcfucO-ucpA)
for ethanol. This same combination of traits was also constructed
in succinate biocatalysts (Escherichia coli strain C derivatives) and
found to increase furfural tolerance. Strains engineered for resis-
tance to furfural were also more resistant to the mixture of inhib-
itors in hemicellulose hydrolysates, confirming the importance of
furfural as an inhibitory component. With resistant biocatalysts,
product yields (ethanol and succinate) from hemicellulose syrups
were equal to control fermentations in laboratory media without
inhibitors. The combination of genetic traits identified for the pro-
duction of ethanol (strain W derivative) and succinate (strain C
derivative) may prove useful for other renewable chemicals from
lignocellulosic sugars.

lignocellulose | metabolic engineering

he carbohydrate component of lignocellulose represents a

potential feedstock for renewable fuels and chemicals (1-3),
an alternative to food crops and petroleum. However, the cost-
effective use of lignocellulosic sugars in fermentation remains
challenging (4, 5). Unlike starch, lignocellulose has been de-
signed by nature to resist deconstruction (2, 6). Crystalline fibers
of cellulose are encased in a covalently linked mesh of lignin and
hemicellulose. Steam pretreatment with dilute mineral acids is
an efficient approach to depolymerize hemicellulose (20-40% of
biomass dry weight) into sugars (hemicellulose hydrolysate, pri-
marily xylose) and to increase the access of cellulase enzymes
(2, 3, 6). However, side-reaction products (furfural, 5-hydroxy-
methylfurfural, formate, acetate, and soluble lignin products) are
formed during pretreatment that hinder fermentation (7, 8). Fur-
fural (dehydration product of pentose sugars) is widely regarded
as one of the most important inhibitors (6-8). The concentration
of furfural is correlated with the toxicity of dilute acid hydro-
lysates (9). Although overliming to pH 10 with Ca(OH), can be
used to reduce the level of furfural and toxicity, inclusion of this
step increases process complexity and costs (9, 10).

Escherichia coli and yeasts have proven to be excellent bio-
catalysts for metabolic engineering (11, 12). However, both are
inhibited by furan aldehydes (7, 8, 13-15) and both contain
NADPH-dependent oxidoreductases that convert furfural and
hydroxymethylfurfural (dehydration product of hexose sugars)
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into less toxic alcohols (15-17). It is this depletion of NADPH
by oxidoreductases such as YqhD (low K, for NADPH) that has
been proposed as the mechanism for growth inhibition in E. coli
(Fig.1) (18-20). Growth resumed only after the complete re-
duction of furan aldehydes (19). A similar furan aldehyde-induced
delay in growth has been reported for fermenting yeasts (14, 15).
The NADPH-intensive pathway for sulfate assimilation was iden-
tified as an early site affected by furfural (18). Addition of cysteine
(18), deletion of yghD (19) or increased expression of pntAB
(transhydrogenase for interconversion of NADH and NADPH)
increased tolerance to furan aldehydes (18, 21) (Fig. 1). Furfural
tolerance was also increased by overexpression of an NADH-
dependent propanediol (and furfural) oxidoreductase (FucO)
normally used for fucose metabolism (17) and by overexpression
of a cryptic gene (ucpA) adjacent to a sulfur assimilation operon
(22) (Fig. 1). However, none of these traits alone fully eliminated
the problem of furfural toxicity.

Little is known about the interactions among these four genetic
traits. In this study, combinations of traits were constructed and
tested for furfural tolerance in a derivative of E. coli W (LY180).
Optimal combinations identified for ethanol production by LY180
derivatives were subsequently reengineered into strain KJ122,
strain C engineered to produce succinate (precursor for sol-
vents and plastics) (17). Resulting strains exhibited an increase
in furfural tolerance and an increase in tolerance to toxins in
hemicellulose hydrolysates.

