
Chapter 8
Other Ethanologenic Microorganisms

Eulogio Castro

Abstract The economical production of ethanol from lignocellulosic materials
needs the conversion not only of glucose, which is the sugar of preference of the
best performing ethanologenic microorganisms, but also of the rest of sugars found
in the fermentation broth, derived from pretreatment and enzymatic steps. This
chapter summarizes recent work directed to that objective, by using different
modification techniques of microorganisms. After considering the main metabolic
pathways for pentoses, the second most abundant kind of fermentable sugars, a
review of such modifications taking either Escherichia coli or Saccharomyces
cerevisiae as a basis is presented. Although E. coli and S. cerevisiae are the most
studied microorganisms through a wide range of techniques, other microorganisms
are also being subject of study with the same purpose, and are briefly described at
the end of this chapter.
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8.1 Introduction

Lignocellulosic materials are mainly composed of cellulose, hemicelluloses,
lignin, extractives, and ashes. It has been claimed that they are the most promising
sugar source for biofuel production mainly due to their renewable nature and the
lack of competition with food or feeding applications. But in contrast to starch or
raw materials containing sucrose such as corn or sugarcane, the generation of
fermentable sugars from the homogeneous (cellulose) or heterogeneous (hemi-
celluloses) polysaccharides of lignocellulose need an intense, energy demanding
pretreatment step. Cellulose forms the major part of lignocellulosic materials and
hence, once the pretreatment and enzymatic hydrolysis steps have been performed,
the sugar broth is constituted by glucose as the major sugar. Nevertheless, the
fraction of hemicellulose can account for up to 30 % depending on the material,
making sugars derived from hemicellulose very important in economic terms;
sometimes their transformation into ethanol becomes the threshold of profitability.
Among these sugars, xylose is the most abundant, after glucose. Arabinose and
cellobiose are also present in significant proportions in certain lignocellulosic
materials. Converting xylose and other sugars, in addition to glucose, into ethanol
would reduce the overall production costs and make the process a real alternative
to fossil fuels from an economic point of view. Additionally, the pretreatment step
is also responsible for the presence of inhibitor compounds which may hinder the
fermentation process. To overcome these drawbacks, the ideal ethanologenic
microorganism should be able to efficiently produce ethanol from different kinds
of sugars and be resistant to the presence of both inhibitors and ethanol. There are
a number of microorganisms able to naturally ferment a wide variety of sugars,
including glucose, xylose, arabinose, and others but, unfortunately, those micro-
organisms do not perform the same when a mixture of sugars is present. Instead,
they assimilate in such a way that one of the sugars is preferable to the others, and
this particular one may act in some way to repress the others, thereby reducing the
overall capacity of the microorganisms to transform all the sugars. Escherichia
coli is one of those microorganisms able to ferment a wide range of sugars and it is
the focus of a very intense investigation centered on trying to improve ethanolic
fermentation results.

Another strategy to take full advantage of the different sugars issued from the
pretreatment of lignocellulose consists in using metabolic engineering to modify
microorganisms that ferment glucose with good results, and to repeat this behavior
with other sugars. Recombinant DNA technology and evolutionary engineering
techniques are being assayed in an attempt to improve both ethanol yield and
productivities. In this particular field, Saccharomyces cerevisiae is the main
candidate to modification.

As an alternative to use several steps to convert pretreated lignocellulosic
materials into ethanol, the process can also be addressed by combining all of them
in a single one. This is the fundamental of the so-called Consolidated Biopro-
cessing (CBP), which can be advantageous from an economic point of view
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because enzyme production, saccharification, and fermentation are conducted in a
single vessel. In CBP, both cellulosic and hemicellulosic materials should be
simultaneously fermented. This kind of process requires a highly engineered
microorganism able to produce effective hydrolyzing enzymes, for high ethanol
titer and productivities, using both hexoses and pentoses from a high solid pre-
treated material. In addition, it is recommended that this special microorganism
exhibits a high resistance to ethanol, fermentation inhibitors, and stressful envi-
ronments (Hasunuma and Kondo 2012).

