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Abstract Lignocellulosic substrates are the largest source
of fermentable sugars for bioconversion to fuel ethanol and
other valuable compounds. To improve the economics of
biomass conversion, it is essential that all sugars in poten-
tial hydrolysates be converted efficiently into the desired
product(s). While hexoses are fermented into ethanol and
some high-value chemicals, the bioconversion of pentoses
in hydrolysates remains inefficient. This remains one of
the key challenges in lignocellulosic biomass conversion.
Native pentose-fermenting yeasts can ferment both glucose
and xylose in lignocellulosic biomass to ethanol. However,
they perform poorly in the presence of hydrolysate inhibi-
tors, exhibit low ethanol tolerance and glucose repression,
and ferment pentoses less efficiently than the main hexoses
glucose and mannose. This paper reviews classical and
molecular strain improvement strategies applied to native
pentose-fermenting yeasts for improved ethanol production
from xylose and lignocellulosic substrates. We focus on Pach-
ysolen tannophilus, Scheffersomyces (Candida) shehatae,
Scheffersomyces (Pichia) stipitis, and Spathaspora
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passalidarum which are good ethanol producers among the
native xylose-fermenting yeasts. Strains obtained thus far
are not robust enough for efficient ethanol production from
lignocellulosic hydrolysates and can benefit from further
improvements.
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shuffling - Metabolic engineering - Protoplast fusion -
Random mutagenesis - Xylose reductase

Introduction

Efficient utilization of pentose sugars in conjunction
with the overall utilization of lignocellulose is important
in the bioconversion of plant biomass for the produc-
tion of chemicals and liquid fuels [17, 43, 71]. Potential
substrates envisioned for the application of pentose-
fermenting technologies include hydrolysates of plant
biomass or waste liquors of pulp and paper processing
industries. However, xylose is not as readily utilized as
glucose by yeasts. Native strains of the well-known fer-
mentative yeast, Saccharomyces cerevisiae, are unable to
utilize xylose as a sole carbon source for aerobic growth
[44] despite the existence of activities for xylose trans-
port, xylose reductase (XR), xylulokinase, and subsequent
enzymes needed for a full xylose metabolic pathway [7].
Prior to 1981, xylose was thought to be unfermentable by
yeasts and schemes to ferment xylose typically involved
two stages: (1) xylose was transformed to xylulose in vitro
using glucose isomerase; and (2) fermentation of xylulose
to ethanol [87]. This picture changed with the discovery
of pentose-fermenting yeasts in 1981-1982 [19, 28, 74,
77]. This discovery was considered a significant milestone
due to the recognized need for complete utilization and
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conversion of all sugars in potential lignocellulosic sub-
strates to improve process economics.

Since 1981, numerous yeasts able to produce some
ethanol from xylose have been identified. Among these,
Pachysolen tannophilus, Scheffersomyces (Candida) she-
hatae, and Scheffersomyces (Pichia) stipitis were notable
for their ability to produce relatively high ethanol yields
from xylose. Considerable research was undertaken on
the physiology and biochemistry of these yeasts [33]. The
results showed that the rate and yield of ethanol produced
from xylose by these yeasts were lower than those for glu-
cose fermentation [30]. This low ethanol yield was partially
attributed to concurrent utilization of ethanol in the pres-
ence of appreciable concentrations of xylose [58] and to
formation of by-products such as xylitol, ribitol, arabitol,
and acetic acid [73].

Yeasts that convert xylose efficiently in defined media
often perform poorly in pretreated biomass hydrolysates
or waste liquors of lignocellulosic materials. A central
problem is the presence of hexoses (mainly glucose and
mannose) that compete with or inhibit xylose utilization
[9, 63]. Pentose-fermenting yeasts can convert glucose or
xylose individually to ethanol. The fermentation of xylose
present in a mixture with glucose, however, does not pro-
ceed efficiently. This is because the fermentation of glucose
precedes that of xylose and pentose-fermenting yeasts are
generally not sufficiently tolerant of ethanol to complete
the second process. Another problem is the occurrence
of cofactor imbalance in the first two enzymes of xylose
metabolism, XR that has a higher affinity for NADPH
and xylitol dehydrogenase (XDH) that is only active with
NAD [11]. During xylose metabolism, the different coen-
zymes preferred by XR and XDH result in an accumula-
tion of NADP and NADH from the first and second reac-
tions, respectively. This cofactor imbalance inhibits further
metabolism along this pathway and regeneration of the
cofactors by oxygen is necessary for xylose metabolism
to continue. This led Bruinenberg et al. [12] to propose
that having an NADH-preferring XR would obviate the
need for cofactor regeneration and this may enable xylose
to be fermented anaerobically. The requirement of oxy-
gen for xylose utilization by P. tannophilus was observed
by Neirinck et al. [61], and this was recognized as one of
the reasons for inefficient xylose fermentation. Moreover,
the presence of oxygen during xylose fermentation con-
tributes to the concurrent production and utilization of
ethanol while considerable amount of xylose remains in
the medium [56]. Another problem is the presence of vari-
ous pretreatment-derived inhibitors that adversely affect
yeast growth and fermentation. Both physical and chemi-
cal pretreatments yield a complex mixture of inhibitors that
adversely affect yeast growth, viability and fermentation
[40, 53, 70, 85]. Different upstream processing conditions
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are needed for different substrates and these factors may
result in the production of varying concentrations of differ-
ent inhibitors.