Results

Epistatic Interactions Among Four Furfural Resistance Traits in
Ethanologenic LY180. Previous studies have shown that deletion
of yghD and increased expression of fucO, ucpA, or pntAB from
plasmids each improved growth of ethanologenic E. coli LY180
in the presence of 10 mM furfural (17-19, 22). Further con-
structions (SI Text and Table S1) were made to allow a compari-
son of all combinations of these genetic traits using pTrc99a-based
plasmids for expression of target genes (fucO, ucpA, and fucO-
ucpA). Three new derivatives of LY180 were constructed for use
as host strains: AyghD, adhE::pntAB, and AyqhD adhE::pntAB.
Integration of pntAB behind the adhE promoter in LY180 pro-
vided furfural tolerance equivalent to pTrc99a expressing pntAB
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Fig. 1. Model showing relationships of furfural resistance traits, metabolism,
and reducing cofactors. NADPH-linked reduction of furfural by YghD is pro-
posed to compete with biosynthesis, starving key steps in biosynthesis such as
sulfate assimilation (18, 19). Deletion of yghD or increased expression of pntAB
(NADH/NADPH transhydrogenase) mitigated this problem by increasing the
availability of NADPH. Overexpression of fucO increased the rate of furfural
reduction and used NADH, an abundant cofactor during sugar fermentation
(17). The cryptic gene ucpA is required for native furfural tolerance and
further increased furfural resistance when overexpressed (22).

Biosynthesis

(uninduced). Higher levels of pnt4B expression with inducer were
inhibitory in the absence or presence of furfural (18).

Ethanol production from 100 g/L xylose was complete after 48 h
in control cultures lacking furfural (Fig. 24). Ethanol production

>
09)

at this time point was selected as a comparative measure of
tolerance to 15 mM furfural. All individual traits except fucO
improved ethanol production in the presence of 15 mM furfural
(Fig. 24). Combinations of two traits (Fig. 2B) were more effective
than single traits with two exceptions: (i) AyghD with pntAB in-
tegration and (if) AyghD with the ucpA plasmid (pLOI4856). All
binary combinations with fucO were beneficial. Because growth
and ethanol production were also inhibited by excess pntAB ex-
pression (18), the negative interactions between pntAB (increased
NADPH production) and AyghD (reduced NADPH consump-
tion) could result from a similar problem. The poor performance
of LY180 AyghD containing the ucpA plasmid suggests that this
cryptic gene may be associated with a similar action. Among ter-
nary combinations, the combination of AyghD adhE::pntAB and
ucpA plasmid was particularly sensitive to furfural inhibition.
Ethanol titer was low (13 g/L) when all four genetic traits were
combined, comparable to strains with a single resistance trait (Fig.
2B). The most effective combinations were plasmid expression of
fucO-ucpA in a host strain with either AyghD or adhE::pntAB.
Both constructs produced close to 30 g/L ethanol after 48 h in
medium with 15 mM furfural, about 70% of the ethanol titer in
control fermentations without furfural (Fig. 2B).

Constructing Plasmid-Free Strains for Ethanol Production (Integration
of fucO-ucpA). The use of plasmids, antibiotics, and expensive
inducers allowed an investigation of gene interactions but is
unlikely to provide the desired genetic stability needed for com-
mercial strains. Chromosomal integration of fucO-ucpA behind a
strong promoter such as ackA4 (highly expressed in mRNA arrays)
(18, 20, 22) was tested as a replacement for plasmid pTrc fucO-
ucpA in LY180 adhE::;pntAB and LY180 AyghD. However, FucO
activity of the integrated strains was low (Fig. 34) and furfural
tolerance (12.5 mM) was unchanged (Fig. 3B). Integration behind
the strong pfiB promoter (18, 20, 22, 23) also did not provide
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Fig. 2.

Epistatic interactions of furfural resistance traits during ethanol production. Fermentations were conducted in isopropyl-g-D-1-thiogalactopyranoside

mineral salts medium (100 g/L xylose, 0.1 mM IPTG, and 12.5 mg/L ampicillin) with 15 mM furfural. (4) Single furfural-resistant traits. LY 180 containing empty
vector pTrc99a (EV) was included as a control with and without furfural. LY180 AyghD and LY180 adhE::pntAB also contained an empty vector to reduce
differences related to plasmid burden. (B) Comparison of furfural tolerance for ethanol production (48 h). Test strains contain either empty vector or plasmids
for expression of fucO, ucpA, or fucO-ucpA. Ethanol titers of parent strain LY180 (hatched bars) were included with or without furfural for comparison.
Modified strains contain a single trait (open bars), two traits (light gray bars), three traits (dark gray bars), or four traits (black bar). Strain XW129 (LY 180
AyqhD ackA::P,,qcfucO-ucpA) was obtained after promoter engineering and chromosomal integration (purple bar). The four-color boxes at the top represent
a key to genetic traits. Stacked boxes correspond to traits in each respective strain. Data represent averages of at least two experiments with SDs.
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Fig. 3. Comparison of in vitro furfural reductase activity and furfural re-
sistance. NADH-linked furfural-dependent reductase activity (A) and furfural
tolerance for growth (B) are shown for plasmid-free strains containing
predicted optimal combinations of furfural resistance traits. Cell mass was
measured from tube cultures (n = 3) grown for 48 h in AM1 minimal media
containing 50 g/L xylose with 12.5 mM furfural. Data represent averages of
at least two experiments with SDs.