This chapter summarizes the main strategies aimed at taking full advantage of
all sugar fractions obtained from lignocellulosic materials for ethanol production
through the use of modified microorganisms. First, it presents a brief introduction
to pentose metabolism so that the main points for modification in microorganisms
can be identified. Then, these main points are described based on either E. coli or
S. cerevisiae. Finally, the chapter presents a concise review of recent results
dealing with ethanol production from lignocellulosic materials using other modi-
fied microorganisms.

8.2 Pentose Metabolic Pathways

Figure 8.1 shows a simplified diagram of the main sugars, other than glucose,
found in lignocellulosic materials hydrolysates, D-xylose, and L-arabinose (Hahn-
Hägerdal et al. 2007).

Fig. 8.1 Simplified metabolism of D-xylose and L-arabinose in bacteria and fungi (Hahn-
Hägerdal et al. 2007)
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The biochemical route for xylose metabolism is the pentose phosphate pathway
(PPP), which is present in all cellular organisms, and can be described as a
two-step process (Jeffries 2006): conversion of D-glucose 6P into D-ribulose 5P
(oxidative phase) and further conversion (non-oxidative phase) into several
compounds including D-xylulose 5P, which is the way in which D-xylose enters the
PPP. To point out one main difference, the conversion of D-xylose into D-xylulose
occurs in bacteria under the action of xylose isomerase, while in yeasts, the process
includes reduction and oxidation mediated by the enzymes xylose reductase and
xylitol dehydrogenase (Fig. 8.1), with xylitol as an intermediate compound.

Concerning L-arabinose, its metabolism is more complex, and requires more
enzymatic reactions for the transformation into compounds entering the PPP
(Hahn-Hägerdal et al. 2007). Nevertheless, the amount of this sugar in lignocel-
luloses is in general much lower than that of D-xylose, drawing little attention on
the arabinose metabolism pathway.

The modification strategies implemented in the processes regarding how
microorganisms can get a better use of sugars contained in lignocellulosic mate-
rials and improve ethanol yield include several metabolic and evolutionary engi-
neering techniques and advanced genomics, transcriptomics, proteomics,
metabolomics techniques, as reported by Gírio et al. (2010). Considering the
metabolic pathways depicted in Fig. 8.1, an intense research work has been
developed in recent years through the introduction of foreign genes, the elimina-
tion of competitive pathways, the disruption of byproducts formation (Jarboe et al.
2007), and the study of the redox imbalance from xylose reductase and xylitol
dehydrogenase, xylulokinase, among others (Chu and Lee 2007).

8.3 Escherichia coli-Based Modifications

The nonpathogenic, Gram ? species of bacterium E. coli ferments a wide range of
monomeric sugars, including all those present into hemicellulosic and cellulosic
hydrolysates: xylose, arabinose, glucose, galactose, mannose, and also uronic acids,
such as glucuronate, that is obtained from the hydrolysis of some lignocellulosic
materials (Alterthum and Ingram 1989). However, the cultivation of wild-type
E. coli under fermentative conditions produces a variety of fermentative products:
lactate, succinate, acetate, formate, hydrogen, carbon dioxide, and small amounts of
ethanol. Furthermore, for several decades E. coli has been the workhorse for the
development of genetic and molecular biology tools, including modifications for the
production of ethanol through metabolic engineering, i.e., the improvement of
cellular activities by manipulations of enzymatic, transport, and regulatory functions
of the cell with the use of recombinant DNA technology (Bailey 1991). Therefore,
for more than two decades, this microorganism has been the target for metabolic
modifications and it has been studied for the production of ethanol (Jarboe et al.
2007; Orencio-Trejo et al. 2010). With the advent of the system and synthetic
biology tools, a new generation of E. coli strains are being metabolically engineered
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for the production of fuel ethanol and the so-called, advanced biofuels including, but
not limited to: 1-propanol, n-butanol, isobutanol, isopentanol, pinene, farnesane,
bisabolane, fatty-acid methyl esters, fatty-acid ethyl esters, fatty alcohols, polyke-
tide-derived biofuels, aromatic alcohols, and alkenes and alkanes from short (C5) to
long carbon chain (up to C20) (Dellomonaco et al. 2011; Huffer et al. 2012; Peralta-
Yahya et al. 2012; Rodríguez-Moya and Gonzalez 2010).

