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The use of lignocellulosic biomass for the production of
biofuels will be unavoidable if liquid fossil fuels are to be
replaced by renewable and sustainable alternatives. Ethanol
accounts for the majority of biofuel use worldwide, and the
prospect of its biological production from abundant
lignocellulosic feedstocks is attractive. The recalcitrance of
these raw materials still renders proposed processes complex
and costly, but there are grounds for optimism. The application
of new, engineered enzyme systems for cellulose hydrolysis,
the construction of inhibitor-tolerant pentose-fermenting
industrial yeast strains, combined with optimized process
integration promise significant improvements. The
opportunity to test these advances in pilot plants paves the
way for large-scale units. This review summarizes recent
progress in this field, including the validation at pilot scale, and
the economic and environmental impacts of this production
pathway.

Addresses

TIFP, Department of Biotechnology, 1 & 4 avenue de Bois-Préau, 92852
Rueil-Malmaison Cedex, France

2LTH/Lund University, Department of Applied Microbiology, P.O. Box
124, S-221 00 Lund, Sweden

3 SEKAB E-Technology, P.O. Box 286, 891 26 Ornskoldsvik, Sweden
“Imperial Centre for Energy Policy and Technology, Centre for

Environmental Policy, Imperial College London, South Kensington
Campus, London SW7 2AZ, United Kingdom

Corresponding author: Monot, Frédéric (frederic.monot@ifp.fr)

Current Opinion in Biotechnology 2009, 20:372-380

This review comes from a themed issue on
Environmental biotechnology
Edited by Ed Bayer and Mike Himmel

Available online 6th June 2009

0958-1669/% - see front matter
© 2009 Elsevier Ltd. All rights reserved.

DOI 10.1016/j.copbio.2009.05.009

Introduction

Liquid transport fuels derived from renewable lignocel-
lulosic resources offer unique and desirable features:
a secure source of supply, limited conflict with land
use for food and feed production, and lower fossil fuel
inputs. The biological production of ethanol from forest
and agricultural residues, or dedicated lignocellulosic
crops, offers these benefits but its development is
still hampered by economic and technical obstacles

[1°°,2].

The ‘conventional’ process for producing ethanol from
lignocellulosic  biomass includes four main steps
(Figure 1):

(1) Pretreatment—breaking down the structure of the
lignocellulosic matrix.

(2) Enzymatic hydrolysis—depolymerizing cellulose to
glucose by means of cellulolytic enzymes.

(3) Fermentation—metabolizing the glucose to ethanol,
generally by yeast strains.

(4) Distillation-rectification-dehydration—separating  and
purifying the ethanol to meet fuel specifications.

Around the world there are numerous R&D projects
seeking to overcome the remaining obstacles to commer-
cialization. Some of the projects, principally those in
USA, include pilot and demonstration facilities. The
key obstacles being tackled are: pretreatment selection
and optimization; decreasing the cost of enzymatic
hydrolysis; maximizing the conversion of sugars (in-
cluding pentoses) to ethanol; process scale-up and integ-
ration to minimize energy and water demand;
characterization and valuation of the lignin co-product;
and lastly, the use of representative and reliable data for
cost estimation, and the determination of environmental
and socio-economic impacts. Besides seeking to improve
the conventional process, which utilizes Trichoderma reesei
cellulolytic enzymes and Saccharomyces cerevisiae yeast
strains, alternative and novel schemes are also being
investigated, for example, the use of thermophilic
enzymes [3°°], recombinant ethanol-producing strains
[4,5] and consolidated bioprocessing [6]. This review
focuses on recent advances in the four-step process,
underlined by efforts performed within the framework
of a European research project: the NILE (New Improve-
ments for Lignocellulosic Ethanol) project. It should be
noted, however, that major breakthroughs here could also
benefit these other production pathways.

Pretreatment of lignocellulosic materials

Pretreatment of lignocellulosic biomass aims at render-
ing cellulose accessible to the action of hydrolytic
enzymes by altering the lignocellulosic cell wall [7,8].
Pretreatment effects include: an increase of the acces-
sible surface area, cellulose decrystallization, partial cel-
lulose depolymerization, hemicellulose and/or lignin
solubilization, and the modification of the lignin struc-
ture. Many pretreatment technologies have been pro-
posed generally on the basis of combined physical and
chemical actions. These include, steam explosion, liquid
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Flowsheet of production of bioethanol from lignocellulosic biomass. Flow diagram (A), ‘conventional’ process. Flow diagram (B), simultaneous
saccharification and co-fermentation process (SSCF). Flow diagram (C), consolidated bioprocessing (CBP). LCB, lignocellulosic biomass. Dotted lines
represent optional process configuration (depends on pretreatment used).

hot water (LHW), ammonia fiber expansion (AFEX),
acid cooking, lime, Organosolv extraction, and so on.
The main constraints are minimizing sugar degradation
and the formation of inhibitors (furanic and phenolic
compounds), and limiting the consumption of chemicals,
energy and water, and the production of wastes. In
addition to steam explosion and dilute acid cooking that
are already used at pilot scale (methods used in the NILE
project), AFEX appears to be a promising technology
owing to recent progress made [9], for example, in new
process designs [7,10]. Recycling of chemicals is also
crucial for other novel methods based on cellulose dis-
solution [11°-13°]. Selecting an optimal technology
remains difficult because the performance is dependent
on the biomass used. A comparative study concluded that
methods like steam explosion, lime pretreatment, the
LHW process, and ammonia-based pretreatments gave

minor differences in projected economic performance
[14].