The above challenges have led to efforts to address these
problems to improve the performance of native pentose-
fermenting yeasts in lignocellulosic hydrolysates. This
review examines research to genetically improve xylose-
fermenting yeasts, with a focus on the improvement of P. fan-
nophilus, S. shehatae, S. stipitis and S. passalidarum for etha-
nol production from xylose and lignocellulosic hydrolysates.

Genetic improvement of native pentose-fermenting yeasts
Improved tolerance to pretreatment-derived inhibitors

Adaptation The complex and variable nature of the mix-
ture of toxic compounds in lignocellulosic hydrolysates and
difficulties in identifying them limit our understanding of
how each may contribute to overall cellular toxicity. Fur-
thermore, various inhibitory compounds may act synergisti-
cally to exert toxicity; thus even compounds present at low
concentrations may contribute to the overall toxicity. Due
to this lack of knowledge on the mechanisms involved in
inhibitor toxicity and tolerance, adaptation has been hypoth-
esized as the best approach to address their combined toxic
effect. A number of studies have used adaptation to improve
the performance of pentose-fermenting yeasts, mostly S.
stipitis (Table 1). Adaptation involves repeated sub-cul-
turing or recycling of yeast cells to increasing concentra-
tions of the inhibitor(s) in lignocellulosic hydrolysates. One
advantage of adaptation is that strains adapted to tolerate
one hydrolysate may exhibit cross-tolerance to other hydro-
lysates. This is not surprising considering that different lig-
nocellulosic hydrolysates contain similar kinds of inhibitors
but with different compositions and concentrations. How-
ever, very few studies assessed this possible cross-tolerance
in the adapted strains. Initial screens for adaptation are typi-
cally growth-based, but another key improvement sought is
fermentation, which cannot be selected for on the basis of
growth alone. Thus, adapted strains selected for improved
growth have to be assessed also for the ability to ferment the
sugars in the presence of inhibitors in lignocellulosic hydro-
lysates. The availability of yeast strains with the ability to
tolerate inhibitory compounds in lignocellulose hydro-
lysates would reduce the need for detoxification procedures,
and this can decrease the overall production cost.
Adaptation has been done to individual inhibitor(s) as
well as to a mixture of inhibitors, with the latter approach
being the most common. A limitation to adaptation to indi-
vidual inhibitors is that the adapted strain(s) may not exhibit
improved growth and fermentative ability in the complex
mixture of inhibitors found in lignocellulosic hydrolysates.
In one study of this kind, Liu et al. [52] adapted S. stipitis
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Table 1 Selected native pentose-fermenting yeasts improved by adaptation and recycling

Yeast Strain Substrate pH  Adapted or recycled Initial sugar ~ Max [EtOH] Yield (g EtOH/g References
utilized (%) (g/L) sugar)
S. stipitis BCRC21777 Rice straw hydro- WT ND 9.39 0.40
lysate 50 Adapted to increasing ND 10.27 0.44 (23]
concentration
CBS 6054 Corn cob hemicellu- WT 18 1.5 0.21
lose acid hydro- -~ ND  Adapted to increasing 90 133 0.41 (1]
lysate concentration
CBS 6054 Corn stalk hydro- WT ND 0 0
lysate 5.0  Adapted to increasing ND 43.42 0.47 [96]
concentration
NBRC1687 Ethanol (50-70 g/L) WT ND 38 ND
ND  Adapted to increasing ND 44 ND [90]
concentration
NRRL Y-7124  Read oak hydrolysate WT 80 9.8 0.25
30 % v [62]
(30 % viv) 5.0 Adapted to increasing  93.5 14.5 0.40
concentration
NRRL Y-7124  Red oak hydrolysate WT 0 0 0
(60 % viv) 5.0  Adapted to increasing  66.94 8.3 0.31
concentration
NRRL Y-7124  Synthetic prehydro- WT 15.6 0.8 0.002
lysate (With S /L. 50 Adapted to increasing 90 133 0.35
acetic acid) concentration
NRRL Y-7124 HMF WT ND 0 ND
ND  Adapted to increasing ND 10 ND [52]
concentration
NRRL Y-7124  Sugar maple hemicel- WT ND 0 ND
lulose hydrolysate 5.5 Adapted to increasing ND 9.6 ND (801
(75 % vIv) concentration

