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ARTICLE INFO ABSTRACT

Available online 4 November 2011 To build an energy and material secure future, a next generation of renewable fuels produced from lignocellulosic
biomass is required. Although lignocellulosic biomass, which represents an abundant, inexpensive and renew-

Keywords: able source for bioethanol production, is of great interest as a feedstock, the complicated ethanol production pro-
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cesses involved make the cost of producing bioethanol from it higher compared to corn starch and cane
juice. Therefore, consolidated bioprocessing (CBP), which combines enzyme production, saccharification and fer-
mentation in a single step, has gained increased recognition as a potential bioethanol production system. CBP re-
quires a highly engineered microorganism developed for several different process-specific characteristics. The
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Biomass

Consolidated bioprocessing
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Cell surface engineering dominant strategy for engineering a CBP biocatalyst is to express multiple components of a cellulolytic system
Metabolic engineering from either fungi or bacteria in the yeast Saccharomyces cerevisiae. The development of recombinant yeast strains
Evolutionary engineering displaying cellulases and hemicellulases on the cell surface represents significant progress toward realization of
Inhibitor tolerance CBP. Regardless of the process used for biomass hydrolysis, CBP-enabling microorganisms encounter a variety

of toxic compounds produced during biomass pretreatment that inhibit microbial growth and ethanol yield. Sys-
tems biology approaches including disruptome screening, transcriptomics, and metabolomics have been recent-
ly exploited to gain insight into the molecular and genetic traits involved in tolerance and adaptation to the
fermentation inhibitors. In this review, we focus on recent advances in development of yeast strains with both
the ability to directly convert lignocellulosic material to ethanol and tolerance in the harsh environments con-
taining toxic compounds in the presence of ethanol.

© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Utilization of biomass as the starting material for various chemi-
cals and for the production of fuels has received considerable interest
in recent years. Environmental concerns and the depletion of oil re-
serves have resulted in governmental actions and incentives to estab-
lish greater energy independence by promoting research on
environmentally benign and sustainable biofuels. Bioethanol is cur-
rently one of the most promising alternatives to conventional trans-
port fuels because of its desirable characteristics such as high octane
value and good combustion efficiency. Also, the use of ethanol pro-
duced from biomass as a transport fuel can help in reducing CO,
buildup by recycling CO, that is released when bioethanol is com-
busted as fuel.

Polysaccharides present in lignocellulosic materials such as sugar-
cane bagasse, corn stover, wheat straw, grasses, wood chips and other
agricultural residues, are of great interest as feedstocks for second-
generation ethanol production, because they are abundant, inexpensive
and renewable sources of sugar. However, the processes involved are
more complicated than it from the sources such as cornstarch and
cane juice, which means the costs of ethanol production from lignocel-
lulosic materials are higher. Ethanol production from lignocellulosic
materials includes the following main steps: (1) chemical and physico-
chemical pretreatment to swell the biomass, (2) hydrolysis of cellulose
and hemicellulose to fermentable sugars by enzymes such as cellulases
and hemicellulases, (3) microbial fermentation for the production of
ethanol, (4) separation and concentration of ethanol by distillation
and dehydration (Sanchez and Cardona, 2008). Therefore, consolidated
bioprocessing (CBP), which combines enzyme production, saccharifica-
tion of cellulose and hemicellulose, and fermentation into a single pro-
cess, is increasingly recognized as having potential for low-cost
production of ethanol, since the costs of capital investment, substance
and other raw materials, and utilities associated with microbial enzyme
production can be avoided (Cardona and Sanchez, 2007; Lynd et al.,
2005; Xu et al., 2009). However, natural microorganisms with the capa-
bility for efficient enzyme production, lignocellulose saccharification,
and ethanol production are not currently available. Therefore, CBP
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requires a highly engineered microbial workhorse developed for several
different process-specific characteristics (Fig. 1).

Development of such an organism has been pursued by two strate-
gies, native and recombinant cellulolytic strategies (Lynd et al., 2005).
The native cellulolytic strategy involves engineering naturally cellulo-
lytic microorganisms to improve ethanol production. Some thermophil-
ic anaerobes belonging to the genera Clostridium were the first
candidates (Demain et al., 2005; Jin et al,, 2011; Lynd et al., 2002; Xu
et al, 2010). Clostridium thermocellum displayed one of the fastest
growth rates on crystalline cellulose by use of large enzyme complexes,
termed cellulosome (Lynd et al., 2002), which has been regarded as
one potential CBP-organism. Some fungi, such as Aspergillus, Fusarium,
Monilia, Neocallimastix, Rhyzopus and Tricoderma have been reported
to possess the ability to convert cellulose to ethanol (Anasontzis et al.,
2011; Gong et al.,, 1981; Panagiotou et al.,, 2005; Ruiz et al., 2007;
Skory et al.,, 1997; Stevenson and Weimer, 2002). In particular, Tricho-
derma reesei strains secreted larger quantities of saccharolytic enzymes,
which can be considered as a candidate for CBP (Xu et al., 2009). The cru-
cial research objectives for this strategy include increasing the ethanol
titer, eliminating byproducts, and improving the tolerance to ethanol.
The recombinant cellulolytic strategy involves engineering non-
cellulolytic organisms that exhibit high ethanol yield and titer so that
they express a heterologous cellulase system to enable cellulose utiliza-
tion. Heterologous expression of cellulases and hemicellulases has been
primarily studied in bacterial hosts such as engineered Escherichia coli
(Ryu and Karim, 2011), Klebsiella oxytoca (Zhou and Ingram, 2001;
Zhou et al., 2001) and Zymomonas mobilis (Linger et al., 2010; Vasan et
al, 2011) and the yeasts Saccharomyces cerevisiae (reviewed in la
Grange et al, 2010; van Zyl et al, 2007), Hansenula polymorpha
(Voronovsky et al., 2009), Kluyveromyces marxianus (Hong et al., 2007;
Yanase et al., 2010a) and Scheffersomyces stipitis (Morosoli et al., 1993).

Regardless of the process used for biomass hydrolysis, CBP-
enabling microorganisms encounter a variety of toxic compounds
(such as weak organic acids, furan derivatives, and phenolics) pro-
duced during biomass pretreatment that can inhibit microbial
growth, metabolism and ethanol yield, particularly in the presence
of ethanol (Almeida et al., 2007; Klinke et al., 2004; van Maris et al.,
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Fig. 1. Scheme for consolidated bioprocessing (CBP). The key to CBP is the engineering of a microorganism that can efficiently hydrolyze lignocellulosic polysaccharides to ferment-
able sugars and efficiently ferment this mixed-sugar hydrolysate to produce ethanol. Highly concentrated substrates required for an economically feasible process requires the mi-
croorganism to be robust with regard to inhibitors and osmotic tolerance. Furthermore, tolerance to ethanol, low pH, high temperature, low nutrition capacity and fluctuating

processes is also desirable for a CBP microorganism.
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2006). Consequently, methods for detoxifying lignocellulose hydroly-
sates are being developed (Cantarella et al., 2004; Klinke et al., 2004;
Zhang et al., 2010), although large-scale detoxification is technically
complex and contributes to the cost of the fermentation process. Al-
ternatively, development of inhibitor-tolerant microorganisms has
been carried out through the engineering of microorganisms.