Enzymatic hydrolysis

Overcoming the recalcitrance of lignocellulosic biomass
The goal of enzymatic hydrolysis is to depolymerize the
polysaccharides in the water insoluble solid fraction that
remains after pretreatment. After most pretreatments, the
bulk of these remaining polysaccharides are cellulose.
Three classes of enzymes act synergistically to hydrolyse
cellulose: endo-3-1,4-glucanases (EG, EC 3.1.2.4) attack
the endogenous part of cellulose chain, cellobiohydro-
lases (CBH, EC 3.2.1.91) attack the ends of the polymer,
releasing cellobiose that is ultimately cleaved into two
glucose molecules by B-glucosidases (BG, EC 3.2.1.21)
[15]. In addition, accessory or ‘helper’ enzymes including
hemicellulases [16] and ligninases [17] may also play a
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Most promising biotechnological research areas for enhancement of the lignocellulose hydrolysis step, from basic cellulase mixtures (above, black
arrow), to enhanced cellulase mixtures (red arrow). The key is either to lower cost of the enzymes or to produce more efficient enzymes. Most of these
changes (enzyme addition, modification, or enhancement of the fungal strain) have to be integrated into the T. reesei genome (red arrow on the left).

role in hydrolysis by clearing access to cellulose for the
main enzymes. The high costs of enzyme production and
the excessive enzymatic dosages necessary to hydrolyse
pretreated biomass are often considered to be the major
bottleneck on the path to a commercial lignocellulosic
ethanol industry [1]. Several ways are considered for
improvement (Figure 2).

Improving cellulase production

The main industrial source of cellulases and hemicellu-
lases is the mesophilic soft-rot fungus 77ichoderma reesei
(teleomorph Hypocrea jecorina) owing to the high protein
secretion capacity of mutant strains obtained by random
mutagenesis [18]. Further enhancement of these strains
will require precise metabolic engineering taking into
account genetic expression in process conditions [19].
Attempts to produce the enzymes using cheaper carbon
sources, for example, those originating from cellulosic
biomass, are also being made [20].

Much work has been undertaken on the induction
mechanisms of cellulases by the industrial inducer
lactose in 7. reesei, which involves an alternative D-
galactose metabolism pathway [21]. Besides, three main

transcription factors are known to be involved in cellu-
lase induction: ACE1, ACEZ and the major inductor
XYR1, the latter regulating both hydrolytic enzymes
and the lactose inducer pathway [22,23]. With the
recent release of its complete genome sequence
[24°°], T. reesei has entered the post-genomic era, and
the availability of genome-wide tools will permit sys-
tems biology approaches, developing a much needed
knowledge of existing mutants and leading to new
high-performance strains [25°].

Improving enzymatic cocktail efficiency

The two cellobiohydrolases (CBH I and CBH II) and the
two endoglucanases (EG1 and EG?2), in a rough pro-
portion of 60:20:10:10, can make up to 90% of the enzyme
cocktail secreted by 7. reesei, while B-glucosidase typically
makes up less than 1% [15,26]. Hydrolysis conditions
within the ethanol process are far from the natural
environmental conditions where 7. reesei may be found.
It can therefore be hypothesized that proportions of
enzymes in the native cocktail are not optimal under
these process conditions. A first, straightforward, way to
improve lignocellulose hydrolysis is thus to refine basic
components of the cocktail [27].
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Recent genetic and biochemical technologies have
improved our knowledge of the full set of 7. reesei enzymes.
Three more endoglucanases were reported to be secreted,
together with 12 hemicellulases [28]. Complete analysis of
the ‘secretome’ of an industrial strain revealed 22 secreted
enzymes [26]. Complete genome sequencing [24°°] has
identified a far higher number of genes encoding enzymes
(200 glycoside hydrolases as defined by the CAZy database
[29°]). It is possible that overexpression of some of these
genes may lead to significant enhancement of enzymatic
hydrolysis. Still, 7. reeser genome remains surprisingly poor
in terms of number and diversity of enzymes likely to be
involved in biomass degradation by comparison with other
fungi [24°°]. Thus, expressing enzymes from GH families
absent from 7. reeses, would seem another promising option.
The ever increasing number of sequenced genomes is a
potent source of enzymes [30]. Metagenomics is also a
promising field, as recently demonstrated for a termite
hindgut microbial community [31°°].

A good example of such a successful approach is the
cloning and expression of thermostable cellulases that
has revealed that some of these enzymes have interesting
properties for lignocellulose degradation [3°°] and that
some could replace 7. reesei enzymes. Finally, the study of
bacterial cellulosomes shows that one way to increase
synergies between cellulolytic enzymes is to physically
link them, either by direct genetic fusion [32] or by
constructing ‘designer cellulosomes’ [33°°].

Ethanolic fermentation of lignocellulose
Ethanolic fermentation of lignocellulose hydrolysates
requires that the organism ferments both the hexose

New improvements for lignocellulosic ethanol Margeot et al. 375

sugars glucose, mannose, and galactose, and the pentose
sugars, xylose and arabinose in the presence of inhibitory
compounds including weak acids, furaldehydes and phe-
nolics. Baker’s yeast Saccharomyces cerevisiae, which has
been the preferred organism for fermentative ethanol
production throughout recorded human history is also
tolerant toward lignocellulose derived metabolic inhibi-
tors [34,35°°]. However, S. cerevisiae lacks the ability to
utilize the pentose sugars xylose and arabinose.

Pentose fermentation

In natural xylose and arabinose utilizing microorganisms,
bacteria use an isomerase pathway to channel the pentose
sugars to the central metabolism, whereas yeast and
filamentous fungi mainly use a reductase/dehydrogenase
pathway (Figure 3). Both pathways have been introduced
in S. cerevisiae (reviewed in [35°°,36°°)).