ND no data available

NRRL Y-7124 cells to increasing concentrations of hydrox-
ymethyl furfural (HMF). After 100 cycles, the adapted
strain, designated 307-10H60, showed an enhanced ability
to transform HMF to 2,5-bis-hydroxymethylfuran com-
pared to the wild-type (WT) strain. In defined medium con-
taining 60 mM HMEF, strain 307-10H60 converted 60 % of
HMF and utilized glucose in 20 h to produce 10 g/L etha-
nol. In comparison, the WT did not ferment glucose at this
HMF concentration [52]. Unfortunately, the adapted strain
was not tested for xylose fermentation or in a mixture of
inhibitors typically found in lignocellulosic hydrolysates.
Thus, it is not known if tolerance to HMF would improve
the performance of this xylose-fermenting strain in indus-
trially relevant hydrolysates.

More commonly, adaptation was performed by sequen-
tial transfers or recycling of cultures to increasing con-
centrations of lignocellulosic hydrolysates. Several groups
have independently obtained S. stipitis strains adapted to
different hydrolysates (Table 1). These studies demonstrate
the potential for using adaptation to obtain yeast strains

more tolerant to pretreatment-derived inhibitors, thereby
producing higher fermentation rates and yields compared to
the WT strains. Possibly, adaptation resulted in selection of
mutant strains, although this has not been explicitly stated
and the nature of possible mutations was not examined.
A drawback of these studies was that adaptation and sub-
sequent testing were done in the presence of yeast extract
and peptone. These adapted strains would not perform as
well in hydrolysates without these added nutrients; thus the
utility of these adapted strains under industrial conditions
remains uncertain. Furthermore, the long-term stability of
the adapted strains was not assessed in these studies.

Most native xylose-fermenting yeasts are subject to glu-
cose repression [9, 13, 39] and glucose inactivation [47]. In
repression, glucose inhibits the synthesis of xylose-metab-
olizing enzymes at the transcriptional level. On glucose
depletion, xylose-metabolizing enzymes are synthesized
to enable xylose utilization, i.e., de novo protein synthe-
sis is required. In inactivation, glucose inhibits the activi-
ties of xylose transport and/or other xylose-metabolizing
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enzymes. Xylose consumption may resume before glucose
is completely consumed, and this resumption does not
require de novo protein synthesis. As a result, in a glucose-
xylose mixture, glucose is fermented before xylose and the
yeast is often not sufficiently tolerant of ethanol [5] to com-
plete the xylose fermentation. One exception to the above
scenario is S. passalidarum which utilizes xylose and glu-
cose simultaneously and ferments glucose, xylose and cel-
lobiose simultaneously under oxygen-limiting conditions
[54]. To improve the ability of S. passalidarum NRRL
Y-27907 to ferment the sugars in hydrolysates, this strain
was adapted to YPX-Cb medium (containing 10 g/L yeast
extract, 10 g/L peptone, 45 g/ xylose and 25 g/L cello-
biose) followed by cultivation in corn stover hydrolysate
for 2 months (54 doublings) under oxygen-limiting condi-
tions [54]. Fermentation of the adapted strain E7 on maple
hemicellulose hydrolysate (MHH) was compared to that on
a sugar mixture (SM) designed to mimic the hydrolysate
(65 g/L xylose and 35 g/L glucose). Glucose and xylose
were co-utilized in the MHH, while xylose utilization was
delayed by 12 h in the SM. E7 produced a peak ethanol
concentration (40 g/L)) more rapidly in SM (38 h) than in
MHH (38 g/L and 59 h, respectively). However, the fer-
mentation performance was not compared to the WT strain
under the same conditions; thus, the extent of the improve-
ment for the adapted strain is not known. The inherent abil-
ity of S. passalidarum to ferment xylose faster than glucose
and to simultaneously ferment glucose, xylose and cellobi-
ose are desirable characteristics for use in lignocellulosic
biomass conversion.

Random mutagenesis

The adaptation approach, while useful, can be slow and
time-consuming. Industrial strain improvement typically
involves randomly generated mutants from which a few of
the top performers are selected for further mutagenesis and
screening. An effective and sensitive screen is necessary to
select mutants of interest.