Yeast, particularly S. cerevisiae, is usually the first choice for industri-
al ethanol production, because it has many advantages as an ethanol
producer, such as faster sugar consumption, higher ethanol yield from
glucose, and higher resistance to ethanol and other compounds present
in lignocellulosic hydrolysates than bacteria (Lau et al.,, 2010; Olsson
and Hahn-Hagerdal, 1993). Improved yeast tolerance to lignocellulosic
hydrolysate has been achieved by overexpressing homologous and het-
erologous genes encoding traits responsible for inhibitor tolerance in S.
cerevisiae strains (Larsson et al., 2001a,b; Sanda et al,, 2011). In addition,
adaptation and evolutionary engineering have led to obtaining
inhibitor-tolerant strains in harsh environments which are typical in
certain industrial fermentation conditions (Liu, 2006; Liu et al., 2009;
Sauer, 2001). The yeast S. cerevisiae is also attractive because of its
ease of genetic manipulation and is generally regarded as safe status
due to its long association with the food and beverage industries.
Thus, heterologous production of cellulases has been pursued with
yeast hosts (Elkins et al., 2010; Lynd et al., 2002).

This review will focus on yeast strain development pursuant to the
development of CBP. In particular, recent advances in heterologous ex-
pression of cellulolytic enzymes for direct conversion of cellulosic mate-
rials to ethanol are reviewed, and the improvement of yeast robustness
by conferring tolerance to fermentation inhibitors is emphasized.

2. Bioconversion of lignocellulosic materials to ethanol
2.1. Hydrolysis of lignocellulosic materials

Lignocellulosic materials are composed mainly of cellulose, hemi-
cellulose and lignin. Cellulose, a homopolymer of 3-1,4-linked glucose
units, is the major component of lignocelluloses and constitutes nearly
40 to 60% of its total dry weight (Gnansounou, 2008). The linear chains
of cellulose are highly crystalline microfibrils. Hemicellulose, a
substituted polysaccharide with a xylan backbone consisting of 3-1,4-
linked xylose monomers to which substituents and saccharides, such
as glucose, galactose and arabinose, are attached, comprises 20 to 35%
of lignocellulosic biomass (Saha, 2003). The hemicellulose molecules
are linked to the cellulose microfibrils by hydrogen bonds. Lignin is a
phenolic compound formed by polymerization of three types of mono-
mers (i.e., p-coumaryl, coniferyl, and synapyl alcohol), which is present
as an amorphous mass surrounding the cellulose and hemicellulose
fibers (Grabber, 2005).

To hydrolyze cellulose into soluble sugars that can be metabolized
by microbes, multiple enzymatic activities are required. These activities
include endoglucanase (EG), exoglucanases including cellobiohydro-
lase (CBH) and cellodextrinase, and B-glucosidase (BGL) (Zhang et al.,
2006). EG acts randomly against amorphous regions of cellulose chains
to produce reducing and non-reducing ends for CBH, which produces
cellobiose from reducing or non-reducing ends of crystalline cellulose.
Cellulose chains are thus efficiently degraded to soluble cellobiose and
cellooligosaccharides by the endo-exo synergism of EG and CBH
(Medve et al., 1998; Teeri, 1997; Woodward, 1991). In the last step of
enzymatic cellulose degradation, cellooligosaccharides are hydrolyzed
to glucose by BGL. Exo-exo synergism between two cellobiohydrolases
has also been reported (Medve et al., 1994). The filamentous fungus T.
reesei is a well-known cellulolytic organism that secretes a cocktail of
hydrolytic enzymes that degrade plant biomass, including at least two
cellobiohydrolases (CBH1-2), five endoglucanases (EG1-5), as well as
BGL and hemicellulases (Vinzant et al., 2001; Zhang and Lynd, 2004).
The various cellulases synergistically act on the substrates, and the ra-
tios of each cellulase are appropriately balanced by the regulation of

cellulase gene expression in T. reesei to achieve the maximum hydroly-
sis in response to the environment (Sticker et al., 2008).

Apart from Trichoderma spp., the anaerobic bacteria C. thermocellum
and Clostridium cellulovorans produce an elaborate enzyme complex
known as a cellulosome, consisting of cellulase and hemicellulase orga-
nized on the cell surface (Doi and Tamaru, 2001; Shoham et al.,, 1999).
The cellulosomal architecture involves multiple catalytic components
assembled on a scaffoldin subunit through strong noncovalent pro-
tein-protein interactions between the cohesion modules on scaffoldin
and the dockerin module contained in the individual cellulosomal en-
zymes (Himmel et al.,, 2010). This highly ordered structure of multiple
enzymes in close proximity to the substrate results in a high level of en-
zyme-substrate-microbe synergy (Fierobe et al., 2005; Lu et al., 2006).
Besides these species, the mesophilic cellulolytic Clostridium cellulolyti-
cum has been widely exploited for its cellulosome (Desvaux, 2005). Cel-
lulosomal organisms display a wide variety of catalytic subunits on the
cell surface via scaffoldin. The catalytic diversity among subunits allows
the organisms to modulate cellulosome activity according to the target
substrate, lignocellulosic materials, by changing the composition of the
catalytic subunits (Raman et al., 2009).

2.2. Secretion and cell surface display for development of CBP yeast

2.2.1. Secretion of cellulases for ethanol production from cellulosic materials

Heterologous expression and secretion of cellulases from either
fungi or bacteria has been pursued during the last two decades.
According to the review of van Zyl et al. (2007), most of the cellulases
that have been successfully produced by S. cerevisiae were of fungal
origin, although a number of bacterial cellulases have been expressed.
The specific activity of recombinant CBH and BGL from Aspergillus
aculeatus was comparable to that of the native enzyme (Takada et
al., 1998). For the construction of a fully cellulolytic, fermentative sys-
tem, multiple components of a cellulolytic system have been
expressed by recombinant S. cerevisiae strains. Expression of the
Saccharomycopsis fibuligera p-glucosidase-encoding gene enabled a
recombinant S. cerevisiae strain to grow on cellobiose at approxi-
mately the same rate as on glucose in anaerobic conditions (van
Rooyen et al.,, 2005). van Rensburg et al. (1998) constructed a
yeast strain capable of hydrolyzing numerous cellulosic substrates
and growing on cellobiose. den Haan et al. (2007b) reported coex-
pression of endoglucanase from T. reesei and 3-glucosidase from S.
fibuligera in a recombinant S. cerevisiae strain, which enabled its
growth on a pure cellulose, phosphoric acid swollen cellulose
(PASC), with direct production of ethanol. Anaerobic growth up to
0.27 g dry cell weight/l was observed on medium containing 10 g/I
PASC as the sole carbon source with concomitant ethanol produc-
tion up to 1.0 g/l (Table 1). Jeon et al. (2009) expressed a bacterial
cellulose binding domain-containing endoglucanase from C. cellulo-
vorans and B-glucosidase from S. fibuligera in a recombinant S. cere-
visiae strain. The resultant yeast strain efficiently hydrolyzed
cellulosic materials such as carboxymethylcellulose (CMC) and (-
glucan to smaller fragments for efficient fermentation to ethanol
through the cellulose binding domain's affinity to the substrate. Re-
cently, a high-affinity cellodextrin transport system was isolated
from the cellulolytic fungus, Neurospora crassa (Galazka et al.,
2010). A recombinant S. cerevisiae strain expressing the cellodextrin
transporter together with intracellular B-glucosidase grew on cello-
biose and cellodextrin longer than cellobiose.