High ethanol yields have been obtained when the xylose
isomerase pathway was introduced in §. cerevisiae and
transformants were subsequently exposed to evolutionary
engineering protocols [37]. Similarly, the arabinose iso-
merase pathways have been introduced [38]. However,
isomerase pathways have so far only been expressed from
multi-copy plasmids, which lack the stability required for
industrial applications [39].

Yeast and fungal reductase/dehydrogenase include
enzyme reactions using different redox co-factors
(Figure 3), which may result in carbon-wasting by-pro-
duct formation (reviewed in [35°°,36°°]). Nevertheless
the two best-performing industrial xylose-fermenting .
cerevisiae strains are based on reductase/dehydrogenase

Figure 3
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Pentose metabolism. Al: arabinose isomerase; ALX: L-xylulose reductase; AR: arabinose reductase; LAD: arabitol dehydrogenase; RK: ribulokinase; RPE:
ribulose 5-phosphate epimerase; XDH: xylitol dehydrogenase; XI: xylose isomerase; XK: xylulokinase; XR: xylose reductase (designed by Maurizio Bettiga).
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pathways [34]. However, when a fungal arabinose path-
way was expressed in §. cerevisiae, ethanol formation was
limited [40].

The pentose redox metabolism has been a subject of
numerous engineering approaches (reviewed in
[35°°,36°°]). Most recently, targeted protein engineering
resulted in significantly increased ethanol yield and pro-
ductivity (O Bengtsson ¢z 4/., unpublished). Furthermore,
aldehydes and ketones present in non-detoxified hydro-
lysate significantly reduce by-product formation [41].

Despite enzyme cross-affinities [42] co-utilization of
xylose and arabinose was significantly better in a xylose
reductase/xylitol dehydrogenase expressing strain than in
a corresponding isogenic isomerase strain [43]. For co-
utilization of pentose sugars by isomerase strains a dedi-
cated evolutionary engineering protocol was required
[44°].

Inhibitor tolerance

§. cerevisiae strains display great variation in inhibitor
tolerance [45]. Whereas the biochemistry of lignocellu-
lose inhibitors has been individually investigated [46°°]
the molecular basis for yeast tolerance toward lignocellu-
lose hydrolysates remains to be elucidated. Furaldehydes
are reduced to the less inhibitory alcohols by the yeast
itself (JRM Almeida e @/, unpublished) and have been
used to evolutionary engineer yeast for improved fermen-
tation of lignocellulose hydrolysates [47].

Industrial strains fermenting non-detoxified hydrolysate
are a source of genes encoding detoxifying enzymes. An
NADPH using alcohol dehydrogenase 6 (ADHG6) [48] and
a mutated NAPDH-dependent and NADH-dependent
ADH1 [49] were identified in a strain isolated from a
spent sulfite liquor fermentation plant [50]. The enzymes
reduce furfural to its corresponding alcohol and confer
inhibitor tolerance to laboratory strains of §. cerevisiae [51].

SSF of lignocellulose

In simultaneous saccharification and fermentation (SSF)
[52°°] low glucose concentrations are maintained in the
reactor and this stimulates xylose fermentation without
inhibiting xylose transport [53]. Thus, improved xylose
fermentation has been demonstrated in SSF [54°] and a
recent report on fermentation of low xylose concen-
trations with a recombinant §. cerevisiae expressing a
heterologous glucose/xylose facilitator from Candida inter-
media [55] suggests that SSF of lignocellulose can be
further improved.

Process integration

Increasing production capacity to commercial scale can
only be done with confidence when a process is shown to
be robust at an intermediate, pilot scale. An ideal pilot
plant needs to be fully integrated, able to evaluate the

complete system (e.g. enzymes and yeasts) while having
sufficient flexibility to investigate alternative process
configurations and test options for better heat integration
and the recycling of process streams. Recently there has
been a significant effort for building pilot facilities, but
the mass and energy balances obtained are rarely pub-
lished and recent literature on process integration is poor

[56].

The pilot plant evaluated within the NILE project is able
to handle 2 tons of dry biomass per day, a capacity
enabling representative data on mass and energy balances
to be gathered while maintaining flexibility. The enzy-
matic hydrolysis process could be scaled up from labora-
tory scale (1-10 L) to process development scale (100 L),
and finally to pilot scale (10 000 L). The first pilot scale
trials were based on the concept of separate hydrolysis
and fermentation (SHF). Later trials incorporated SSF,
and measured enzymatic decomposition rates of up to 80
percent of the cellulose. Further trials with both SHF and
SSF will soon be performed in the pilot plant to validate
new enzymes and yeast strains obtained in the project.

The decision to employ SHF or SSF has an important
impact on the final production cost. In the SHF process
both yeast and enzymes can work at their optimal
temperature, but an accumulation of end products can
reduce the efficiency of hydrolysis. In the SSF process,
end product inhibition can be avoided but the reaction
conditions are a compromise. Models based on laboratory
data have confirmed the SSF process to be the most
efficient option for both softwood [57] and wheat straw
[58]. Nevertheless, it is still too early to ratify the SSF
process concept at pilot plant scale.

The properties of the lignin (and other solid) residues
from the pilot plant trials indicate that this material is
suitable for heat and power generation, but because it has
a higher calorific value than softwood granules, higher
capacity heat exchangers may be required. There is also
potentially a higher risk of NO, and SO, formation during
combustion owing to relatively high nitrogen and sulfur
content in the residue [59].