The introduction of foreign genes, using plasmids or cloned into the E. coli
chromosome, the elimination of competitive pathways, the adaptive evolution,
carbon flux distribution, and the disruption of byproducts formation have been the
main strategies used to improve sugar utilization, ethanol and inhibitors tolerance,
ethanol yields on carbon consumed, and specific and volumetric ethanol produc-
tivity (Ingram et al. 1999; Jarboe et al. 2007; Orencio-Trejo et al. 2010). But some
drawbacks are still highlighted for this microorganism, such as the low tolerance
toward ethanol and the narrow and neutral working pH (6–8) (Gírio et al. 2010).
However, several metabolically engineered strains had shown ethanol yields above
95 % of the theoretical maximum, either using pure sugars, sugar mixtures
(pentoses and hexoses), and actual lignocellulosic hydrolysates containing acetate
(Fernández-Sandoval et al. 2012; Geddes et al. 2011).

In the late 1980s, E. coli was used to drive the expression of the Zymomonas
mobilis genes that encode pyruvate decarboxylase (pdc) and alcohol dehydroge-
nase II (adhII) (Ingram and Conway 1998), allowing the production of ethanol
instead of organic acids. E. coli K011, developed by Ingram and coworkers (USA
Patent 5,000,000), constitutes one of the breakthroughs in E. coli toward the
development of ethanologenic bacteria by means of metabolic engineering. The
development consisted in: (i) the chromosomal integration of genes encoding pdc
and adhII from Z. mobilis under the control of the pyruvate formate lyase promoter
(this promoter drives a strong transcription under fermentative conditions);
(ii) deletion of one subunit of the fumarate reductase (to avoid the formation of
succinate under fermentative conditions); (iii) and selection of variants (through
adaptive evolution in plates with a high concentration on the antibiotic marker
used for the integration of pdc and adhII) showing high pyruvate decarboxylase
and alcohol dehydrogenase enzymatic activities. The main results attained with
E. coli K011 under different operational conditions are summarized in Table 8.1,
and Fig. 8.2 shows common modifications performed into wild-type E. coli strains
to attain ethanologenic strains.

Although E. coli K011 produced ethanol with specific rates as high as those of
yeasts (S. cerevisiae), its ethanol tolerance was lower than that of the yeasts, hence
metabolic evolution was applied for improving ethanol tolerance and ethanol
production, leading to E. coli strain LY01 (Yomano et al. 1998; Jarboe et al. 2007).
Nevertheless, the performance of both K011 and LY01 relied on costly nutritional
supplementation which is not justified when producing biofuels. To address this
issue, a new medium was developed (AM1, Martínez et al. 2007) along with a new
development of homo-ethanologenic strains, such as LY168 (Yomano et al. 2009).
This strain contained a deletion of the methylglyoxal synthase gene (mgsA) that
resulted in the co-metabolism of pentose and hexose sugars to ethanol and was
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able to utilize hemicellulose sugars from hydrolysates as carbon source. In order to
increase the substrate range, further modifications to LY168 resulted in the strain
LY180 (Miller et al. 2009). LY180 was then subjected to serial transfers in
hemicellulose hydrolysates obtained from the steam explosion pretreatment of
sugarcane bagasse using dilute sulfuric acid (and later dilute phosphoric acid) to
increase the tolerance of the strain to the fermentation inhibitors resulting from

Table 8.1 Relevant aspects of modified E. coli-derived research

Strain Main results References

E. coli LY01 Ethanol yield up to 0.47 was achieved from 90 g xylose/
L

Yomano et al.
(1998)

E. coli FBR5 Study on ethanol production from xylose in batch
reactors. Maximum xylose concentration, 250 g/L;
max ethanol concentration produced 43.5 g/L; max
ethanol yield 0.50 g g-1 xylose

Undetoxified wheat straw hydrolysate. Yield of total
sugars from wheat straw (150 g/L) is 86 g/L

Qureshi et al.
(2006)

Saha et al.
(2011)

E. coli K011 First report of a metabolic engineered bacteria for the
production of ethanol

Corn fiber hydrolysates (90 g/L sugars) added with LB
broth components or mixture of sugars (100 g/L),
ethanol yields were 80–88 %, respectively, and
global volumetric productivities of 0.38 and 0.66 g/L
h ethanol were observed, without xylose being
completely consumed