2.2.2. Cell surface display for ethanol production from cellulosic materials

Many attempts have been made to engineer S. cerevisiae strains to
secret cellulases for the hydrolysis of cellulose (van Zyl et al., 2007).
An alternative is the cell surface engineering to display the cellulolytic
enzymes on the yeast cell surface. The use of the glycosylphosphati-
dylinositol anchoring system of the yeast cell surface has enabled dis-
play of various kinds of functional proteins on the cell surface without
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Table 1

Ethanol production from cellulosic and hemicellulosic material using recombinant yeast strains expressing heterologous cellulases and hemicellulases.
Strain Enzyme expressed Enzyme-expression system Carbon source Ethanol production Reference
S. cerevisiae T. reesei EGII, A. aculeatus BGL1 Cell surface display 45 g/ barley 3-glucan 16.5 g/l Fujita et al. (2002)
S. cerevisiae T. reesei XYNII, A. oryzae XylA/S. stipitis Cell surface display/ 100 g/1 birchwood xylan 7.1g/l Katahira et al. (2004)

XR and XDH, S. cerevisiae XK Intracellular expression
S. cerevisiae T. reesei EGII and CBHII, A. aculeatus BGL1 Cell surface display 10 g/I PASC 29¢g/l Fujita et al. (2004)
S. cerevisiae A. oryzae EG and BGL Cell surface display 20 g/l barley -glucan 7.94 g/l Kotaka et al. (2008)
S. cerevisiae T. reesei EGI, S. fibuligera BGL1 Secretion 10 g/l PASC 1.0g/l den Haan et al.
(2007b)

S. cerevisiae C. cellulovorans EngD, Secretion 20 g/l barley B-glucan, 20 g/l CMC 9.15 g/, 11.03 g/I Jeon et al. (2009)

S. fibuligera Bgl1
Miniscaffoldin/Dockerin-tagged
cellulases

T. reesei XYNII, A. niger xInD

S. cerevisiae/E. coli Cell surface display/
Secretion

H. polymorpha Secretion

S. cerevisiae Minicellulosome Cell surface display
S. cerevisiae Minicellulosome Cell surface display
K. marxianus T. reesei EGII, A. aculeatus BGL1 Cell surface display
S. cerevisiae R. oryzae GLAA, S. bovis AmyA, Cell surface display
T. reesei EGII and CBHII,
A. aculeatus BGL1
S. cerevisiae T. reesei XYNII, A. oryzae XylA, Cell surface display/
A. aculeatus BGL1/S. stipitis Intracellular expression
XR and XDH,
S. cerevisiae XK
S. cerevisiae T. reesei EGII and CBHII, Cell surface display

A. aculeatus BGL

10 g/l PASC 35¢g/l Tsai et al. (2009)

90 g/l birchwood xylan 0.35g/1 Voronovsky et al.
(2009)

10 g/l PASC 1.87 g/l Tsai et al. (2010)

10 g/1 PASC 1.8 g/l Wen et al. (2010)

10 g/l barley 3-glucan 424 ¢/l Yanase et al. (2010a)

10.2 g/ barley p-glucan, 8.44 g/
acid-treated Avicel?, 50 g/
pretreated cassava pulp®

53g/l, 1.04 g/l, 10 g/l Apiwatanapiwat et al.

(2011)

rice straw hydrolysate® 82¢g/l Sakamoto et al.
(2011)
20 g/l PASC, 100 g/I 7.6¢g/l,7.5¢g/ Yamada et al. (2011)

pretreated rice straw?

Acid-treated Avicel was obtained by pretreatment with 1% H,SO4 at 150 °C for 2 h.

Rice straw hydrolysate, containing 37 g/l sugar component, was obtained as a water soluble fraction after liquid hot water treatment.

a
b Pretreated cassava pulp, containing app. 60% starch and app. 30% cellulose fiber, was prepared by hot-water treatment at 150 °C for 2 h.
c
d

Pretreated rice straw, containing 44.8% (w/w) glucan, was obtained as a water insoluble fraction after liquid hot water treatment.

the loss of their activity through genetic engineering (Kondo and
Ueda, 2004). By displaying cellulolytic enzymes on the cell surface, ef-
ficient whole cell biocatalysts for simultaneous saccharification and
fermentation have been constructed (Fujita et al., 2002, 2004;
Kotaka et al., 2008; Yamada et al., 2011; Yanase et al., 2010b). The
cell surface engineering system has an advantage where the cellulo-
lytic enzymes are genetically self-immobilized on the yeast cell sur-
face so that the activities of the enzymes are retained as long as the
yeast continuous growing, while it is not easy to maintain the activi-
ties for a long reaction period in the conventional direct fermentation
system in which the enzymes are secreted into the medium (Tanaka
and Ueda, 2000). Another advantage of this system is easy separation
of the biocatalyst from the product. Reutilization of the yeast cells en-
abled reuse of the enzymes displayed on their cell surface without re-
production of the yeast cells, which would reduce the cost of yeast
propagation as well as enzyme addition (Kondo et al., 2002).

As a first step, Fujita et al. (2002) attempted to convert a cellulosic
p-glucan from barley into ethanol by constructing cellulose degrading
yeast cells that co-display A. aculeatus 3-glucosidase 1 (BGL1) and
T. reesei endoglucanase II (EGII) on the cell surface. Barley B-glucan
is a linear, soluble polysaccharide composed of an average of 1200
glucose residues joined by approximately 70% 3-1,4-glycosidic link-
ages and approximately 30% -1,3-glycosidic linkages. The recombi-
nant yeast showed growth in synthetic medium containing (-
glucan as the sole carbon source and was able to directly ferment
45 g/l B-glucan to produce 16.5 g/l ethanol within 50 h. The yield
was 0.48 g ethanol produced per gram carbohydrate utilized, which
corresponds to 93.3% of the theoretical yield (Table 1). Subsequently,
Fujita et al. (2004) reported simultaneous saccharification and fer-
mentation of PASC to ethanol by the use of a recombinant yeast strain
co-displaying three cellulolytic enzymes, T. reesei EGII and cellobiohy-
drolase Il (CBHII) and A. aculeatus BGL1, on the cell surface. The yeast
strain produced ethanol from PASC as the sole carbon source. The
yield of ethanol was 0.45 g/g, which corresponds to 88.5% of the the-
oretical yield. By displaying three cellulolytic enzymes on the yeast
cell surface, the cellobiose produced by the reaction of EGII and

CBHII was further converted to glucose by BGL1 and the glucose
taken up by the cell (Fig. 2). The study indicated that CBHII plays a
very important role in cellulose degradation and that synergism be-
tween EGII and CBII is successfully induced on the yeast cell surface.
Although surface-displayed CBHII had only a little activity with re-
spect to PASC, the yeast strain codisplaying EGII and CBHII showed
significantly higher activity than the yeast displaying only EGII and
produced cellobiose as the main product (Fujita et al., 2004). Whole
cell biocatalysts to degrade cellulose have several advantages: con-
version of cellobiose and glucose, which inhibit cellulase and -
glucosidase activities; lower sterilization requirements, as glucose is
immediately taken up by cells and ethanol is produced; and a require-
ment for a single reactor.

Although efficient degradation of lignocellulosic biomass requires
an appropriate expression ratio of cellulolytic enzymes such as EG,
CBH and BGL in recombinant S. cerevisiae, it is difficult to simulta-
neously control many different enzymes. Thus, Yamada et al. (2010)
developed a method to optimize the cellulase expression ratio in
yeast with a cocktail 6-integration system through an evolutionary
engineering approach, which reveals the importance of EG expression
for efficient PASC degradation. A diploid recombinant yeast strain op-
timized for expression of cellulolytic enzymes produced ethanol from
agricultural waste biomass without the addition of exogenous en-
zymes (Yamada et al., 2011).