Despite the attractiveness of random mutagenesis, only
a few studies have used this approach to obtain mutants
of xylose-fermenting yeasts with improved tolerance to
inhibitors in lignocellulosic hydrolysates. In one study, suc-
cessive rounds of UV mutagenesis followed by screening
on a gradient plate of hardwood spent sulfite liquor (HW
SSL) was used to successfully obtain mutants of S. stipi-
tis NRRL Y-7124 with improved tolerance to HW SSL
[5]. Growth assessment indicated the WT grew in 65 %
(v/v) HW SSL while mutants (PS301 and PS302) selected
after three rounds of UV mutagenesis and screening grew
in 75 % (v/v) HW SSL and survived in 80 % (v/v) HW
SSL. In addition, these mutants were more tolerant of HMF
than the WT and grew faster with a shorter lag phase in
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5 g/L HMF. The WT did not produce ethanol in 60 % (v/v)
HW SSL whereas mutants produced peak ethanol ranging
from 3.3 to 6.4 g/L. These mutants also showed slightly
improved tolerance to acetic acid (2.8-3.0 g/L) compared
to the WT (2.5 g/L).

Using a similar approach, Harner et al. [21] obtained
mutants of P. tannophilus NRRL Y-2460 with enhanced
tolerance to HW SSL and acetic acid in two separate selec-
tion lines. The WT strain grew in 50 % (v/v) HW SSL
while third round HW SSL mutants (UHW301, UHW302
and UHW303) grew in 60 % (v/v) HW SSL with two of
these isolates (UHW302 and UHW303) being viable and
growing, respectively, in 70 % (v/v) HW SSL. In defined
liquid media containing acetic acid, the WT strain grew
in 7 g/L acetic acid, while third round acetic acid mutants
(UAA301, UAA302 and UAA303) grew in 8 g/L acetic
acid with one isolate (UAA302) growing in 9 g/L acetic
acid. Cross-tolerance of HW SSL-tolerant mutants to acetic
acid and vice versa was observed. The fermentative ability
of UAA302 in defined media was similar to that of the WT,
while UHW303 fermented slightly less well than the WT
[21].

Genome shuffling

Genome shuffling combines classical mutagenesis with
the possibility of recombination to allow for further strain
improvement. This method uses recursive recombination
to enhance the genetic diversity of mutant populations with
improved phenotypes, allowing for the creation of new
mutant combinations and strains with superior character-
istics [10, 66]. Whole genome recombination accelerates
the accumulation of multiple beneficial mutations in strains
while having the potential to remove deleterious mutations,
thereby allowing for the engineering of complex pheno-
typic traits with less time and effort [64, 100]. As with ran-
dom mutagenesis, the key criterion for successful genome
shuffling is an effective and sensitive screen to select the
improved mutants.

In genome shuffling, recombination can be carried out
using recursive protoplast fusion or cross-mating. Most
reports on genome shuffling to improve inhibitor tolerance
or ethanol productivity of yeasts are based on protoplast
fusion [22, 94]. Genome shuffling carried out by protoplast
fusion, however, may yield unstable hybrids [18].

A strategy using yeast cross-mating instead of protoplast
fusion was performed to improve the tolerance of S. stipi-
tis to HW SSL [4]. Six UV-induced mutants of S. stipitis
NRRL Y-7124 were subjected to four rounds of genome
shuffling. Two mutants from the third round (GS301 and
GS302) grew in 85 % (v/v) HW SSL, with GS301 being
viable in 90 % (v/v) HW SSL. The WT S. stipitis was una-
ble to grow in HW SSL unless it was diluted to 65 % (v/v)
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or lower [4]. In fermentation tests, the WT did not utilize
any sugars in undiluted HW SSL (pH 5.5), while GS301
and GS302 utilized glucose faster than PS302, the best UV-
induced mutant [5]. The WT and two genome shuffled S.
stipitis strains (GS301 and GS302) were tested for growth
and fermentation performance in three wood hydrolysates:
steam-pretreated enzymatically hydrolyzed poplar hydro-
lysate, steam-pretreated poplar hydrolysate and mixed
hardwood pre-hydrolysate [3]. All strains grew in the
steam-pretreated enzymatically hydrolyzed poplar hydro-
lysate, GS301 and GS302 grew in the mixed hardwood
pre-hydrolysate, but none of the strains grew in the steam
pretreated poplar hydrolysate. In fermentation tests, GS301
and GS302 completely utilized glucose and xylose in each
hydrolysate and produced between 3.9 and 14 g/L ethanol
while the WT did not utilize, or poorly utilized, the sug-
ars, producing low concentrations of ethanol. These results
demonstrated cross-tolerance of the mutants to inhibitors in
different wood hydrolysates [3].