From a process scale-up perspective, it is clear that the
challenges lie not only in finding the most efficient
organisms for the conversion of cellulose to ethanol but
also in making intelligent use of the entire feedstock and
exploiting all the opportunities for process integration.
Process solutions that can decrease energy demand and
increase energy outputs have in models demonstrated
significantly better process economy [60°,61,62]. For
example, in a basic scenario with softwood, the minimum
selling price of ethanol shows variations from 0.38 to 0.47
€/L. depending on for which energy purpose(s) the resi-
due is utilized. In particular, the local demand for district
heating will influence the price of ethanol [60°].

Current Opinion in Biotechnology 2009, 20:372-380
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Cost estimates for lignocellulosic ethanol production. Estimates are normalized for currency, year, and units.

Reference Conversion process?®

Capacity® (tonnes dry biomass year™")

Ethanol production cost (005$ L")

Von Sivers and Zacchi [69] Enz./dilute acid/conc. acid

Lynd [65] Enz. (SSF)
NREL: Wooley et al. [66] Enz. (SSF)
Aden et al. [74] Ruth
and Jechura [67]
Wingren [58] Enz.(SHF)/Enz.(SSF)
Sassner et al. [68] Enz.(SSF)

100 000 (S) 0.76/0.81/0.79
592 000 (H) 0.4

700 000 (H)/(CS) 0.47/0.34

196 000 (S) 0.8/0.68-0.64
200 000 (H)/(CS)/(S) 0.71/0.71/0.57

# Process classified according to principal hydrolysis step. Enz. = enzymatic hydrolysis; SSF = simultaneous saccharification and fermentation;

SHF = separate hydrolysis and fermentation.
b 5 = softwood; CS = corn stover; H = hardwood.

Economics and environmental impacts

The markets for biofuels in North America and the EU
are almost entirely dependent on policy mandates and
fiscal incentives, predicated on the contribution of etha-
nol to greenhouse gas saving, security of supply, and
employment policy objectives [63]. For example, the
latest EU policy (10% biofuels by 2020) makes access
to subsidized markets contingent on a minimum 35%
GHG saving (increasing to 50% from 2017). Currently, it
is uncertain which competing technology pathways will
become dominant, but nonetheless, it is clear that for a
technology to be commercially viable and future-proof it
must be cost competitive and deliver the environmental
benefits demanded.

Cellulosic ethanol’s commercial viability depends upon:
(1) feedstock cost and digestibility; (ii) conversion cost and
efficiency; (ii1) product revenues. R&D is improving the
conversion process, but the issues of feedstock availabil-
ity and revenue stability remain uncertain and subject to
political risk. Feedstock costs are primarily determined
by existing markets and tend to be geographically con-
strained. Digestibility requirements may also limit prac-
ticable supply. Supply-chain design will therefore play a
crucial role in determining which process concepts are
successful [64°°]. Expectations of feedstock availability
are reflected in estimates of production cost. Cost is an
important metric for comparing alternative process
designs, but caution is required when comparing different
estimates. For example, US studies generally forecast a
lower cost of ethanol (0.34—0.47,00s$ L") [65-67] than
EU studies (0.57-0.8 50053 L") [58,68,69] (Table 1).
Partly, this is due to the US studies assuming greater
feedstock availability and larger conversion plant.

Forecasting GHG savings is problematic for two reasons:
(1) the definition of system boundaries and the allocation
of co-product impacts are highly subjective; (ii)) GHG
emissions embodied in feedstocks depend upon the
production location, method, and consequential impacts.
Influential meta-studies aiming to bring greater consist-
ency, transparency, and coherence to the life cycle

assessment (LLCA) of biofuels have drawn the system
boundary around an individual production plant and its
supply-chain [70°°,71]. The studies differ somewhat in
approach, but agree upon a general conclusion: cellulosic
ethanol results in greater carbon savings (75—
150 g COe km™!) than wheat (15-110 gCOze km™') or
maize (40—60 g CO,e km ™), but not necessarily as great
as from Brazilian sugarcane (125-175 g CO,e km™').
T'wo subsequent studies contest this conclusion, assert-
ing that the system boundaries should be expanded to
include consequential impacts (direct and indirect land-
use change) [72,73°°,74]. The science for determining
these impacts is in its infancy. Following Intergovern-
mental Panel on Climate Change ‘tier 1’ guidance the
direct impacts from waste products (e.g. straw) and
managed forestry (e.g. softwood in northern Europe),
are nil. If the carrying capacity of existing managed
forestry and agricultural residues is not exceeded, land
use change could, therefore, reasonably be ignored.
Replacing 10% of European transport fuel, however,
requires a radical response. Consequently, land use
change and indirect impacts will remain firmly on the
political and scientific agenda. Maximizing GHG savings
will require efficient supply-chain design and a better
understanding of the spatial and temporal factors that
affect overall performance.

Conclusions

Advances in the cost-effective conversion of lignocellu-
losic biomass are often difficult to assess accurately
because of the lack of integrated testing, for example,
lab and pilot scale trials, and the lack of appropriate tools,
for example, process, cost, and environmental impact
models. Integrated projects such as NILE are required
because of the high level of interdependence between
process steps and the necessity to give a global standpoint
on the whole chain. All results generated in projects
involving pilot plant trials will contribute to the process
design developed for an industrial development. A good
example is the industrial development unit (IDU)
planned by SEKAB (URL: http://www.sckab.com/
default.asp?id=2028&refid=2038). This IDU will have a

www.sciencedirect.com

Current Opinion in Biotechnology 2009, 20:372-380



378 Environmental biotechnology

production capacity of 6000 m* ethanol per year, which is
40 times higher than the existing pilot plant. It is planned
to be in operation by 2010-2011 and by 2014 SEKAB
expects to have developed the technology to a commer-
cial level thanks to the incremental improvements
obtained on lignocellulosic ethanol.