During the past couple of years, in a quest to extend cellulolytic
capability, the minicellulosome has been displayed on the S. cerevisiae
cell surface (Ito et al., 2009; Lilly et al., 2009; Tsai et al., 2009, 2010;
Wen et al., 2010). Ito et al. (2009) constructed a cell surface display
system by assembling (i) the Z domain of protein A and the Fc domain
of human immunoglobulin G and (ii) the cohesin and dockerin do-
main from C. cellulovorans to construct chimeric scaffoldin at both
the Z and cohesion domains. Heterologous T. reesei EGII and A. aculea-
tus BGL1, respectively fused with the Fc and dockerin domains, were
expressed, secreted and assembled into functional complexes on the
surface of the recombinant yeast cells via interactions with comple-
mentary domains on scaffoldin, yielding yeast strains capable of
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Fig. 2. Ethanol production pathway from cellulose and xylan using a recombinant S. cerevisiae strain displaying cellulolytic and hemicellulolytic enzymes such as endoglucanase
(EG), cellobiohydrolase (CBH), 3-glucosidase (BGL), xylanase and xylosidase on the cell surface and expressing xylose assimilating enzymes such as xylose reductase (XR), xylitol

dehydrogenase (XDH) and xylulokinase (XK) in the cell. Xylulose-5P, xylulose-5-phosphate.

hydrolyzing B-glucan. Wen et al. (2010) reported engineering of S.
cerevisiae strains displaying a trifunctional minicellulosome consist-
ing of (i) a mini scaffoldin containing a cellulose binding domain
and three cohesin modules, which was anchored to the cell surface
and (ii) three types of cellulases, EGII, CBHII and BGL1, each bearing
a C-terminal dockerin. Surface display of the trifunctional minicellu-
losomes gave yeast cells the ability to simultaneously break down
and ferment PASC to ethanol with a titer of 1.8 g/I. The close proxim-
ity and ordering of EGII and CBHII on the miniscaffoldin enhanced the
hydrolysis of PASC. Tsai et al. (2010) recently engineered yeast strains
capable of either displaying a trifunctional scaffoldin carrying three
divergent cohesin domains from C. thermocellum, C. cellulolyticum
and Ruminococcus flavefaciens, or secreting one of the three corre-
sponding dockerin-tagged cellulases (EG from C. thermocellum, exo-
glucanase from C. cellulolyticum, or BGL from R. flavefaciens). By the
use of a yeast consortium composed of one strain displaying the
mini scaffoldin and three strains secreting dockerin-tagged cellulases,
the secreted cellulases were docked onto the displayed mini scaffol-
din in a highly organized manner. Furthermore, by adjusting the
ratio of different populations in the consortium, cellulose hydrolysis
and ethanol production was successfully fine-tuned.

Also, cell surface engineering was applied to a thermotolerant
strain of the yeast K. marxianus for the display of cellulolytic enzymes
on the cell surface (Yanase et al., 2010a). One of the major drawbacks
in CBP is the optimum temperature required for saccharification and
fermentation. Saccharification with cellulolytic enzymes is best done
around 50 °C, while most fermenting microbes have an optimum
temperature for ethanol fermentation between 28 °C and 37 °C. Be-
cause the pretreatment of lignocellulose is at high temperature, the
saccharification and fermentation temperatures should match those
used in the previous process of CBP. Yanase et al. (2010a) reported
that the recombinant K. marxianus strain codisplaying EG and BGL
on the cell surface grew well at as high as 48 °C, at which it was
able to produce ethanol from the cellulosic material 3-glucan with a
yield of 0.47 g ethanol per gram of consumed carbohydrate. This
study supports the development of CBP yeast for effective bioethanol
production.

The development of recombinant yeast strains displaying cellu-
lases on the cell surface represents significant progress towards real-
ization of CBP. High cell density suspensions of the recombinant

strains fermented -glucan, amorphous cellulose and pretreated cel-
lulosic materials to produce ethanol (Table 1). Ideally, a large cell
mass should be obtained by high-density cell culture under aerobic
condition and cells harvested by sedimentation used for the ethanol
fermentation. However, in the case of recombinant yeast, in which
cellulases are expressed by secretion, this approach is not suitable be-
cause cells harvested should produce cellulases before ethanol fer-
mentation. On the other hand, a higher ethanol production rate was
achieved using yeast cells with surface cellulases, which were
grown under aerobic condition.

It has been reported that CBHs are the key components for fungal
cellulase systems (van Zyl et al., 2007). Wood (1992) noted that CBHs
make up 80% of the total mass for the T. reesei system, and CBH1 plays
a particularly important role, making up 60% of the total mass. How-
ever, den Haan et al. (2007a) reported that heterologous expression
of fungal CBHs in S. cerevisiae significantly reduce their activity, pre-
sumably as a result of hyperglycosylation, but extracellular titers of
CBHs were insufficient to allow direct conversion of cellulose to eth-
anol. In order to achieve efficient cellulose hydrolysis, increased ex-
pression of functional CBH should be a target for further research.

2.2.3. Direct ethanol production from hemicellulosic materials

The production of fuel ethanol from hemicellulosic hydrolysates is
foreseen to be essential for the economic success of lignocellulosic
ethanol (Girio et al., 2010). Moreover, in the CBP strategy, cellulosic
and hemicellulosic materials should be fermented simultaneously.
Lignocellulosic material is often decomposed by acid treatment to re-
lease not only glucose but also various monosaccharides, such as xy-
lose, mannose, galactose, and arabinose, and oligosaccharides in the
hydrolysate. Therefore, microorganisms that are able to ferment
these sugars are required for the industrial production of ethanol.
However, a major disadvantage associated with using S. cerevisiae is
its inability to utilize xylose, the most common pentose sugar in
the hemicellulosic hydrolysate. Thus, most efforts in engineering of
S. cerevisiae for xylose fermentation have focused on manipulation
of the initial xylose metabolic pathway (reviewed in Hahn-Hdgerdal
et al., 2007; Nevoigt, 2008; van Vleet and Jeffries, 2009). Anaerobic
xylose fermentation by S. cerevisiae was first performed by heterolo-
gous expression of xylose reductase (XR) and xylitol dehydrogenase
(XDH) from S. stipitis together with overexpression of the
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endogenous xylulokinase (XK) (Fig. 2). As another challenge in the
fermentation of xylose, a xylose isomerase (XI) gene derived from
the anaerobic fungi, Piromyces and Orpinomyces, has also been intro-
duced into S. cerevisiae (Fig. 2). A characteristic difference between
the XR/XDH strategy and the XI strategy is the NADP*/NADH imbal-
ance created between XR and XDH, which can result in the produc-
tion of xylitol, thereby reducing ethanol yield (Karhumaa et al.,
2007). However, the lack of hemicellulolytic capability of S. cerevisiae
requires heterologous expression of hemicellulases for the direct con-
version of hemicellulose to ethanol.