sufficient expression of fucO-ucpA for furfural tolerance. Clearly,
a more efficient approach was needed.

A function-based selection was used to identify a useful pro-
moter. A promoter probe vector was constructed for fucO-ucpA
as a derivative of pACYC184 (low copy) with an appropriately
engineered upstream BamH1 site (Fig. S14 and SI Text). Random
Sau3Al fragments (E. coli W chromosome) were ligated into this
site, and resulting plasmids transformed into LY180 AyghD. After
selection for large colonies on furfural (12 mM) plates and further
screening, the most effective promoter was identified by se-
quencing as a 600-bp internal fragment of the E. coli yadC gene,
designated Py,4¢, in plasmid pLOI5259 (Fig. S1B). With this
promoter, constitutive expression of fucO on a low-copy plasmid
(pPACYC184) was equal to induced expression of fucO from a
high-copy plasmid (pTrc99a) (Fig. S1). The nucleotide sequences
for this promoter and more details concerning isolation are in-
cluded in ST Text.

The expression cassette from pLOI5S259 (ackA'::PyuucfucO-
ucpA -ackA’) was amplified by PCR (Table S1) and integrated
into the chromosomes of LY 180 AyghD and LY 180 adhE::pntAB
by precisely replacing the ackA coding region including 22 bp im-
mediately upstream. Resulting strains were designated XW129 and
XW131, respectively. Although both integrated strains produced

Wang et al.

fourfold to sixfold higher FucO activity than the respective parent
strain (Fig. 34), furfural tolerance was only improved in XW129
(Fig. 3B). It is possible that the higher level of FucO produced
with plasmids (0.7 U/mg protein; Fig. S1D) is required to in-
crease tolerance in the adhE:pntAB strain (XW131), where
yqhD remains functional. Further studies have focused on the
useful combination of genetic traits assembled in XW129 (AyghD
and increased expression of fiucO-ucpA).

Integration of Traits Restored Ethanol Fermentation in 15 mM Furfural.
Strain XW129(LY180 AyghD ackA::Pyu4cfucO-ucpA) was com-
pared with the parent LY180 during batch fermentation in AM1
mineral salts medium (100 g/L xylose) with and without 15 mM
furfural (Fig. 4 A and B). In the absence of furfural, ethanol yields
for both strains were equal. In the presence of 15 mM furfural,
growth and fermentation of LY180 was completely blocked. Only
5 mM furfural was metabolized (reduced to furfuryl alcohol) by
LY180 after 72 h. Addition of 15 mM furfural delayed the growth
of strain XW129 by 24 h, during which time furfural was fully
reduced. However, the time required to complete fermentation
was extended by only 6 h. The final ethanol yield for strain XW129
with 15 mM furfural was equal to the control without added fur-
fural, 90% of the theoretical yield. Despite being sixfold lower in
FucO activity (Fig. 34 and Fig. S1D), ethanol titers (32 g/L after
48 h) for strain XW129 (LY180 AyghD ackA::PyqqcfucO-ucpA)
with integrated fucO-ucpA were equivalent to LY 180 AyghD with
induced expression of fucO-ucpA from plasmids (Fig. 2B). This
suggests that the metabolic burden of plasmid maintenance and
producing larger amounts of target protein (FucO, UcpA) may
have countered any benefit from the additional activities.

Furfural-Resistance Traits also Increased Resistance to Hemicellulose
Hydrolysate. The inhibitory role of furfural in dilute acid hydro-
lysates of hemicellulose was confirmed in part by a comparison of
batch fermentations containing sugarcane bagasse hemicellulose
hydrolysate (Fig. 4C). The onset of rapid ethanol production was
delayed in hydrolysate, similar to the delay with 15 mM furfural
in AM1 medium containing 10% xylose (Fig. 4B). The onset of
rapid ethanol production in AM1 medium with furfural and in
hydrolysate medium (LY180 and XW129) again coincided with
the depletion of furfural. Although total fermentation time in
hydrolysate medium and final ethanol titers were similar for both
the parent L'Y180 and the engineered strain XW129, the furfural-
resistant XW129 reduced furfural at twice the volumetric rate of
LY180. This more rapid reduction of furfural by XW129 short-
ened the initial delay in ethanol production by 24 h, half that of
the parent (Fig. 4C).