Acknowledgements

The authors acknowledge the support provided by the European
Commission Framework Programme 6 (NILE project—Contract Number
019882). We are also thank the members of the 22 partners of the NILE
consortium involved in this project for their constant effort.

References and recommended reading
Paper of particular interests, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Himmel ME, Ding SY, Johnson DK, Adney WS, Nimlos MR,

ee Brady JW, Foust TD: Biomass recalcitrance: engineering
plants and enzymes for biofuels production. Science 2007,
315:804-807.

A recent review with an emphasis on structural barriers that prevent a

successful hydrolysis of lignocellulosic materials and the various means

to overcome it, from pretreatments to enzymes and genetically engi-

neered crops.

2. Sanchez OJ, Cardona CA: Trends in biotechnological
production of fuel ethanol from different feedstocks. Bioresour
Technol 2008, 99:5270-5295.

3. Viikari L, Alapuranen M, Puranen T, Vehmaanpera J, Siika-Aho M:

ee Thermostable enzymes in lignocellulose hydrolysis. Adv
Biochem Eng Biotechnol 2007, 108:121-145.

This article reports the high potential of enzymes isolated from thermo-

philic organisms in terms of activity and thermostability.

4, Trinh CT, Unrean P, Srienc F: Minimal Escherichia coli cell for
the most efficient production of ethanol from hexoses and
pentoses. Appl Environ Microbiol 2008, 74:3634-3643.

5. Yanase H, Sato D, Yamamoto K, Matsuda S, Yamamoto S,
Okamoto K: Genetic engineering of Zymobacter palmae for
production of ethanol from xylose. App/ Environ Microbiol 2007,
73:2592-2599.

6. Shaw AJ, Podkaminer KK, Desai SG, Bardsley JS, Rogers SR,
Thorne PG, Hogsett DA, Lynd LR: Metabolic engineering of a
thermophilic bacterium to produce ethanol at high yield. Proc
Natl Acad Sci U S A 2008, 105:13769-13774.

7. Yang B, Wyman CE: Pretreatment: the key to unlocking
low-cost cellulosic ethanol. Biofuels Bioproducts Bioref 2008,
2:26-40.

8. Hendricks ATWM, Zeema G: Pretreatments to enhance the
digestibility of lignocellulosic biomass. Bioresour Technol 2009,
100:10-18.

9. Sendich EN, Laser M, Kim S, Alizadeh H, Laureano-Perez L,
Dale B, Lynd L: Recent process improvements for the ammonia
fiber expansion (AFEX) process and resulting reductions in
minimum ethanol selling price. Bioresour Technol 2008,
99:8429-8435.

10. Kim TH, Taylor F, Hicks KB: Bioethanol production from barley
hull using SAA (soaking in aqueous ammonia) pretreatment.
Bioresour Technol 2008, 99:5694-5702.

11. Zhang Y-HP, Ding S-Y, Mielenz JR, Cui JB, Elander RT, Laser M,

° Himmel ME, McMillan JR, Lynd LR: Fractionating recalcitrant
lignocellulose at modest reaction conditions. Biotechnol
Bioeng 2007, 97:214-223.

A new pretreatment technology using concentrated phosphoric acid at a

moderate temperature. The cellulose extracted is amorphous and easily

hydrolyzed.

12. Zhu S, Wu Y, Chen Q, Yu Z, Wang C, Jin S, Ding Y, Wu G:

. Dissolution of cellulose with ionic liquids and its application: a
mini-review. Green Chem 2006, 8:325-327.

A review on dissolution of cellulose in hydrophilic ionic liquids such as

1-butyl-3-methylimidazolium chloride (BMIMCI).

13. Zhao H, Jones CL, Baker GA, Xia S, Olubajo O, Person VN:

. Regenerating cellulose from ionic liquids for an accelerated
enzymatic hydrolysis. J Biotechnol 2009, 139:47-54.

Extraction and recycling ionic liquids is a prerequisite because of their

cost and their inactivation effect on cellulases.

14. Eggeman T, Elander RT: Process and economic analysis
of pretreatment technologies. Bioresour Technol 2005,
96:2019-2025.

15. Lynd LR, Weimer PJ, van Zyl WH, Pretorius IS: Microbial
cellulose utilization: fundamentals and biotechnology.
Microbiol Mol Biol Rev 2002, 66:506.

16. Berlin A, Gilkes N, Kilburn D, Bura R, Markov A, Skomarovsky A,
Okunev O, Gusakov A, Maximenko V, Gregg D: Evaluation of
novel fungal cellulase preparations for ability to hydrolyze
softwood substrates—evidence for the role of accessory
enzymes. Enzyme Microb Technol 2005, 37:175-184.

17. Palonen H, Viikari L: Role of oxidative enzymatic treatments on
enzymatic hydrolysis of softwood. Biotechnol Bioeng 2004,
86:550-557.

18. Durand H, Clanet M, Tiraby G: Genetic improvement of
Trichoderma reesei for large scale cellulase production.
Enzyme Microb Technol 1988, 10:341-346.

19. Rautio JJ, Bailey M, Kivioja T, S6derlund H, Penttila M,
Saloheimo M: Physiological evaluation of the filamentous
fungus Trichoderma reesei in production processes by marker
gene expression analysis. BMC Biotechnol 2007, 7:28.