-1,4-xylan, the most abundant component of hemicellulose, is a
complex polysaccharide consisting of a backbone of 3-1,4-linked
xylopyranoside partially substituted with acetyl, glucuronosyl, and
arabinosyl side chains. Xylan is hydrolyzed to xylooligosaccharides
by endoxylanase, after which B-xylosidase hydrolyzes xylooligosac-
charides to xylose (Biely, 1985; Kulkarni et al., 1999). A number of
bacterial and fungal species are able to utilize xylan as a carbon
source (Jeffries, 1983). Trichoderma spp. and Aspergillus spp. secrete
large amounts of xylan-degrading enzymes (De Vries et al., 2000;
Herrmann et al., 1997). Specifically, T. reesei secretes the two major
inducible endoxylanases xylanase I (XYNI) and xylanase I (XYNII).
XYNII represents more than 50% of the total xylanolytic activity of T.
reesei cultivated on xylan (Térronen et al., 1994). The industrial koji
mold Aspergillus oryzae also produced and secreted efficiently xylan
degrading enzymes such as p-xylosidase (Kitamoto et al., 1999).

Many researchers have studied the production of xylanolytic en-
zymes in the yeasts S. cerevisiae and S. stipitis. In particular, S. cerevi-
siae has been used as a host organism for the heterologous
production of bacterial or fungal xylanases (la Grange et al., 1996; Li
and Lijungdahl, 1996; Moreau et al., 1992; Pérez-Gonzalez et al.,
1996) and p-xylosidase (la Grange et al., 1997; Margolles-Clark et
al.,, 1996); attempts have been made to coproduce xylanase and (-
xylosidase in this yeast as a means of converting xylan to cell mass
or ethanol through simultaneous saccharification and fermentation
(la Grange et al., 2001). Katahira et al. (2004) reported the display
of both T. reesei XYNII and A. oryzae [3-xylosidase on the cell surface
of S. cerevisiae, which made it possible to hydrolyze birchwood
xylan to xylose. They also introduced XR, XDH and XK into the
xylan-degrading yeast strain, which enabled simultaneous saccharifi-
cation and fermentation of xylan (Fig. 2). After 62 h of fermentation,
7.1 g/l ethanol was directly produced from birchwood xylan, and
the yield was 0.30 g ethanol per gram carbohydrate (Table 1). The re-
port demonstrated that the combination of a cell surface display system
and additional metabolic functions is effective in the construction of
yeast cells capable of multistep bioconversion.

Xylanolytic enzymes were also expressed in S. stipitis with the ability
to ferment xylose (den Haan and van Zyl, 2001, 2003; Morosoli et al.,
1993). The direct production of ethanol from xylan was performed
using a recombinant S. stipitis strain secreting Cryptococcus albidus xyla-
nase, although the ethanol productivity and yield were not reported
(Morosoli et al., 1993). Recently, Voronovsky et al. (2009) engineered
a thermotolerant yeast, H. polymorpha, coexpressing endoxylanase
from T. reesei and [3-xylosidase from Aspergillus niger by integrating
these genes into the H. polymorpha genome with the promoter of the
H. polymorpha glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene. The resulting transformants were capable of growth and ethanol
production on a minimal medium supplemented with birchwood
xylan as the sole carbon source at 48 °C.

Although the fermentation of a xylose-cellobiose mixture is simul-
taneously performed by the thermotolerant methylotrophic yeast
H. polymorpha (Ryabova et al., 2003), the ethanol yield and productiv-
ity are insufficient. Thus, Katahira et al. (2006) constructed a recombi-
nant S. cerevisiae strain with xylose fermenting ability by introducing
genes of S. stipitis XR and XDH and S. cerevisiae XK for intracellular ex-
pression, as well as cellooligosaccharide degrading ability by introduc-
ing a fusion gene of A. aculeatus BGL1 and the 3’ half of a-agglutinin

for cell-surface display. Using the recombinant strain, ethanol was pro-
duced from the lignocellulosic hydrolysate obtained by concentrated
sulfuric acid pretreatment of wood chips.

Recently, Sakamoto et al. (2011) successfully produced ethanol from
a rice straw hydrolysate obtained by liquid hot water treatment. The
treatment solubilizes the hemicellulosic component of rice straw to
yield liquid-soluble fractions containing not only cellooligosaccharide
but also xylan and xyloglucan. Accordingly, recombinant XR/XDH/XK-
based S. cerevisiae strains co-displaying A. aculeatus BGL, A. oryzae 3~
xylosidase and T. reesei endoxylanase on the cell surface was developed,
which directly produced ethanol from the hemicellulosic materials
without a requirement for addition of sugar-hydrolyzing enzymes or
detoxification of the hydrolysate. The ethanol yield (grams of ethanol
per gram of total sugar in rice straw hydrolysate consumed) was
0.41 g/g, which corresponded to 82% of the theoretical yield.

3. Development of yeast strains resistant to fermentation inhibitors
3.1. Fermentation inhibitors

The task of hydrolyzing lignocellulose to fermentable sugars is still
technically problematic because the digestibility of cellulose is hin-
dered by the structure and composition of lignocellulosic biomass
(Himmel et al., 2007). Owing to this structural recalcitrance, a chem-
ical and physicochemical pretreatment (such as acid pretreatment,
lime treatment, steam explosion, liquid hot water treatment, or am-
monia fiber explosion) is an essential step to obtain potentially fer-
mentable sugars in the hydrolysis step (Alvira et al.,, 2010). In the
context of biological conversion of lignocellulosic materials to etha-
nol, the pretreatment is required to separate lignin by breaking
down its structure and to disrupt the crystalline structure of cellulose
to facilitate the access of enzymes to the cellulose substrates during
the hydrolysis step (Alvira et al., 2010; da Costa Sousa et al., 2009;
Hendriks and Zeeman, 2009).

However, the harsh conditions used in the pretreatment of the
raw material release fermentation inhibitors including weak organic
acids (particularly acetic and formic acids), furan derivatives, and
phenolic compounds (reviewed in Almeida et al.,, 2007; Liu and
Blaschek, 2009; Palmqvist and Hahn-Hdgerdal, 2000; van Maris
etal.,2006). Acetic acid released during solubilization and hydrolysis
of biomass is generally found at a high concentration in the lignocel-
lulosic hydrolysate (Klinke et al., 2003; Larsson et al., 1999; Thomsen
etal.,, 2009; Tomas-Pejo et al., 2010), with the levels varying depend-
ing on the biomass type and pretreatment method. Formic acid is
typically present at lower concentrations than acetic acid, but is
more toxic to S. cerevisiae (Hasunuma et al., 2011a; Martin et al.,
2007). Furan derivatives such as 2-furaldehyde (furfural) and 5-
hydroxymethyl-2-furaldehyde (5-hydroxymethylfurfural; 5-HMF)
are formed by dehydration of pentoses and hexoses, respectively. A
wide range of phenolic compounds such as vanillin, syringaldehyde,
4-hydroxybenzaldehyde and ferulic acid are generated due to lignin
breakdown.