Sweet whey (58 g/L sugars) without supplements,
reaching 38 % of the theoretical ethanol yield. When
the sweet whey was supplemented with yeast extract
and a trace metals mixture, the ethanol yield
increased to 100 %

The xylose consumption capability of E. coli KO11 was
almost totally inhibited by the presence of both
degradation products and ethanol in AFEXTM treated
corn stover hydrolysate

The combination of simultaneous saccharification and
fermentation and pentose fermentation resulted in
144 mg ethanol per g untreated substrate

USA Patent
5,000,000

Ingram et al.
(1991)

Dien et al.
(1997)

Leite et al.
(2000)

Jin et al.
(2012)

Yasuda et al.
(2012)

Recombinant from
E. coli MG1655

First reported work on successful cellobiose and xylose
co-metabolism

Vinuselvi and
Lee (2012)

E. coli MM160 Hexose and pentose sugars from phosphoric acid
pretreated sugarcane bagasse were co-fermented
(SScF) to ethanol in a single vessel, eliminating
process steps for solid–liquid separation and sugar
cleanup. Ethanol yield was 0.21 g ethanol/g bagasse
dry weight

Geddes et al.
(2011)

E. coli MM170 Improved results by serial transfers of MM160 in
hemicellulose hydrolysates and by liquefaction plus
simultaneous saccharification and co-fermentation
process (L ? SScF). Ethanol yield up to 0.27 g g-1

bagasse (dry weight)

Nieves et al.
(2011)
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Fig. 8.2 Fermentation pathways in wild-type E. coli and common modifications in metabolically
engineered ethanologenic strains. Genes encoding enzymes are indicated by italics, the ‘‘X’’ sign
indicate deleted genes to reduce byproducts. Ethanol production pathway (pdc and adhB) from Z.
mobilis is shown by dashed arrows. adhE alcohol dehydrogenase, frdABCD fumarate reductase,
ldhA lactate dehydrogenase, pflB pyruvate formate lyase, pta phosphotransacetylase, ackA acetate
kinase A, pdc pyruvate decarboxylase from Z. mobilis, adhB alcohol dehydrogenase B from Z.
mobilis
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pretreatment. The inhibitor tolerant strain obtained (MM160) was able to ferment
slurries of dilute phosphoric acid pretreated sugarcane bagasse with ethanol yields
of over 0.20 g/g (Geddes et al. 2011). Additional serial transfers of MM160 in
hemicellulose hydrolysates resulted in a superior strain (MM170) with an
improved yield of 0.27 g/g (Nieves et al. 2011).

Vinuselvi and Lee (2012) assayed a combination of genetic and evolutionary
engineering strategies for improving simultaneous utilization of cellobiose and
xylose. The recombinant E. coli was capable of utilizing around 6 g/L of cello-
biose and 2 g/L of xylose in approximately 36 h, whereas wild-type E. coli was
unable to utilize xylose completely in the presence of 6 g/L of glucose even after
75 h.

Recent reports have demonstrated the development of a new generation of
homo-ethanologenic strains that can grow and produce ethanol efficiently in the
presence of acetate (Fernández-Sandoval et al. 2012); ferment cellobiose and
glucose mixtures simultaneously (Muñoz-Gutiérrez et al. 2012); produce cellu-
lases and xylanases allowing the direct fermentation of pretreated corn stover
cellulose into ethanol (Ryu and Karim 2011); ferment alginate from brown mac-
roalgae into ethanol (Wargacki et al. 2012); ferment pectin-rich lignocellulosic
biomass, specifically sugar beet pulp, into ethanol (Edwards et al. 2011).