Reengineering E. coli KJ122 for Conversion of Hemicellulosic
Hydrolysates to Succinate. Strain L.Y180 is derived from E. coli
KO11, a sequenced strain that has acquired many mutations
during laboratory selections for growth in mixed sugars, high
sugars, lactate resistance, and other conditions (24-26). It is pos-
sible that some of the mutations in KO11 or the heterologous
genes encoding ethanol production in this strain may be critical
for engineering furfural tolerance and improving resistance to
hemicellulose hydrolysate. To address this concern, we have re-
constructed the optimal traits for furfural resistance in KJ122,
a succinate-producing derivative of E. coli C (27). Initially, strain
KJ122 was unable to effectively ferment 100 g/L xylose (Fig. 54).
Mutants with fivefold improvement of succinate titer were readily
selected after 40 generations of serial cultivation in xylose AM1
medium. A clone was isolated and designated XW055 with a suc-
cinate yield from xylose of 0.9 g/g, equivalent to the yield reported
previously for glucose (27).

The same genetic tools used to construct furfural tolerance
in ethanol-producing biocatalysts were used to engineer XW055
(Fig. S2 and Fig. 5B). As with ethanol biocatalysts, combining a
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Fig. 4. Comparison of batch fermentations for the parent LY180 and the plasmid-free, furfural-resistant strain XW129. Furfural resistance traits in XW129
(LY180 AyghD ackA::Py.qcfucO-ucpA) improved fermentation with furfural in AM1 medium and also improved the fermentation of hemicellulose hydro-
lysate. For A (cell mass) and B (ethanol and furfural), fermentations were conducted in mineral salt medium AM1 (100 g/L xylose and 15 mM furfural). Control

fermentations without furfural were also included. Fermentations (C) were also conducted using hemicellulose hydrolysate containing 36 g/L total sugar,

supplemented with components of AM1 medium and 0.5 mM sodium metabisulfite. Data represent averages of at least two experiments with SDs.

yghD deletion with integration of pntAB was not helpful (Fig.
S2). The most effective combination for succinate production was
AyghD and ackA::Py,qcfucO-ucpA, resulting in strain XW120
(Fig. S2 and Fig. 5B). These genetic changes increased the mini-
mal inhibitory concentration of furfural from 7.5 mM (XW055)
to 15 mM (XW120). Plasmid derivatives of pTrc99a expressing
fucO alone and ucpA alone were tested in XW120. Addition of a
fucO plasmid further increased furfural tolerance (Fig. S3). The
benefit of this plasmid was supplied by another chromosomal
integration, replacing the coding region of adhE with the coding
region of fucO to make XW136. The additional expression of fucO
from the adhE promoter increased furfural tolerance to 17.5 mM
(Fig. 5B).

XWO055 and the furfural-resistant XW136 (XWO055, AyghD
ackA::Py,qcfucO-ucpA adhE::fucO) were compared during batch
fermentation using hemicellulose hydrolysate as a source of sugar

(Fig. 5C). Hydrolysate medium contained 12 mM furfural and
completely inhibited growth and fermentation of the parent.
During 96 h of incubation, the parent reduced only 3 mM fur-
fural and was unable to grow or effectively ferment hemicellulose
sugars. In contrast, furfural (12 mM) was completely reduced
within 24 h by the furfural-resistant strain XW136. With this
strain, fermentation of hemicellulose sugars (primarily xylose)
into succinate was complete after 96 h with a yield of 0.9 g/g. This
succinate yield from hemicellulose sugars was equivalent to that
of the parent organism (KJ122) during the fermentation of glucose
in AM1 mineral salts medium without furfural (27).

Discussion

Importance of Furfural As an Inhibitor in Hemicellulose Hydrolysate.
Microbial biocatalysts can be used to produce renewable chem-
icals from lignocellulosic sugars. Large-scale implementation of
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Fig. 5.