20. Kovacs K, Szakacs G, Zacchi G: Comparative enzymatic
hydrolysis of pretreated spruce by supernatants, whole
fermentation broths and washed mycelia of Trichoderma
reesei and Trichoderma atroviride. Bioresour Technol 2009,
100(3):1350-1357.

21. Fekete E, Seiboth B, Kubicek CP, Szentirmai A, Karaffa L: Lack of
aldose 1-epimerase in Hypocrea jecorina (anamorph
Trichoderma reesei): a key to cellulase gene expression on
lactose. Proc Nat/ Acad Sci U S A 2008, 105:7141-7146.

22. Stricker AR, Mach RL, de Graaff LH: Regulation of transcription
of cellulases- and hemicellulases-encoding genes in
Aspergillus niger and Hypocrea jecorina (Trichoderma reesei).
App! Microbiol Biotechnol 2008, 78:211-220.

23. Mach-Aigner AR, Pucher ME, Steiger MG, Bauer GE, Preis SJ,
Mach RL: Transcriptional regulation of xyr1, encoding the main
regulator of the xylanolytic and cellulolytic enzyme system in
Hypocrea jecorina. Appl Environ Microbiol 2008, 74:6554-6562.

24. Martinez D, Berka RM, Henrissat B, Saloheimo M, Arvas M,

ee Baker SE, Chapman J, Chertkov O, Coutinho PM, Cullen D et al.:
Genome sequencing and analysis of the biomass-degrading
fungus Trichoderma reesei (syn. Hypocrea jecorina). Nat
Biotechnol 2008, 26:553-560.

This article reports the complete genome sequencing of Trichoderma

reesei. The relatively low amount of cellolulytic enzymes in this fungus is

discussed, as well as the lack of genomic evidence explaining its very

high secretion capacities.

25. Seidl V, Gamauf C, Druzhinina IS, Seiboth B, Hartl L, Kubicek CP:

e  The Hypocrea jecorina (Trichoderma reesei) hypercellulolytic
mutant RUT C30 lacks a 85 kb (29 gene-encoding) region of
the wild-type genome. BMC Genomics 2008, 9:327.

Using classical sequencing approaches, the authors demonstrate that

the state-of-the-art RUT-C30 T. reesei strain lacks a 85 kb fragment

bearing 29 genes. Though no evident link exists with the high cellulase

secretion capacities of the strain, this work reminds that industrial strains

bear many undetected mutations that may be detrimental for further

enhancements.

26. Herpoél-Gimbert I, Margeot A, Dolla A, Jan G, Mollé D, Lignon S,
Mathis H, Sigoillot JC, Monot F, Asther M: Comparative
secretome analyses of two Trichoderma reesei RUT-C30 and
CL847 hypersecretory strains. Biotechnol Biofuels 2008, 1:18.

Current Opinion in Biotechnology 2009, 20:372-380

www.sciencedirect.com



27. Rosgaard L, Pedersen S, Langston J, Akerhielm D, Cherry JR,
Meyer AS: Evaluation of minimal Trichoderma reesei cellulase
mixtures on differently pretreated Barley straw substrates.
Biotechnol Prog 2007, 23:1270-1276.

28. Foreman PK, Brown D, Dankmeyer L, Dean R, Diener S, Dunn-
Coleman NS, Goedegebuur F, Houfek TD, England GJ, Kelley AS
et al.: Transcriptional regulation of biomass-degrading
enzymes in the filamentous fungus Trichoderma reesei.

J Biol Chem 2003, 278:31988-31997.

29. Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V,

. Henrissat B: The carbohydrate-active enzymes database
(CAZy): an expert resource for glycogenomics. Nucleic Acids
Res 2009, 37:D233-D238.

A description of the CAZy database, the reference classification system

for glucosyl hydrolases. The ‘CAZome’ of an organism gives a rough idea

of the diversity of its biomass degrading apparatus.

30. Rubin EM: Genomics of cellulosic biofuels. Nature 2008,
454:841-845.

31. Warnecke F, Luginbihl P, Ivanova N, Ghassemian M,
ee Richardson TH, Stege JT, Cayouette M, McHardy AC,
Djordjevic G, Aboushadi N et al.: Metagenomic and functional
analysis of hindgut microbiota of a wood-feeding higher
termite. Nature 2007, 450:560-565.
A state-of-the-art metagenomic analysis, highlighting the complexity
of an 1 pl ecosystem and the potential of this kind of analyses for
isolating new glycosyl hydrolase enzymatic modules. More than 700
GH catalytic domains were sequenced from more than 45 different CAZy
families.

32. Levasseur A, Saloheimo M, Navarro D, Andberg M, Monot F,
Nakari-Setala T, Asther M, Record E: Production of a chimeric
enzyme tool associating the Trichoderma reesei swollenin
with the Aspergillus niger feruloyl esterase A for release of
ferulic acid. App/ Microbiol Biotechnol 2006, 73:872-880.

33. Bayer EA, Lamed R, Himmel ME: The potential of cellulases
ee and cellulosomes for cellulosic waste management.
Curr Opin Biotechnol 2007, 18:237-245.
A comprehensive review on the potential of native cellulosomes and
designer cellulosomes for hydrolysis of lignocellulosic substrates.

34. Hahn-Hagerdal B, Galbe M, Gorwa-Grauslund MF, Lidén G,
Zacchi G: Bio-ethanol—the fuel of tomorrow from the residues
of today. Trends Biotechnol 2006, 24:549-556.

35. Hahn-Hégerdal B, Karhumaa K, Fonseca C, Spencer-Martins 1,
ee Gorwa-Grauslund MF: Towards industrial pentose-fermenting
yeast strains. Appl Microbiol Biotechnol 2007, 74:937-953.