Concerning the transformation of actual hydrolysates into ethanol, some
authors have determined the performance of different E. coli strains. Thus, the
effects of both ethanol and degradation products have been identified as the main
reasons for the loss of fermentability of E. coli K011 for transforming sugars
contained in corn stover Ammonia Fiber Explosion (AFEX) pretreated xylose
hydrolysate into ethanol (Jin et al. 2012). However, using a new generation of
metabolic engineered strains (E. coli MM160 and MM170), Geddes et al. (2011)
and Nieves et al. (2011) have studied the fermentation of sugarcane bagasse
slurries, obtained by phosphoric acid pretreatment, into ethanol. After applying
simultaneous saccharification and fermentation, with a previous liquefaction step,
these researchers have demonstrated a yield of 340 l of ethanol per dry metric ton
of untreated bagasse. Furthermore, the fermentation of these slurries has been
scaled up to 80-L fermentors (Nieves et al. (2011), and Ingram and coworkers in
partnership with Buckeye Technologies Inc. are developing, for the first time, a
biorefinery demonstration plant in Perry, Florida, USA, with the aim to ‘‘produce
up to 400 gal of fuel ethanol (and 2,000 pounds of organic acids for biopolymers)
each day’’, using lignocellulosic biomass and the E. coli strains described in this
paragraph.

Some studies addressed the behavior of modified-ethanologenic E. coli strains
in salt-rich media, because hydrolysates from agricultural residues are frequently
rich in salts, which can exert an inhibitory effect on the growth of the bacteria. For
example, Qureshi et al. (2006) determined that ethanologenic E. coli FBR5 could
tolerate up to 40 g/L of NaCl, although the microorganism exhibited some inhi-
bition for concentrations above 10 g/L. Saha et al. (2011) successfully used
recombinant E. coli FBR5 on hydrolysates from sulfuric acid pretreated wheat
straw. 41.1 g ethanol/L were produced in 168 h at pH 7.0 and 35 �C. The authors
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claim that this is the first report showing greater than 4 % ethanol production from
lignocellulose by the strain.

It is also worth noting that E. coli, which had long been considered incapable of
utilizing glycerol as raw material for ethanol production, was recently metaboli-
cally engineered by overexpressing the aldehyde dehydrogenase and deleting the
lactate dehydrogenase genes, which resulted in a high yield of ethanol (20.7 g/L),
associated with a productivity of 0.22 g/L/h (Durnin et al. 2009). Further studies
with glycerol have allowed proposing the use of this residual and inexpensive
chemical from the biodiesel industry as a platform for the production of several
biofuels and chemical with the concomitant development of E. coli metabolical
engineered strains (Dellomonaco et al. 2011; Rodríguez-Moya and Gonzalez 2010).

8.4 Saccharomyces cerevisiae-Based Modifications

Because S. cerevisiae is one of the best glucose-fermenting microorganisms but it
lacks the ability to ferment xylose, several strategies have been identified to enable
it to utilize xylose. These strategies correspond to the two pathways depicted in
Fig. 8.1. The first one (reductive-oxidative pathway) is moduled by xylose
reductase (XR), to catalyze the transformation of xylose to xylitol, and xylitol
dehydrogenase (XDH), which catalyzes further conversion to xylulose. The second
pathway implies the use of xylose isomerase to directly convert xylose to xylulose,
which in turn enters the pentose phosphate pathway (Parachin et al. 2011) by
means of the action of xylulokinase (XK).

It is worth mentioning that even if S. cerevisiae possesses the genes encoding
the enzymes XR, XDH, and XK, it is not able to ferment xylose even when the
genes were overexpressed, Hahn-Hägerdal et al. (2007). So a big research effort in
the last four decades has been devoted to express those genes into S. cerevisiae so
that it is able to efficiently utilize xylose.

It has previously been suggested that xylose is taken up by both high- and low-
affinity systems of glucose transporters (Fig. 8.3), but the uptake is increased in the
presence of low glucose concentrations (Olofsson et al. 2008).

One of the first attempts to get S. cerevisiae utilizing xylose was based on the
fact that it can ferment xylulose. For this reason, it was thought that expressing
xylose-isomerase (XI) would be a promising modification, and the strain
TBM3050, carrying XI from Thermus thermophiles was produced (strain
TMB3050). As the yeast Pichia stipitis was known for its ability to ferment xylose
with minimal amounts of xylitol as coproduct, it was selected for the first
successful xylose-utilizing of S. cerevisiae, which was produced by expressing
P. stipitis genes encoding XR and XDH. The ethanol yields were however low,
and xylitol was also produced, which was attributed to the need of a high activity
of both XR and XDH.