Engineering furfural-resistant derivatives of E. coli C for hemicellulose conversion to succinate. (A) Fermentation titer and yield (96 h) for parent KJ122

and mutant XWO055 selected for improved xylose metabolism. Strains were grown in AM1 medium containing 100 g/L xylose as described previously (27) using
KOH/K,CO3 to automatically maintain pH 7. Yield was calculated as grams of succinate produced per grams of xylose metabolized. (B) Comparison of furfural
tolerance in tube cultures containing AM1 medium (50 g/L xylose, 100 mM MOPS, and 50 mM KHCOs). Strain XWO055 was compared with strains XW120 and
XW136 containing chromosomally integrated traits for furfural resistance. Cell mass was measured after incubation for 48 h. (C) Fermentation of hemi-
cellulose hydrolysate (components of AM1 medium, 0.5 mM sodium metabisulfite,100 mM potassium bicarbonate, and 36 g/L total sugar). Strain XW136
(XWO055 AyqhD ackA::Py,qcfucO-ucpA* adhE::fucO) completed the reduction of furfural in 24 h, coincident with the onset of rapid fermentation. Strain
XWO055 was unable to completely metabolize furfural or ferment sugars in hemicellulose hydrolysate. Data for furfural and succinate are shown by broken
lines and solid lines, respectively. All data represent averages of at least two experiments with SDs.
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biobased processes has the potential to replace petroleum for
solvents, plastics, and fuels without disrupting food supplies or
animal feed. Costs for such processes remain a challenge and can
be reduced by developing biocatalysts that are tailored for spe-
cific feedstocks. Inhibitors formed during the deconstruction of
lignocellulose such as furfural are part of this challenge. Previous
studies have shown that furfural was unique in binary combina-
tions of inhibitors, increasing the toxicity of other compounds
(soluble lignin products, formate, acetate, etc.) in hemicellulose
hydrolysates (13). Our studies demonstrate that removal of fur-
fural is essential before rapid growth and metabolism of sugars
by E. coli biocatalysts (Fig. 4 B and C and Fig. 5C). The starting
strain for ethanol production, LY180, was more resistant to
furfural, as well as hemicellulose hydrolysates, than the starting
strain for succinate production, XWO055 (Fig. S4, Fig. 4C, and
Fig. 5C). However, the same combination of furfural-resistance
traits was optimal for furfural tolerance with both strains. Genetic
changes that increased furfural tolerance also increased resistance
to hemicellulose hydrolysate, establishing the importance of fur-
fural for toxicity and the generality of this approach. Although
furfural is not the only inhibitor present in hydrolysate, enzy-
matic reduction of this compound should allow further studies to
identify additional genes that confer resistance to remaining toxins.
By developing biocatalysts that are resistant to furfural and other
hemicellulose toxins, remaining toxins in hydrolysates can reduce
the cost of fermentations by serving as a barrier that prevents the
growth of undesirable contaminants.

Epistatic Interactions of Beneficial Traits for Furfural Tolerance. There
is no established strategy to predict the epistatic interactions of
target genes, and searching for the optimal combination of ben-
eficial genetic traits is challenging (28). A general model is in-
cluded to illustrate interactions among the four genetic traits for
furfural tolerance (Fig. 1). Energy generation and growth require
nutrients, intermediates from carbon catabolism, and balanced
oxidation and regeneration of NADPH and NADH. YqhD has a
low K, for NADPH that competes effectively with biosynthesis,
limiting growth by impeding NADPH-intensive processes such
as sulfate assimilation (18). Increasing PntAB transhydrogenase
partially restored this imbalance using NADH as a reductant
(abundant during fermentation) (18). However, the combination
of a yghD deletion and increased expression of pnt4AB was more
sensitive to furfural inhibition than either alone (Fig. 2B). NADPH-
dependent furfural reductase YghD may play a positive role for
furfural tolerance in strains where pntAB expression has been in-
creased. Pyridine nucleotide transhydrogenase activity of PntAB
couples proton translocation and makes the reduction of NADP
by NADH a costly energy process (29). This increase in energy
demand during expression of yghD and pntAB could reduce fitness,
despite potential benefits of reducing furfural to the less toxic
alcohol. FucO can serve as a more effective furfural reductase
because it uses NADH (abundant during fermentation) as the
reductant and does not compete for biosynthetic NADPH. Like
pntAB, increased expression of ucpA in a yghD deletion strain
did not further increase furfural tolerance. This epistatic interaction
suggests the UcpA-dependent furfural resistance may also involve
NADPH availability (Fig. 2B).