Although the mechanism of inhibition by weak acids is not easily
elucidated, the inhibitory effect of weak acids has been ascribed to
uncoupling and intracellular anion accumulation (Russell, 1992)
(Fig. 3). The undissociated form of weak acids diffuses from the fer-
mentation medium across the plasma membrane and dissociates
due to the higher intracellular pH, thus decreasing the cytosolic pH
(Guldfeldt and Arneborg, 1998). The intracellular acidification in-
hibits cell metabolic activity (Pampulha and Loureiro-Dias, 1990)
and contributes to the dissipation of plasma membrane electrochem-
ical gradient (Mira et al., 2010b). In glycolysis, enolase was the en-
zyme most severely affected by acetic acid at pH6.6 (Pampulha and
Loureiro-Dias, 1990). The decrease in intracellular pH can be compen-
sated by the proton-translocating plasma membrane ATPase, Pmal,
which pumps protons out of the cell at the expense of ATP hydrolysis
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(Carmelo et al., 1997) (Fig. 3). As a consequence, less ATP is available
for biomass formation. Also, the depletion of ATP should affect ATP-
dependent enzymes including hexokinase and phosphofructokinase
in glycolysis (Pampulha and Loureiro-Dias, 1990). Intracellular acidi-
fication leads to decreased DNA and RNA synthesis rate (Madshus,
1988). Besides affecting internal pH homeostasis, weak acids also
have an impact on the lipid organization and function of membrane
embedded protein (Fernandes et al., 2005; Piper et al., 1998). More-
over, extensive degradation of ribosomal RNA is observed in acetic
acid-stressed cells as a result of activation of apoptotic mechanisms
(Mroczek and Kufel, 2008).

Furan aldehydes such as furfural and 5-HMF prevent yeast cells
from growing and producing ethanol (Navarro, 1994; Palmqvist
etal,, 1999; Sanchez and Bautista, 1988). Several experimental results
may explain the inhibitory effects on ethanol fermentation. In vitro
measurements showed that alcohol dehydrogenase (ADH), aldehyde
dehydrogenase (ALDH), and pyruvate dehydrogenase (PDH) were di-
rectly inhibited by furfural and 5-HMF (Modig et al., 2002). When
yeast cells were grown in the presence of furfural, inhibition of
GAPDH was observed (Banerjee et al., 1981). The reduction of furfural
and 5-HMF to 2-furanmethanol (FM) and furan-2,5-dimethanol
(FDM) in yeast cells should affect intracellular redox balance by the
NAD(P)H oxidation (Liu, 2011; Palmgqvist et al., 1999). Also, furan al-
dehydes are implicated in a broad range of effects including cell wall
damage, DNA breakdown, inhibition of protein and RNA synthesis
(Khan and Hadi, 1994; Liu, 2011; Sanchez and Bautista, 1988). Re-
cently, Allen et al. (2010) showed that furan aldehydes also induced
the accumulation of reactive oxygen species (ROS) in cells to cause
damages to mitochondria and vacuole membranes, the actin
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cytoskeleton and nuclear chromatin, when healthy and exponentially
growing cells were transferred to furfural (Fig. 3).

Although the mechanism of metabolic inhibition by phenolic com-
pounds derived from lignin have not yet been elucidated, largely due
to the lack of accurate quantitative analysis, the phenolic compounds
have been suggested to act on biological membranes, causing loss of
integrity, thereby affecting their ability to serve as selective barriers
and enzyme matrices (Heipieper et al., 1994; Larsson et al., 2000;
Palmqvist and Hahn-Hdgerdal, 2000) (Fig. 3).

To exploit lignocellulosic materials for fuel ethanol production, the
fermenting yeast must utilize hexose and pentose sugars in the pres-
ence of these inhibitory compounds. In particular, xylose utilization
by recombinant xylose fermenting recombinant S. cerevisiae strains
was more severely affected by the addition of acetic acid than glucose
utilization (Hasunuma et al., 2011a). Thus, in order to improve fer-
mentation ability of the yeast strains, several strategies have been ap-
plied to overcome the effect of inhibitors. These approaches include
the improvement of natural tolerance by controlling inhibitor con-
centrations during the fermentation (Martin et al., 2007), a mutagen-
esis and genome shuffling approach (Liu et al.,, 2009; Zheng et al.,
2011), and the overexpression of genes encoding enzymes that confer
resistance towards specific inhibitors, as described in the following
sections.

3.2. Evolutionary engineering for the improvement of inhibitor tolerance
Evolutionary engineering strategies were proved to be useful to im-

prove fermentation ability of constructed strains by mimicking natural
selection under pressure or random mutagenesis (Sonderegger and
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Fig. 3. Schematic representation of a presumed inhibition mechanism of weak acids, furan derivatives and phenolic compounds in S. cerevisiae. Undissociated form of weak acids
diffuses across plasma membrane and dissociates in the cells, thus decreasing the cytosolic pH. H*-ATPase, Pmal activity contributes to the recovery of internal pH at the expense
of ATP hydrolysis. The intracellular acidification and ATP depletion inhibit cell metabolic activity. Weak acids also have an impact on the membrane organization and function of
membrane embedded protein. Furan aldehydes induce ROS accumulation in cells to cause damages to mitochondria and vacuole membranes as well as cellular components.
Furan aldehydes prevent yeast cells from growing and producing ethanol. The reduction of furfural and 5-HMF to FM and FDM causes intracellular redox imbalance by NAD(P)
H oxidation. Glycolytic enzymes, ADH, ALDH, enolase, GAPDH and PDH, are inhibited by weak acids and furan aldehydes. Phenolic compounds cause loss of plasma membrane in-
tegrity. BPGA, 1,3-bisphosphoglycerate; GAP, glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvate; 2PGA, 2-phosphoglycerate.
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Sauer, 2003; Wahlbom et al.,, 2003). Evolutionary engineering experi-
ments were successful in obtaining inhibitor tolerant strains, as well
as to accelerate the co-utilization of glucose, xylose, and arabinose mix-
tures by a recombinant S. cerevisiae strain (Wisselink et al., 2009).
Martin et al. (2007) reported that the adaptation of xylose-fermenting
S. cerevisiae strains to sugarcane bagasse by cultivation over 353 h
using a medium with an increasing concentration of fermentation in-
hibitors led to a significant improvement of ethanol production from
bagasse hydrolysate. The adapted strains converted furfural and 5-
HMF at a faster rate than the non-adapted strain. Tomas-Pej6 et al.
(2010) improved biomass fermentation ability of a recombinant
xylose-fermenting S. cerevisiae through evolutionary engineering. The
evolved strain, obtained by sequential cultivation in wheat straw hy-
drolysate with an increasing concentration of inhibitors, exhibited 20%
higher final ethanol concentration and 65% higher xylose consumption
than the parental strain in the fermentation of steam-pretreated wheat
straw. In a previous report (Basso et al., 2008), several S. cerevisiae
strains suitable for fermentation of sugarcane substrates were isolated
by cell recycling under the stressful conditions imposed by industrial
fermentation. The selection of yeast strains under selective pressure
may improve their fermentation performance in terms of high ethanol
yield, reduced glycerol and foam formation, and maintenance of high
viability during recycling. Cell recycling may also have the advantage
of allowing cells to become conditioned or adapted to the fermentation
process (Slininger et al., 2011).

3.3. Genetic engineering for the improvement of inhibitor tolerance

3.3.1. In situ detoxification of fermentation inhibitors

In order to improve ethanol production in the presence of fermen-
tation inhibitors, a genetic engineering approach using enzymes re-
sponsible for the inhibitor tolerance of S. cerevisiae strains was
launched (Table 2). Overexpression of homologous or heterologous
genes encoding these enzymes has been successfully applied to the
detoxification of inhibitors such as furan derivatives and phenolic
compounds (Almeida et al., 2009; Gorsich et al., 2006; Heer et al.,
2009; Larsson et al., 2001a,b; Liu and Blaschek, 2009).