A complete description of xylose consumption process by different S. cerevisiae
strains, including ethanol and xylitol yields anaerobic and oxygen-limited batch
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cultures which can be found in Hahn-Hägerdal et al. (2007), and in Chu and Lee
(2007). Although much work has been dedicated to lab scale study on pentose-
fermenting S. cerevisiae, there are still some issues to be addressed, especially those
related with industrial uses, as pointed out by Matsushika et al. (2009).

A review of more recent work on modified S. cerevisiae for ethanol production
from xylose or pentoses in general is presented below (Table 8.2).

Recently, Liu and Hu (2010) reported on a S. cerevisiae strain via combined
approaches of recombinant DNA technology, chemical mutagenesis, and evolu-
tionary adaptation for an efficient xylose utilization and ethanol fermentation.
A haploid derivative of an industrial-fermenting strain was first engineered to
express the genes from P. stipitis encoding XR and XDH, and XK. Then, the
recombinant strain was submitted to ethyl-methanesulfonate mutagenesis followed
by adaptive evolution, resulting in a single isolate with improved xylose utilization
characteristics.

Although large research efforts have been devoted toward modifying S. cerevisiae
to allow xylose consumption and ethanol production, a number of issues have limited
the success of the process, including poor xylose uptake, cofactor imbalance,
insufficiency in the pentose phosphate pathway, deregulation of the ethanologenic

Fig. 8.3 Simplified scheme of sugar transport and metabolism in S. cerevisiae (Olofsson et al.
2008). 1. Low- and intermediate-affinity hexose transporters. 2. High-affinity hexose transporters.
Abbreviations: PPP pentose phosphate pathway, XR xylose reductase, XDH xylitol dehydroge-
nase, XK xylulokinase, GK glucokinase, PGI phosphoglucose isomerase, PFK phosphofructo-
kinase, AD aldolase, TPI triose phosphate isomerase, GDH glyceraldehyde-3-P dehydrogenase,
GPD glycerol-3-P dehydrogenase, GPP glycerol-3-phosphatase, PDC pyruvate decarboxylase,
ALD acetaldehyde dehydrogenase, ADH alcohol dehydrogenase
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enzymes, and specially the regulation of metabolism in the eukaryotic yeasts, less
known than that of bacteria (Hahn-Hägerdal et al. 2007). Efficient utilization of
xylose appears to require complex global changes in cellular processes (Liu and Hu
2010). The need for novel tools and approaches to overcome the major remaining
difficulties, like engineering simultaneous, exogenous sugar metabolism has also
been emphasized. Beyond catabolic pathways, the focus must shift toward non-
traditional aspects of cellular engineering such as host molecular transport capa-
bility, catabolite sensing, and stress response mechanisms (Young et al. 2010).

Direct evolution is one of the strategies to improve the performance of
S. cerevisiae for utilizing all sugars derived from pretreatment of LCM. Using pine
hydrolysates, Hawkins and Doran-Peterson (2011) proposed a combination of
adaptation by inoculation first into a solids loading of 7 % ‘w/v for 24 h, followed
by a 10 % v/v inoculum into 17.5 % w/v solids. Under such conditions, the final
strain (AJP50) produced ethanol at more than 80 % of the maximum theoretical
yield after 72 h of fermentation, and more than 90 % of the maximum theoretical
yield after 120 h of fermentation. This improvement in comparison with results by
the starting industrial strain (XR122n) was attributed to the ability of AJP50 to
rapidly convert furfural and hydroxymethylfurfural to their less-toxic alcohol
derivatives.

In a recent work, Zhou et al. (2012) described the metabolic engineering of a
S. cerevisiae strain, including overexpression of the Piromyces xylose isomerase
gene (XYLA), P. stipitis xylulose kinase (XYL3) and genes of the non-oxidative
pentose phosphate pathway (PPP). The engineered strain, named H131-A3, was
used to initialize a three-stage process of evolutionary engineering, first through
aerobic and anaerobic sequential batch cultivation followed by growth in a xylose-
limited chemostat. These authors claimed that the evolved strain H131-A3-ALCS
produced the best result on xylose utilization and ethanol production by S. cerevisiae
reported to-date.