Two furfural-resistant strains have been isolated and charac-
terized previously, EMFRO [selected for furfural tolerance (19)]
and MM160 [selected for hydrolysate resistance (17)]. Each
contains a mutation that improves furfural tolerance by silencing
YghD using completely different mechanisms, IS10 disruption
of adjacent yghC (transcriptional activator for yghD) and a non-
sense mutation in yghD, respectively (17, 20). Silencing genes
such as yghD can be caused by a myriad of genetic changes (30).
An increase in fitness by gene silencing would be expected to
emerge early in populations under growth-based selection. No
mutations were found in these strains that increased expression
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of ucpA, pntAB, or fucO (18-20). Genetic solutions for gain-of-
function mutants can be very limited and much less abundant
(30, 31). Also, recovery of mutants with increased expression of
ucpA and pntAB would be prevented by their negative inter-
actions with yghD silencing. Very high levels of fucO expression
were needed that may require multiple mutations, dramatically
limiting recovery without deliberate genetic constructions.

Succinate Fermentation from Lignocellulose Sugars. Succinic acid is
currently produced from petroleum derived maleic anhydride and
can serve as a starting material for synthesis of many commodity
chemicals used in plastics and solvents (32). Genetically engineered
strains of E. coli (33) and native succinate producers such as Acti-
nobacillus succinogenes (34-36) and Anaerobiospirillum succinici-
producens (37) have been tested for lignocellulose conversion to
succinate. However, fermentation using these strains required
costly additional steps (34), nutrient supplementation (33-37), and
mitigation of toxins in hydrolysates by overliming or treating with
activated charcoal (33, 36). Reengineering derivatives of KJ122
using known combinations of furfural resistance traits resulted in
strain XW136 that now ferments hemicellulose hydrolysates in
mineral salts medium without costly detoxification steps (32 g/L
succinic acid with a yield of 0.9 g/g sugars; Fig. 5C). The ability to
use defined genetic traits for furfural tolerance to improve tol-
erance to inhibitors in hemicellulose hydrolysates should prove
useful as a starting point for many new biocatalysts and products.

Materials and Methods

Strains and Growth Conditions. Strains used in this study are listed in Table
S1. Ethanologenic E. coli LY180 (a derivative of E. coli W; ATCC 9637) and
succinate-producing E. coli KJ122 (a derivative of E. coli C; ATCC 8739) were
developed previously in our laboratory (19, 27). Strains XW092 (LY 180,
AyqghD), XW103 (LY180, adhE::pntAB), XW109(LY 180, AyghD adhE:pntAB),
XW115 (LY180, AyqghD ackA::fucO-ucpA), XW116 (LY 180, adhE::pntAB
ackA::fucO-ucpA), XW129 (LY 180, AyqhD ackA::P,qcfucO-ucpA), and XW131
(LY 180, adhE::pntAB ackA::P,qc fucO-ucpA) were genetically engineered for
furfural tolerance using LY 180 as the parent strain. Strain KJ122 (succinate
production from glucose) was serially transferred in pH-controlled fer-
menters (27) at 48-h intervals for ~40 generations to isolate a mutant
with improved xylose fermentation (designated XW055). Strains XW120
(XW055, AyqhD ackA::Py,qcfucO-ucpA) and XW136 (XWO055, AyghD ackA::
PyagcfucO-ucpA adhE::fucO) were genetically engineered using XWO055 as
the parent strain. Cultures were grown in low-salt xylose AM1 medium as
described previously (38).

Genetic Methods. Methods for seamless chromosomal deletion, gene re-
placement, or integration were described previously using Red recombinase
technology (12, 27). Plasmids, primers, and construction details are listed
in Table S1. The Clone EZ PCR Cloning Kit from GenScript was used for gene
replacement on the plasmid. Constructions were made in Luria broth contain-
ing 20 g/L xylose or 50 g/L arabinose (inducer for lambda Red recombinase;
Gene Bridges) or 100 g/L sucrose (for counter selection of sacB). Antibiotics were
added when required. Additional details are included in S/ Text and Table S1.