One advantage of using a cross-mating-based genome
shuffling approach for industrial yeast strain improvement
is that the genetically stable haploid cells obtained are ame-
nable to further improvement by mutagenesis and mating.
In contrast, after several rounds of protoplast fusion, the
resulting population may have uncertain ploidy levels or
may be aneuploid, some of which may be unstable or not
amenable for further improvement. Bajwa et al. [2] have
provided a detailed protocol for genome shuffling based on
recursive cross-mating in S. stipitis.

Improved ethanol tolerance and production
Random mutagenesis

Native pentose-fermenting yeasts are known to be less tol-
erant of ethanol than the fermentative yeast S. cerevisiae.
The basis for this is not known and there has always been a
desire to improve the ethanol tolerance of pentose-ferment-
ing yeasts. Ethanol tolerance is thought to be a multi-genic
trait and different approaches have been used to identify
potential genetic elements contributing to this phenotype
[16, 55, 81, 84]. The complex nature makes genetic stud-
ies and improvement of ethanol tolerance difficult. Ethanol
tolerant strains have been obtained primarily using random
mutation approaches.

Watanabe et al. [90] used UV mutagenesis followed
by screening on a solid medium containing 50 g/L etha-
nol (supplemented with 50 g/L xylose, 1.7 g/LL YNB with-
out amino acids, 2.0 g/l ammonium sulfate and 5.0 g/L.
peptone) to select mutants of S. stipitis NBRC1687 with
improved tolerance to ethanol. Three mutants (PXF4,
PXF36 and PXF58) producing larger colonies com-
pared to the WT on plates were selected. During xylose

fermentation in the same medium above, the WT produced
less ethanol (16.4 g/L.) compared to PXF4 (17.4 g/L),
PXF36 (17.3 g/L) and PXF58 (19.4 g/L). In a medium
containing xylose (110 g/L), glucose (120 g/L) or fructose
(120 g/L) supplemented with peptone, the WT produced
about 30 g/L ethanol while PXF58 produced about 40 g/L
ethanol. To further improve its ethanol tolerance, PXF58
was subjected to 20 cycles of adaptation in increasing etha-
nol concentrations (50-70 g/L). This resulted in the isola-
tion of a mutant (PET41) which produced 44 g/L ethanol
compared to 40 g/L. by PXF58 and 38 g/L by the WT strain
after fermentation (96 h) in peptone-supplemented media
containing 45 g/L xylose with glucose added to final con-
centrations of 40 and 60 g/L after 36 and 60 h, respectively
[90]. The performance of the mutants, however, was not
tested in a defined medium without peptone supplementa-
tion; thus, it is uncertain how these strains might perform in
the absence of rich nutrient components.

Protoplast fusion

Some researchers have used cross-species protoplast fusion
to combine the desirable traits of S. cerevisiae, such as
greater tolerance to ethanol and inhibitors with xylose-
utilizing ability of pentose-fermenting yeasts, to gener-
ate hybrids with improved properties. In an earlier study,
Yoon et al. [97] combined S. cerevisiae STV 89 and S.
stipitis CBS 5776 by protoplast fusion. Based on its fer-
mentation performance in xylose and sucrose media, one
fusant (designated F5) was selected for further study. Dur-
ing fermentation of 100 g/L xylose (medium also contained
5 g/L yeast extract, 5 g/L peptone and mineral salts), F5
produced more ethanol with a higher yield (44 g/L and
0.44 g ethanol/g xylose consumed, respectively) compared
to the S. stipitis parental strain (38.8 g/L and 0.39 g/g,
respectively). However, the fusants were unstable. After six
rounds of sub-culturing all fusants, including F5, dissoci-
ated into segregants which resembled S. stipitis based on
fermentation performance.