Several strains of S. cerevisiae showed tolerance to furans due to
their ability to convert furfural and 5-HMF to less harmful com-
pounds, respectively FM and FDM (Liu et al., 2004, 2008). The alcohol
dehydrogenase encoded by the ADH6 gene is one of the enzymes re-
sponsible for NADPH-dependent 5-HMF reduction in S. cerevisiae
(Petersson et al., 2006). Also, Laadan et al. (2008) identified an
ADH1 variant as an NADH-dependent enzyme capable of reducing
both furfural and 5-HMF from the industrial S. cerevisiae yeast strain
TMB3000, which was the most tolerant strain in a screening test
using dilute acid hydrolysate, while the natural ADH1 enzyme from
S. cerevisiae is not able to reduce 5-HMF. Accordingly, the overexpres-
sion of these ADH genes in yeast cells has aided ethanol production
from glucose or a glucose/xylose mixture in the presence of furfural
or 5-HMF (Almeida et al., 2008, 2009; Laadan et al., 2008; Petersson
et al., 2006). Recently, Liu and Moon (2009) reported that the alde-
hyde reductase encoded by ARI1 possessed NADPH-dependent reduc-
tion activities toward at least 14 aldehydes including common
lignocellulose-derived inhibitors such as furfural, 5-HMF, vanillin,
and cinnamic aldehyde. Cultures of the S. cerevisiae strain overexpres-
sing ARIT demonstrated a better growth compared with a wild type
strain without the gene insert in the presence of 20 mM furfural
and 40 mM HMF (Liu and Moon, 2009). It was likely attributed to
its enzyme reduction activities to convert the inhibitors into less
toxic or non-toxic alcohols that allow cell growth. On the other
hand, deletion of a single gene encoding enzymes possessing alde-
hyde reduction activities did not affect cell growth in the presence
of the inhibitors, suggesting in situ detoxification of furfural and 5-
HMEF by furan-tolerant yeast strains involves multiple gene mediated
NAD(P)H-dependent aldehyde reduction (Liu and Moon, 2009; Liu

et al., 2008). Individual enzymes involved in reduction of furfural
and 5-HMF had distinct cofactor preference. ADH7, ALD4, and GRE3
demonstrated clearly cofactor NADH preference while ADH6 showed
NADPH preference on both substrates, furfural and 5-HMF. Therefore,
Liu et al. (2008, 2009) indicated that either NADH and/or NADPH can
be used for the aldehyde reduction.

To detoxify phenolic inhibitors, laccase from the white rot fungus
Trametes versicolor was expressed in S. cerevisiae. The laccase-
expressing strain had the ability to convert coniferyl aldehyde at a
faster rate than a control strain not expressing laccase, which enabled
faster growth and ethanol fermentation in the presence of 1.25 mM
coniferyl aldehyde (Larsson et al., 2001a). Also, the overexpression
of the Padl gene, encoding phenylacrylic acid decarboxylase
(Pad1p), improved ethanol productivity in the presence of ferulic
acid and cinnamic acid (Larsson et al, 2001b). The Padlp-
overexpressing strain also showed 22-25%, 40-45%, and 24-29% fas-
ter glucose consumption rate, mannose consumption rate, and etha-
nol production rate, respectively, in a dilute acid hydrolysate of
spruce under aerobic and oxygen-limited conditions. As described
above, ARI1 from S. cerevisiae has aldehyde reduction activities to-
ward lignin-derived phenolic compounds such as benzoic aldehyde,
cinnamic aldehyde, and vanillin (Liu and Moon, 2009). Also, ADH7
possessing reduction activities to both furfural and 5-HMF showed re-
duction activities with cinnamic aldehyde (Liu et al., 2008). Overex-
pression of ARI1 and ADH7 in recombinant yeast strains is of
interest for in situ detoxification of phenolic aldehydes present in lig-
nocellulosic hydrolysates.

3.3.2. Improvement of inhibitor tolerance through metabolic engineering
based on systems biology

The inherent strategy of yeast to counteract the negative impact of
inhibitors, particularly in the case of furans and other aldehydes, is to
reduce them to less toxic compounds, such as alcohol. On the other
hand, little is known about the molecular and physiological basis of
yeast tolerance to the major inhibitors. Accordingly, the mechanisms
of tolerance and adaptation of S. cerevisiae towards lignocellulosic hy-
drolysate have been the subject of many studies, and would allow the
improvement of inhibitor tolerance through metabolic engineering.
In particular, systems biology approaches including disruptome
screening, a genome-wide approach using DNA microarrays, proteo-
mics, and metabolomics have been recently exploited to gain insight
into the molecular and genetic traits involved in tolerance and adap-
tation to fermentation inhibitors (Gorsich et al., 2006; Hasunuma
et al,, 2011a,b; Heer et al., 2009; Lin et al., 2009; Ma and Liu, 2010;
Mira et al., 2010a,b; Sundstrém et al., 2010).

To identify genes involved in furfural tolerance, Gorsich et al.
(2006) screened an S. cerevisiae gene disruption library for mutants
that exhibit growth deficiencies in the presence of furfural. Interest-
ingly, several mutants defective in the pentose phosphate pathway
(PPP) genes, zwfl, gnd1, rpel, and tkl1, were found to be inefficient
at reducing furfural to furfuryl alcohol. These data might reflect an
overall decreased abundance of reducing equivalents or the role of
NADPH in stress tolerance. Indeed, the overexpression of the zwf1
gene, encoding glucose-6-phosphate dehydrogenase, in S. cerevisiae
enabled growth at furfural concentrations that are normally toxic
(Table 2). Recently, the functional basis of furfural tolerance was elu-
cidated by comparing a furfural-adapted S. cerevisiae strain with in-
creased viability under high concentrations of furfural to its parent
by means of a metabolic flux and global transcript analysis (Heer
et al., 2009). Although NADH-dependent oxidoreductases are the
major defense system at lower concentrations of furfural, at furfural
concentrations above 15 mM, the NADPH-dependent oxidoreduc-
tases become the major resistance mechanism with increased
NADPH-generating flux through the PPP. Furthermore, Heer et al.
(2009) demonstrated that high-level furfural resistance in the
adapted strain was based on strong induction of ADH7, the
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Table 2

Improved tolerance toward fermentation inhibitors through genetic engineering.

1215

Genetic engineering strategy

Gene-product function

Major impact on inhibitor tolerance of S. cerevisiae strains

Reference

T. versicolor Icc2 and S. cerevisiae Sso2p overexpression®

Pad1 overexpression

ZWF1 overexpression

ADH6 overexpression

Mutated ADH1 overexpression

ADH?7 overexpression

ADH?7 and YKLO71W overexpression
ARI1 overexpression

FPS1 disruption
TAL1 overexpression
FDH1 overexpression

TAL1 and FDH1 overexpression

Laccase and protein secretion

Phenylacrylic acid
decarboxylase

Pentose phosphate pathway

Aldehyde reduction

Aldehyde reduction

Aldehyde reduction

Aldehyde reduction
Aldehyde reduction

Aquaglycoporin
Pentose phosphate pathway
Formate dehydrogenase

Pentose phosphate pathway,

Increased growth and ethanol production from
glucose in the presence of coniferyl aldehyde
under oxygen-limited conditions by detoxifying
coniferyl aldehyde

Increased growth and ethanol production from
glucose in the presence of ferulic and cinnamic
acid under oxygen-limited conditions

Increased growth in synthetic dextrose

medium in the presence of furfural

Increased NADPH-dependent HMF conversion
under aerobic and anaerobic cultivation

Increased growth and ethanol production in anaerobic
glucose fermentation in the presence of HMF
Increased growth in synthetic dextrose medium in
the presence of HMF