Concerning the application of recombinant S. cerevisiae on lignocellulose
hydrolysates, several strategies have also been applied. For example, the
fermentability of ammonia-pretreated corn stover detoxified hydrolysate was
significantly improved by using immobilized cells of recombinant S. cerevisiae in
Ca-alginate (Zhao and Xia 2010). The composition of the detoxified and con-
centrated hydrolysate included 72 g/L xylose and 14.3 g/L arabinose and the
ethanol yield based on fermentable sugars was 0.41 g/g within 72 h in batch
fermentation.

Strain S. cerevisiae Y5 is a newly lab-developed patented microorganism. The
strain has the ability to metabolize furfural, tolerate fermentation inhibitors, and
efficiently metabolize glucose to produce ethanol. It was used for ethanol
production from enzymatic hydrolysates of non-detoxified steam-exploded corn
stover, with and without a nitrogen source, and decreasing inoculum size (Li et al.
2011). Results showed that ethanol yields as high as 94.5 % of the theoretical yield
were obtained after 24 h, with an inoculum size of 10 % (v/v) and nitrogen source
(corn steep liquor) of 40 mL/L.
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8.5 Other Modified Microorganisms

In addition to E. coli and S. cerevisiae, a number of other microorganisms have
also been extensively studied for ethanol production from lignocellulosic materi-
als. Some examples of these recent studies are summarized in Table 8.3.

Zymomonas mobilis is a bacterium that can ferment certain sugars to ethanol via
the Entner–Doudoroff (ED), glyceraldehyde-3-phosphate-to-pyruvate (GP), and
pyruvate-to-ethanol (PE) pathways. It has been proposed as a promising alternative
to other fermenting microorganisms as ethanol yields as high as 97 % of the
theoretical maximum along with high production rates have been reported
(Hayashi et al. 2011). This advantageous behavior is a consequence of a favorable
energy balance from the ED pathway, compared to Embden–Meyerhof–Parnas
pathway used by both E. coli and S. cerevisiae (Gírio et al. 2010).

However, Z. mobilis exhibits a relatively low tolerance to inhibitors generated
during the conversion process. This fact, along with the lack of the complete
pentose metabolism pathway necessary for fermentation of lignocellulosic
hydrolysates (Davis et al. 2005), are the reasons for several engineering works on
this microorganism trying to improve ethanol yields. The introduction of the
xylose metabolism pathway has been one of the main strategies, although with
limited results (Chandel et al. 2011). In another study, a threefold higher ethanol
concentration was produced when a fragment from Enterobacter cloacae
conferring cellulase activity was cloned in Z. mobilis (Vasan et al. 2011) in
comparison with results with the native E. cloacae.

Bacillus subtilis is also a promising microorganism known for producing
ethanol from lignocellulose, as it has xylose isomerase and xylulokinase for
metabolizing xylose. However, the wild type lacks a specific xylose transporter
and hence it is not feasible to use xylose as a sole carbon source. In an attempt to
improve xylose transportation, the arabinose: H+ symporter, AraE protein from
B. subtilis was expressed in B. subtilis 168 (Park et al. 2012). B. subtilis has also
been engineered to produce ethanol and depolymerize cellulose (Romero et al.
2007; You et al. 2011).

Clostridium acetobutylicum is an anaerobic bacterium that is known for its
excellent capacity to produce ABE (acetone, butanol, and ethanol) solvents.
Nevertheless, it shows inefficient pentose consumption when fermenting sugar
mixtures. As a strategy to overcome this fact, a predicted glcG gene, encoding
enzyme II of the D-glucose phosphoenolpyruvate-dependent phosphotransferase
system (PTS), was first disrupted in the ABE-producing model strain C. acetobu-
tylicum ATCC 824, which resulted in a greatly improved D-xylose and L-arabinose
consumption in the presence of D-glucose. Further overexpression of the xylose
pathway resulted in an engineered strain (824glcG-TBA) that was able to efficiently
conferment mixtures of D-glucose, D-xylose, and L-arabinose, with better results than
the results tied to the wild-type strain (Xiao et al. 2011).