The paper reviews requirements for industrial yeast strains.

36. Chu BC, Lee H: Genetic improvement of Saccharomyces

ee cerevisiae for xylose fermentation. Biotechnol Adv 2007,
25:425-441.

A detailed review of yeast strain engineering strategies.

37. Kuyper M, Hartog MMP, Toirkens MJ, Aimering MJH, Winkler AA,
van Dijken JP, Pronk JT: Metabolic engineering of a xylose-
isomerase-expressing Saccharomyces cerevisiae strain for
rapid anaerobic xylose fermentation. FEMS Yeast Res 2005,
5:399-409.

38. Brat D, Boles E, Wiedemann B: Functional expression of a
bacterial xylose isomerase in Saccharomyces cerevisiae.
Appl! Environ Microbiol February 2009. Epub ahead of print.

39. Meinander NQ, Boels I, Hahn-Hagerdal B: Fermentation of
xylose/glucose mixtures by metabolically engineered
Saccharomyces cerevisiae strains expressing XYL1 and XYL2
from Pichia stipitis with and without overexpression of TAL1.
Bioresour Technol 1999, 68:79-87.

40. Richard P, Verho R, Putkonen M, Londesborough J, Penttila M:
Production of ethanol from L-arabinose by Saccharomyces
cerevisiae containing a fungal L-arabinose pathway. FEMS
Yeast Res 2003, 3:185-189.

41. Karhumaa K, Garcia Sanchez R, Hahn-Hégerdal B, Gorwa-
Grauslund MF: Comparison of the xylose reductase-xylitol
dehydrogenase and the xylose isomerase pathways for xylose
fermentation by recombinant Saccharomyces cerevisiae.
Microb Cell Factories 2007, 6:5.

New improvements for lignocellulosic ethanol Margeot et al. 379

42. Karhumaa K, Wiedemann B, Hahn-Héagerdal B, Boles E, Gorwa-
Grauslund MF: Co-utilization of L-arabinose and D-xylose by
laboratory and industrial Saccharomyces cerevisiae strains.
Microb Cell Factories 2006, 5:18.

43. Bettiga M, Hahn-Hagerdal B, Gorwa-Grauslind MF: Comparing
the xylose reductase/xylitol dehydrogenase pathways in
arabinose and xylose fermenting Saccharomyces cerevisiae
strains. Biotechnol Biofuels 2008, 1:16.

44. Wisselink HW, Toirkens MJ, Wu Q, Pronk JT, van Maris AJA: Novel

e evolutionary engineering approach for accelerated utilization
of glucose, xylose and arabinose mixtures by engineered
Saccharomyces cerevisiae strains. Appl Environ Microbiol 2009,
75:907-914.

Evolutionary engineering for mixed sugar utilization.

45. Almeida JRM, Bertilsson M, Gorwa-Grauslund MF, Gorsich S,
Lidén G: Metabolic effects of furaldehydes and impacts on
biotechnological processes. Appl/ Microbiol Biotechnol 2009.
Epub ahead of print.

46. Almeida JRM, Modig T, Petersson A, Hahn-Héagerdal B,

ee Lidén G, Gorwa-Grauslund MF: Increased tolerance and
conversion of inhibitors in lignocellulosic hydrolysates by
Saccharomyces cerevisiae. J Chem Technol Biotechnol 2007,
82:340-349.

Reviews inhibitor tolerance and conversion.

47. Heer D, Sauer U: Identification of furfural as a key toxin in
lignocellulosic hydrolysates and evolution of a tolerant yeast
strain. Microb Biotechnol 2008, 1:497-506.

48. Petersson A, Aimeida JRM, Modig T, Karhumaa K, Hahn-
Hégerdal B, Gorwa-Grauslund MF, Lidén G: A 5-hydroxymethyl
furfural reducing enzyme encoded by the Saccharomyces
cerevisiae ADH6 gene conveys HMF tolerance. Yeast 2006,
23:455-464.

49. Laadan B, Almeida JRM, Radstrém P, Hahn-Hégerdal B,
Gorwa-Grauslund M: Identification of an NADH-dependent
5-hydroxymethylfurfural-reducing alcohol dehydrogenase in
Saccharomyces cerevisiae. Yeast 2008, 25:191-198.

50. Linden T, Peetre J, Hahn-Hé&gerdal B: Isolation and
characterization of acetic acid-tolerant galactose-fermenting
strains of Saccharomyces cerevisiae from a spent sulfite
liquor fermentation plant. App/ and Environ Microbiol 1992,
58:1661-1669.

51. Almeida JRM, Roder A, Modig T, Laadan B, Lidén G,
Gorwa-Grauslun MF: NADH- vs NADPH-coupled reduction of
5-hydroxymethyl furfural (HMF) and its implications on
product distribution in Saccharomyces cerevisiae. App! Microb
Biotechnol 2008, 78:939-945.

52. Olofsson K, Lidén G: A short review on SSF—an interesting

ee process option for ethanol production from lignocellulosic
feedstocks. Biotechnol Biofuels 2008, 1:7.

Reviews SSF.

53. Jeffries TW, Fady JH, Lightfoot EN: Effect of glucose
supplements on the fermentation of xylose by Pachysolen
tannophilus. Biotechnol Bioeng 1984, 27:171-176.

54. OlofsonK, Rudolf R, Liden G: Designing simultaneous

¢ saccharification and fermentation for improved xylose
conversion by a recombinant strain of Saccharomyces
cerevisiae. J Biotechnol 2008, 134:112-120.