Increased ethanol production from glucose-xylose
mixture in the presence of HMF

Increased growth and ethanol production in anaerobic
glucose fermentation in the presence of HMF
Increased biomass production and NADH-dependent
HMF conversion

Increased ethanol production from glucose-xylose
mixture in the presence of HMF

Increased growth in synthetic dextrose

medium in the presence of HMF

Reduction of furfural-induced lag phase

Increased growth in a minimal medium in

the presence of furfural and HMF

Increased growth and ethanol production

from glucose in the presence of acetic acid
Increased ethanol production from xylose in

the presence of acetic and formic acid
Detoxification of formic acid during xylose
fermentation

Increased ethanol production in a repeated-batch

Larsson et al. (2001a)

Larsson et al. (2001b)

Gorsich et al. (2006)
Petersson et al. (2006)
Almeida et al. (2008)
Liu et al. (2008)
Almeida et al. (2009)
Almeida et al. (2008)
Laadan et al. (2008)
Almeida et al. (2009)
Liu et al. (2008)

Heer et al. (2009)
Liu et al. (2009)

Zhang et al. (2011)
Hasunuma et al. (2011a)
Hasunuma et al. (2011b)

Sanda et al. (2011)

Formate dehydrogenase

fermentation of rice straw hydrolysate®

2 The Sso2 protein is a membrane protein involved in the protein secretion machinery.

> The FPS1 gene encodes an aquaglycoporin protein involved in glycerol uptake and efflux.
€ Rice straw hydrolysate obtained by liquid hot water pretreatment and hemicellulose treatment contained sugars (11.99 g/ glucose, 9.66 g/I xylose, 2.58 g/I arabinose, 0.89 g/
galactose, 4.72 g/l fructose), 27.11 mM acetate, 20.06 mM formate, 7.77 mM furfural, 0.46 mM 5cvHMF, 0.56 mM vanillin and 0.37 mM syringaldehyde.

uncharacterized open reading frame YKLO71W, and four additional
(likely NADPH-dependent) oxidoreductases. By overexpressing the
ADHY7 genes and the open reading frame YKLO71W, furfural resistance
was increased in the parent strain, which demonstrated these two en-
zymes are the key elements of furfural resistance.

In contrast to furans and phenolic compounds, metabolic engi-
neering strategies that have addressed yeast tolerance to weak organ-
ic acids have been rare, due to the insufficient understanding of
inhibitory actions of weak organic acids. Recently, the effect of acetic
acid on xylose fermentation was analyzed by examining metabolite
profiles in a recombinant xylose fermenting strain of S. cerevisiae
(Hasunuma et al., 2011a). Metabolome analysis revealed that metab-
olites involved in the non-oxidative PPP accumulated significantly on
addition of acetic acid, indicating that acetic acid may slow down the
flux through the pathway. Subsequently, the overexpression of the
TAL1 gene encoding transaldolase, which is assumed to be one of
the rate-limiting enzymes in the non-oxidative PPP, reduced the inhi-
bition of the fermentation capacity by weak acids such as acetic and
formic acids. This study demonstrated that metabolomics is a power-
ful tool to gain insight into the effects of environmental perturbation
on microbial metabolism and to then develop rational strategies for
conferring stress tolerance through genetic engineering.

Microarray analysis has also been applied to survey the transcrip-
tional response of S. cerevisiae to stress, a strategy that has uncovered
many unpredictable stress responses (Li and Yuan, 2010; Mira et al.,
2010a). Microarray analysis of xylose fermenting S. cerevisiae under
different formic acid concentrations revealed that the expression of
7 genes (FDH1, FDH2, ALD5, HXK2, VCX1, GPD2, and HXT4) was

upregulated in response to increasing formic acid dosage
(Hasunuma et al., 2011b). The list of upregulated genes suggested a
response of S. cerevisiae to formic acid, and the major defense mech-
anism is likely to be upregulation of formate dehydrogenase (FDH)
activity. In order to consume the NADH produced by formic acid
breakdown, transcription of two NAD-dependent reductases, alcohol
dehydrogenase (ALD5) and glycerol-3-phosphate dehydrogenase
(GPD2), were induced in an attempt to maintain the redox balance.
Genes in the initial steps for sugar assimilation, encoding a hexose
transporter (HXT4) and hexokinase (HXK2), were also upregulated
to produce more ATP. Quantification of formic acid in the medium in-
dicated that the innate activity of FDH was too weak to detoxify for-
mic acid. To reinforce the capability for formic acid breakdown, the
FDH1 gene was also overexpressed in the xylose-fermenting recombi-
nant yeast strain. This modification allowed the yeast to rapidly de-
compose excess formic acid (Hasunuma et al., 2011b).

Based on knowledge obtained by biological profiling (Hasunuma
etal., 2011a,2011b), arecombinant S. cerevisiae strain that demonstrated
higher ethanol production from xylose in the presence of both acetic and
formic acid was developed by expressing both the TALT and FDH1 genes
(Sanda et al, 2011). As an additional strategy for enhancing the re-
sistance to weak acids, the haploid TAL/FDH-coexpressing xylose-
fermenting strains were crossbred to obtain a homozygous diploid strain.
The recombinant diploid strain produced ethanol from lignocellulosic hy-
drolysate containing a mixture of glucose, fructose and xylose as a carbon
sources, as well as the fermentation inhibitors. Moreover, batch fermen-
tation of the lignocellulosic hydrolysate was performed for five cycless
without any loss of fermentation ability (Sanda et al., 2011).
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4. Conclusions

Cost-effective production of ethanol from lignocellulosic materials
remains a major challenge, primarily due to the high recalcitrance of
these materials. Typically, high cost is associated with the large quan-
tity of enzymes required for the complete hydrolysis of cellulose to
ethanol. The development of cell surface engineering provides effi-
cient yeast cell biocatalysts directly converting lignocellulosic mate-
rials to ethanol by displaying cellulolytic and hemicellulolytic
enzymes on the cell surface. The close proximity of multiple enzymes
on the cell surface enables synergistic hydrolysis of the lignocellulosic
materials. Furthermore, reutilization of the yeast cells enables reuse
of the enzymes displayed on their cell surface without reproduction
of the yeast cells, which would reduce the cost of yeast propagation
as well as enzyme addition. Thus, cell surface engineering is a prom-
ising technology for the realization of CBP.

For the efficient production of ethanol from lignocellulosic materials,
the improvement of not only fermentation capacity but also tolerance
to toxic compounds released by pretreatment of biomass is indispensable.
However, limited knowledge is available about the molecular and physi-
ological basis of yeast tolerance to the inhibitory compounds. Thus, evolu-
tionary engineering is a useful strategy to obtain a robust strain, while an
important challenge for metabolic engineering is identification of gene
targets that have importance for improvement of cellular robustness. Tol-
erant yeast strains can be obtained by enhancing the genetic background.
A systems biology approach using multi-omics analysis such as transcrip-
tomics, proteomics and metabolomics, which present a dynamic view of
gene expression, protein and metabolite biosynthesis in yeast stress re-
sponses, will facilitate metabolic engineering to optimize microorganisms
for industrial ethanol production from lignocellulosic materials.

A combination of cell surface engineering and intracellular meta-
bolic engineering is a very effective approach to develop cells with
novel fermentation ability for industrial applications, which would
be applicable to the development of functional consolidated biopro-
cessing. This technology will open up new applications of cell facto-
ries for the future of white biotechnology.
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