Thermoanaerobacterium saccharolyticum is a potential catalyst for lignocel-
lulose conversion that can naturally hydrolyze xylan and ferment all
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monosaccharides and disaccharides found in lignocellulosic materials. Encoding
the urease gene resulted in one of the highest titers reported in this microorganism.
In addition, it is evident that the use of urea instead of ammonium salts can be
advantageous here because of the lower cost (Shaw et al. 2012). Ethanologenic
strains of T. saccharolyticum have been obtained through metabolical engineering
and adaptive evolution and 37 g/L of ethanol were produced using simultaneous
saccharification and fermentation from Avicel (Shaw et al. 2008). Lynd and
coworkers from Dartmouth College claim that this is one of the best microor-
ganism to develop CBP.

Klebsiella pneumoniae is a Gram-negative bacterium that has been described as
capable of fermenting glycerol, a by-product of biodiesel. Due to the large amount

Table 8.3 Some recent results related to the use of modified microorganisms for ethanolic
fermentation

Microorganism
(strain)

Modification strategy Main result References

B. subtilis JY123 Expression of arabinose:H+
symporter, AraE protein
from B. subtilis

Efficient transport
of D-xylose

Park et al.
(2012)

T. saccharolyticum Encoding urease genes The engineered strain
hydrolyzed urea,
producing a high ethanol
titer (54 g/L)

Shaw et al.
(2012)

2.5-fold reduction in cellulase
loading compared with
using S. cerevisiae at
37 �C

Shaw et al.
(2008)

Z. mobilis A fragment conferring
cellulase activity from
which threefold was
higher than the amount
obtained with the original
Enterobacter cloacae
isolate was cloned in
E. coli, and then the
cellulose gene was
introduced into Z. mobilis

Using carboxymethyl
cellulose and 4 % NaOH
pretreated bagasse as
substrates, the
recombinant strain
produced 5.5 % and 4 %
(V/V) ethanol,
respectively

Vasan
et al.
(2011)

C. acetobutylicum
ATCC 824

Integration of glcG disruption
and genetic
overexpression of the
xylose pathway

24 % higher ABE solvent
titer and a 5 % higher
yield (0.28 g g-1)
compared to those of the
wild-type strain

Xiao et al.
(2011)

K. pneumoniae
GEM167

c-irradiation mutant
Then overexpression of Z.

mobilis pdc and adhII
genes encoding pyruvate
decarboxylase (Pdc) and
aldehyde dehydrogenase
(Adh)

Ethanol titer of 21.5 g/l,
with a productivity of
0.93 g/l/h

Improved to 25.0 g/l in the
second mutant

Oh et al.
(2011)
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of glycerol generated (equivalent to approximately 10 % of biodiesel produced)
and its need to be treated before discharge, a great interest has emerged regarding
the use of glycerol as raw material for the production of industrially valuable
materials like ethanol. The estimated cost of ethanol produced from glycerol,
considering both the feedstock demand and operational costs, is 40 % less than the
estimated cost of production from corn-derived sugars (which is seen as an
additional advantage). Oh et al. (2011) have isolated a c-irradiated mutant strain of
K. pneumoniae (GEM167) exhibiting high production of ethanol from glycerol.
Ethanol production level was improved to 25.0 g/L upon overexpression of
Z. mobilis pdc and adhII genes encoding pyruvate decarboxylase (Pdc) and
aldehyde dehydrogenase (Adh), respectively in the mutant strain GEM167.

8.6 Conclusions

The conversion of sugars contained in lignocellulosic materials into ethanol is a
promising way for partially substituting fossil fuels. As a consequence of the
pretreatment step in the bioconversion process, a mixture of hexose and pentose
sugars, together with sugar degradation and inhibitory products, is produced and
this must be considered in the subsequent hydrolysis and fermentation steps. No
matter what the process configuration is, the corresponding microorganism should
produce ethanol with both high yields and productivity, with low medium and
operational requirements, and should at the same time be tolerant of ethanol and
resistant to inhibitors. Unfortunately, such an ideal ethanologenic microorganism
is not available at the moment. Nevertheless, a great deal of research is being
devoted to modify, adapt, and engineer yeasts and bacteria for such a purpose.
Recombinant DNA technology and evolutionary engineering techniques, direct
evolution, introduction of foreign genes, elimination of competitive pathways,
disruption of byproducts, and formation are some of the many strategies being
assayed that should lead to ethanol production from lignocellulosic materials at an
industrial scale in the near future.
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