In another study, S. cerevisiae 2.0251 was fused with
P. tannophilus ATCC 2.1662 [95]. Fermentation in media
containing 10 g/L glucose, 10 g/L peptone and 5 g/L yeast
extract (YEPD) supplemented with xylose (5.52 g/L) was
carried out with 20 putative fusants. Based on fermenta-
tion performance, the best isolate (Fusant 1) utilized more
xylose (72 %) and produced more ethanol (3.4 g/L) than the
P. tannophilus parental strain (32 % and 1.2 g/L). During
fermentation of mixed sugars (30 g/L glucose and 20 g/L.
xylose), Fusant 1 produced more ethanol (11.76 g/L) com-
pared to either the S. cerevisiae (11.2 g/L) or P. tannophilus
(8.8 g/L) parental strains. Maximum ethanol concentra-
tions and complete glucose utilization occurred after 24 h
for all strains. Fusant 1 was capable of simultaneous sugar
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utilization and consumed 20 % of the initial xylose within
the first 24 h. In contrast, the P. tannophilus parental strain
began to utilize xylose after 24 h, which may explain the
unusually low peak ethanol concentration produced by this
strain. Fusant 1 was tolerant to an ethanol concentration
(63.1 g/L) which was intermediate between that of S. cere-
visiae (78.9 g/L) and P. tannophilus (39.45 g/L) and exhib-
ited better growth in softwood acid hydrolysate (pH 5.5)
compared to the parental strains. The average DNA con-
tent of Fusant 1 (0.80 x 107 wg/mL) suggested that most
of its DNA came from the P. tannophilus parental strain
(DNA content = 0.78 x 107 pg/mL) and only a small
amount from the S. cerevisiae parental strain (DNA con-
tent = 1.74 x 107 wg/mL). Fusant 1 appeared to be stable
based on mixed sugar fermentation performance assessed
periodically over 15 generations. Its long-term stability or
ploidy level is not known.

Kumari and Pramanik [45] fused S. cerevisiae NCIM-
3090 individually with different pentose-fermenting yeasts
including S. shehatae NCIM-3500, P. tannophilus NCIM-
3502 and S. stipitis NCIM-3507 to yield hybrids capable
of converting hexose and pentose sugars. The fermentation
performance of the fusants was first evaluated in a glucose
(150 g/L) and xylose (50 g/L) mixture (containing 2 g/L.
yeast extract and minerals). Three fusant strains produced
more ethanol with a greater yield and higher volumetric
productivity than the S. cerevisiae parental strain (69.1 g/L,
0.436 g ethanol/g sugar consumed and 0.96 g/L/h, respec-
tively). A S. cerevisiae and P. tannophilus fusant (RPR39)
was found to be the most efficient strain giving high-peak
ethanol concentration (76.8 g/L), volumetric productiv-
ity (1.06 g/L/h) and ethanol yield (0.458 g/g). Comparable
fermentation efficiencies were also observed with another
S. cerevisiae and P. tannophilus fusant (RPR51) and a S.
cerevisiae and S. stipitis fusant (RPR16) producing ethanol
yields of 0.454 and 0.437 g/g, respectively. The percent-
age of the DNA originating from each parental strain was
not determined. The DNA content in fusants was analyzed
using flow cytometry, and fusant DNA content was found
to be doubled that of individual parental strains. Fusants
were considered stable if they retained their characteristic
mixed sugar utilization and ethanol production profiles for
9 months. The long-term stability of RPR39 was not inves-
tigated. The fusant RPR51 was found to be unstable while
RPR39 and RPR16 were stable after 9 months.

To further improve the fermentation properties of
RPR39, Kumari and Pramanik [46] subjected it to combi-
nations of mutagens (ethyl methane sulphonate, N-methyl-
N'-nitro-N-nitrosoguanidine, near UV or far UV radiation)
followed by screening under various stress conditions to
obtain putative mutants more tolerant to multiple fermenta-
tion stressors. Among the eight mutants, RPRT90 was the
best in terms of genetic stability and tolerance to ethanol,
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temperature and inhibitory compounds. The combined
effect of these stress factors was studied by subjecting
PRPT90 to various conditions simultaneously during fer-
mentation of a glucose (187.5 g/L) and xylose (62.5 g/L)
mixture (containing 2 g/L. yeast extract and minerals).
When subjected to the combined effect of temperature
(39 °C), ethanol (55.2 g/L) and inhibitors (0.25 g/L van-
illin, 0.5 g/ furfural and 4 g/L acetic acid), RPRT90
converted 64.8 % of the sugars, producing an additional
47.9 g/L ethanol with a yield of 0.295 g/g and volumet-
ric productivity of 0.57 g/L/h. Under the same conditions,
fusant RPR39 converted 40.3 % of the sugars, producing an
additional 25 g/L ethanol, with an ethanol yield of 0.21 g/g
and volumetric productivity of 0.42 g/L/h. At the end of
the 96-h fermentation, more glucose was utilized (about 45
and 55 g/L remaining) compared to xylose (about 45 g/L
remaining) by both RPRT90 and RPR39 strains [46].