Identification of Promoter for fucO-ucpA Cassette. A genome-wide promoter
library with more than 10,000 clones was constructed in plasmid pLOI4870
(pACYC184 derivative) by ligating Sau3A1 fragments of E. coli genomic DNA
into a unique BamH1 site immediately upstream from a promoterless fucO-
UcpA cassette (Fig. S1). The library was transformed into LY 180 AyghD cells with
selection under argon for large colonies on AM1-xylose plates containing 12
mM furfural and 40 mg/L chloramphenicol. Of more than 10,000 transformants,
176 exhibited a large colony phenotype and were further compared using
a BioScreen C growth curve analyzer (BioScreen).The most effective clone was
identified and designated plasmid pLOI5237 containing a 1,600-bp insert.
Subcloning reduced the size of this promoter fragment to 600 bp (pLOI5259).
This smaller fragment was identified by sequencing as part of the yadC coding
region. The BamH1-furfural resistance cassette in pLOI4870 and pLOI5259
(includes upstream promoter fragment) were bordered by segments of ackA
for chromosomal integration. Additional details are provided in S/ Text.

NADH-Dependent Furfural Reductase Assay and SDS/PAGE. The preparation of
cell crude lysates and furfural reductase assay were as described previously
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(17). Soluble protein lysates (15 pg of protein) were also analyzed on 12%
(wt/vol) SDS/PAGE gels (Bio-Rad).

Furfural Tolerance in Tube Cultures. Furfural toxicity was measured in tube
cultures (13 mm x 100 mm) as described previously for ethanol strains (17,
22). For succinate strains, tubes contained 4 mL AM1 medium with 50 g/L
xylose, 50 mM KHCO3, and 100 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) as a buffer. Tubes were inoculated with starting cell density of 44 mg/L.
Cell mass was measured at 550 nm after incubation for 48 h (37 °C).

Fermentation of Ethanol or Succinate. Ethanol fermentations with xylose
were carried out as described previously (17, 22), with and without furfural.
For succinate production from xylose, seed precultures of strains were grown
in sealed culture tubes containing AM1 medium (20 g/L xylose, 50 mM KHCOs3,
and 100 mM MOPS). After incubation for 16 h, preinocula were diluted into
500-mL fermentation vessels containing 300 mL of AM1 media (100 g/L xy-
lose, 1 mM betaine, and 100 mM KHCOs3) at an initial density of 6.6-mg dry
cell weight. After 24 h of growth, these seed cultures were used to provide
starting inocula for batch fermentations (AM1 medium, 100 g/L xylose, and
100 mM KHCOs3). Fermentations were maintained at pH 7.0 by automatic
addition of base containing additional CO, (2.4 M K,COs in 1.2 M KOH) as
described previously (27). Quantitative analyses of sugars, ethanol, furfural,
and succinate were as described previously (17, 27, 39).
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Preparation and Fermentation of Hemicellulose Hydrolysates. Hemicellulose
hydrolysate was prepared as described previously (40, 41). Briefly, sugarcane
bagasse (Florida Crystals) impregnated with phosphoric acid (0.5% of ba-
gasse dry weight) was steam-treated for 5 min at 190 °C (40, 41). Hemi-
cellulose syrup (hydrolysate) was recovered using a screw press, discarding
solids. After removal of fine particulates with a Whatman GF/D glass fiber
filter, clarified hydrolysate was stored at 4 °C (pH 2.0). Hydrolysate was
adjusted to pH 9.0 (5 M ammonium hydroxide) and stored for 16 h (22 °C)
before use in fermentations, declining to pH 7.5. Batch fermentations
(300 mL) were conducted in pH-controlled vessels containing 210 mL
hemicelluloses hydrolysate supplemented with 0.5 mM sodium meta-
bisulfite, components of AM1 medium (38), and inoculum. Potassium bi-
carbonate (100 mM) was included for succinate production. Final
hydrolysate medium contained 36 g/L total sugar (primarily xylose), furfural
1.2 g/L, hydroxymethylfurfural 0.071 g/L, formic acid 1.1 g/L, and acetic acid
3.2 g/L. Precultures and seed cultures were prepared as described above.
After 20 h of incubation, seed cultures were used to provide a starting in-
oculum of 66 mg for hemicelluloses hydrolysate fermentations producing
succinate or 13 mg for ethanol. Fermentations were maintained at pH 7.0 by
the automatic addition of base (2.4 M K,COs in 1.2 M KOH for succinate or
2 M KOH for ethanol).
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