Process design for improved xylose fermentation.

55. Runquist D, Fonseca C, Radstrém P, Spencer-Martins |, Hahn-
Hagerdal B: Expression of the Gxf1 transporter from Candida
intermedia improves fermentation performance in
recombinant xylose-utilizing Saccharomyces cerevisiae. App!
Microbiol Biotechnol 2009, 82:123-130.

56. Cardona CA, Sanchez OJ: Fuel ethanol production: process
design and integration opportunities. Bioresour Technol 2007,
98:2415-2457.

57. Wingren A, Galbe M, Zacchi G: Techno-economic evaluation of
producing ethanol from softwood: comparison of SSF and
SHF and identification of bottlenecks. Biotechnol Prog 2003,
19:1109-1117.

www.sciencedirect.com

Current Opinion in Biotechnology 2009, 20:372-380



380 Environmental biotechnology

58.

59.

60.

Drissen RET, Maas RHW, Tramper J, Beeftink HH: Modelling
ethanol production from cellulose: separate hydrolysis and
fermentation versus simultaneous saccharification and
fermentation. Biocatalysis Biotransf 2009, 27:27-35.

Arshanitsa A, Barmina |, Dizhbite T, Telysheva G, Zake M:
Combustion performance of granulated plant biofuel. In
Renewable Energy Resources, Production and Technologies:
2008 May 28-31; Riga Latvia. Zinatne; 2008.

Sassner P, Zacchi G: Integration options for high energy
efficiency and improved economics in a wood-to-ethanol
process. Biotechnol Biofuels 2008, 1:4.

A comparison of various scenarios for an integrated biological production of
ethanol from spruce. The study quantifies the impact of different utilizations
of residue stream on energy efficiency and process economics.

61.

62.

63.

64.

Wingren A, Galbe M, Zacchi G: Energy considerations for a
SSF-base softwood ethanol plant. Bioresour Technol
2008:2121-2131.

Larsen JM, Ostergaard Petersen M, Thirup L, Wen Li H, Krogh
Iversen F: The IBUS process—lignocellulosic bioethanol close
to a commercial reality. Chem Eng Technol 2008, 31:765-772.

Edwards R, Szekeres S, Neuwahl F, Mahieu V: In Biofuels in the
European Context: Facts and Uncertainties. Edited by de Santi G.
European Commission Joint research Centre (JRC); 2008.

Slade R, Shah N, Bauen A: The commercial performance of
cellulosic ethanol supply-chains in Europe. Biotechnol Biofuels
2009:2.

This paper reviews the impact of feedstock availability and market
structures on the commercial viability of ethanol.

65.

66.

Lynd LR: Overview and evaluation of fuel ethanol from
cellulosic biomass: technology, economics, the environment,
and policy. Ann Rev Energy Environ 1996, 21:403-465.

Wooley R, Ruth M, Sheehan J, Ibsen K: Lignocellulosic Biomass to
Ethanol Process Design and Economics Utilizing Co-Current Dilute

67.

68.

69.

70.

Acid Prehydrolysis and Enzymatic Hydrolysis Current and Futuristic
Scenarios. NREL (National Renewable Energy Laboratory); 1999.
NREL/TP-580-26157.

Ruth M, Jechura J: Incorporating Monte Carlo Analysis into
techno-economic assessment of corn stover to ethanol
NREL/PR-510-35313.. AIChe Annual Meeting; San Francisco:
2003.

Sassner P, Galbe M, Zacchi G: Techno-economic evaluation of
bioethanol production from three different lignocellulosic
materials. Biomass Bioenergy 2008, 32:422-430.

Von Sivers M, Zacchi g: Ethanol from lignocellulosics: a review
of the economy. Bioresour Technol 1996, 56:131-140.

Farrell AE, Plevin R, Turner B, Jones A, O’Hare M, Kammen D:
Ethanol can contribute to energy and environmental goals.
Science 2006, 311:506.

A systematic evaluation of the greenhouse gas impacts of biofuels.

71.

72.

73.

Elsayed M, Mathews R, Mortimer N: Carbon Energy Balances for a
Range of Biofuels Options. Sheffield Hallam University; 2003.

Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P: Land
clearing and the biofuel carbon debt. Science 2008,
319:1235-1238.

Searchinger T, Heimlich R, Houghton RA, Dong F, Elobeid A,
Fabiosa J, Tokgoz S, Hayes D, Yu T-H: Use of U.S. croplands for
biofuels increases greenhouse gases through emissions from
land-use change. Science 2008, 319:1238-1240.

This paper argues for the inclusion of consequential impacts in the
assessment of the greenhouse gas impact of biofuels.

74.

Aden A, Ruth M, Ibsen K, Jechura J, Neeves K, Sheehan J,
Wallace B: Lignocellulosic Biomass to Ethanol Process Design and
Economics Utilizing Co-Current Dilute Acid Prehydrolysis and
Enzymatic Hydrolysis for Corn Stover. NREL (National Renewable
Energy Laboratory); 2002:. NREL/TP-510-32438.

Current Opinion in Biotechnology 2009, 20:372-380

www.sciencedirect.com



	New improvements for lignocellulosic ethanol
	Introduction
	Pretreatment of lignocellulosic materials
	Enzymatic hydrolysis
	Overcoming the recalcitrance of lignocellulosic biomass
	Improving cellulase production
	Improving enzymatic cocktail efficiency

	Ethanolic fermentation of lignocellulose
	Pentose fermentation
	Inhibitor tolerance
	SSF of lignocellulose

	Process integration
	Economics and environmental impacts
	Conclusions
	Acknowledgements
	References and recommended reading