In a slightly different approach, a combination of UV
mutagenesis and protoplast fusion was used to improve the
inhibitor tolerance and fermentative ability of S. passali-
darum MYA-4345 in wheat straw hydrolysate [24]. Fur-
fural-tolerant mutants were isolated by plating UV muta-
genized cells on a rich medium containing 10 g/L yeast
extract, 20 g/L. peptone, 30 g/L xylose and 2.5 g/L fur-
fural (YPXF). Two selected mutants (M5 and M7) showed
improved xylose consumption, ethanol yield, final ethanol
concentration achieved and higher furfural reduction rates
during fermentation in YPXF compared to the WT. Cross-
species protoplast fusion was carried out between M7 and
S. cerevisiae ATCC 96581. Putative fusants were plated on
agar prepared with 75 % wheat straw hydrolysate (contain-
ing 1.72 g/ glucose, 2.29 g/L xylose, 0.54 g/L furfural,
0.29 g/L HMF and 3.39 g/L acetic acid) supplemented
with 30 g/L xylose to select for hybrids. Repeated trans-
fers between 75 % wheat straw hydrolysate and medium
containing 10 g/L yeast extract, 20 g/L peptone and 30 g/L.
xylose (YPX) were done to maintain the hybrids’ tolerance
character. This selection regime was based on the knowl-
edge that unfused parents could not grow on the plate, as S.
cerevisiae could not utilize xylose as the sole carbon source
and M7 could not tolerate the high inhibitor concentration.
Among the 24 hybrids selected, FS22 was the best isolate
during anaerobic fermentation in 75 % wheat straw hydro-
lysate supplemented with 30 g/L xylose. Hybrid FS22
showed good xylose consumption (39.4 %) and ethanol
yield (0.40 g ethanol/g xylose consumed) compared to M7
which was unable to survive or ferment at this concentra-
tion of hydrolysate. Based on the restriction patterns of the
PCR fragments, it was determined that S. passalidarum M7
was the dominant contributor of DNA to the hybrid.

Interestingly, none of these inter-genera hybridization
studies provided the percentage of the DNA in hybrids from
each parental strain. Based on DNA content comparisons,
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phenotypic characterization or partial molecular charac-
terization it is difficult to determine whether these are true
hybrids. Whole genome sequencing would be an effective
strategy to better characterize these hybrid strains and per-
haps identify the genetic factors from each parental strain
conferring the improved phenotypes in the hybrids as well
as to confirm hybridization of parental strains.

Genome shuffling

Zhang and Geng [99] used recursive recombination of the
whole genomes of S. stipitis CBS 6054 and S. cerevisiae
ATCC 24860 to construct strains with enhanced ethanol
production, tolerance to ethanol and faster rates of xylose
utilization. Genomic DNA of S. stipitis was extracted and
transferred into the S. cerevisiae strain by electroporation
to allow genetic recombination. Selection of first round
strains was carried out on plates containing 6.7 g/LL. YNB
and 50 g/L xylose followed by fermentation of 150 g/L
xylose in a rich medium (containing 7 g/L yeast extract and
2 g/L peptone). The best ethanol producing strain (F1-8)
was used for the next round of genome shuffling in which
the whole genome of S. cerevisiae was extracted and trans-
ferred into F1-8 by electroporation. Second round strains
were screened on plates containing 6.7 g/LL YNB, 50 g/L.
xylose and 50 g/L ethanol. One obtained strain (ScF2) pro-
duced 47 g/L of ethanol in 6 days from 250 g/L xylose in
a medium supplemented with 7 g/L yeast extract, 2 g/L
peptone and minerals. In comparison, the S. stipitis paren-
tal strain produced 20 g/L ethanol on day 7 under the same
conditions. During mixed sugar (50 g/L glucose and 50 g/L
xylose) fermentation, S. cerevisiae only utilized glucose
and produced a peak ethanol concentration of 22 g/L in
about 24 h. In contrast, S. stipitis and ScF2 utilized both
sugars, producing peak ethanol concentrations of 31 g/L at
96 h and 40 g/L at 144 h, respectively. Randomly ampli-
fied polymorphic DNA (RAPD) analysis showed different
banding patterns between ScF2 and its parental strains,
suggesting that ScF2 is genetically different from the
parental strains. This genome shuffling approach success-
fully combined features of parents, S. cerevisiae (ethanol
and sugar tolerance) and S. stipitis (xylose utilization), in
ScF2. Its performance in defined media and industrially
relevant hydrolysates remains to be assessed.

Glucose derepression
Random mutagenesis
As mentioned before, native xylose-fermenting yeasts
typically suffer from glucose repression [9] and glucose

inactivation [47]. As a result, in a glucose-xylose mixture,
glucose is fermented before xylose and these yeasts are

often not sufficiently tolerant of ethanol [6] to complete the
xylose fermentation.

Some researchers have selected for glucose derepressed
cells using the glucose analog 2-deoxyglucose (2-DG)
which cannot be metabolized by yeasts beyond the ini-
tial phosphorylation step [79]. In an earlier study, glucose
derepressed mutants of P. tannophilus NRRL Y-2460 were
obtained by isolating UV mutants resistant to 2-DG fol-
lowed by replica-plating on solid media containing hexose
sugars to select for strains showing reduced growth [92].
During growth on mixed sugars, mutant P509-1B exhib-
ited reduced glucose repression and was able to co-utilize
glucose and xylose compared to the WT. Enzyme studies
showed this strain to be deficient in hexose-phosphoryl-
ating activity (possessing only 6 % of the WT activity)
[92]. Wedlock and Thornton [93] further examined the
role of the two hexokinases in glucose repression in P.
tannophilus. Three mutants were constructed and grown
under mixed or individual sugars followed by measure-
ment of XR and XDH activities as an indicator of glucose
repression. Mutant P510-5A had a defect in glucokinase
(encoded by glk), P509-3C had a defect in hexokinase
(encoded by hxk-a) and P509-1B had defects in both
glk and hxk-a [92]. When grown in a mixture of glucose
(20 g/L) and xylose (20 g/L), reduced XR and XDH activi-
ties were seen in P510-5A, but not P509-3C and P509-1B.
The results indicate the involvement of hxk-a, but not glk,
in glucose repression in P. tannophilus [93]. Unfortu-
nately, the fermentation performance of P510-5A in mixed
sugars was not tested to confirm the glucose derepressed
phenotype.

In another study, Sreenath and Jeffries [79] used chemi-
cal mutagenesis (ethyl methane sulphonate) followed by
selection on 2-DG to obtain mutants of S. stipitis FPL-061
with improved xylose utilization in the presence of glucose.
Of the 2-DG resistant strains selected, FPL-DX26 was the
best in fermentation. When grown in a mixture of 40 g/L
glucose and 40 g/L xylose, this strain consumed the sugars
simultaneously after 20 h and all the sugars were consumed
by 45 h. In comparison, the WT utilized xylose only after
glucose was consumed and complete utilization of these
sugars required 120 h [79].

Miscellaneous attempts to improve xylose utilization
and fermentation

Random mutagenesis

Approaches, ranging from random to semi-rational, have
been used to improve xylose utilization in native xylose-
fermenting yeasts. Some of the successful attempts are
described below. Mutants able to utilize xylose faster typi-
cally exhibit better xylose fermentation rate.

@ Springer
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In an effort to isolate strains with improved mixed sugar
fermentation, Sreenath and Jeffries [78] selected for rapidly
growing mutants of S. stipitis CBS 6054 on L-xylose in the
presence of respiratory inhibitors antimycin A and salicyl
hydroxamic acid (SHAM). The ability to grow on L-xylose
was used to select for mutants whose aldose reductase may
be derepressed. To ensure that selected strains retained
fermentative ability, mutants exhibiting lower respiratory
activity were selected via resistance to respiratory inhibi-
tors. S. stipitis possesses both antimycin-sensitive and
SHAM-sensitive respiratory pathways and inhibitors for
both pathways were used to inhibit growth, as blockage of
either pathway alone is insufficient to inhibit growth [78].
One mutant isolated (FPL-061) produced higher ethanol
concentration (29.4 g/L) and yield (0.42 g ethanol/g sugar
consumed) compared to the WT (25.7 g/L and 0.35 g/g,
respectively) in a 1:1 mixture of glucose and xylose (hav-
ing final sugar concentrations of 60—80 g/L) supplemented
with salts and some peptone [78].

In another study, Jeffries [29] used UV mutagenesis
followed by selection for rapid growth in nitrate-xylitol
broth to obtain mutants of P. tannophilus NRRL Y-2460
with enhanced rates of xylose fermentation. Nitrate utiliza-
tion requires an active pentose phosphate pathway, which
provides NADPH for nitrate reduction. The rationale was
that strains capable of rapid growth on nitrate should pos-
sess higher levels of pentose phosphate pathway enzymes,
consequently having faster xylose fermentation rates. One
mutant (NO3-NO3-4) fermented xylose more rapidly, pro-
duced ethanol twice as fast and had a 32 % higher ethanol
yield compared to the WT (0.25 g ethanol/g xylose con-
sumed compared to 0.19 g/g) [29].

Some pentose-fermenting yeasts are known to produce
and consume ethanol concurrently during xylose fermenta-
tion, and this has been suggested as one of the reasons for
low ethanol yield from xylose [58]. In an effort to minimize
such loss, UV-induced mutants of P. tannophilus NRRL
Y-2460 with diminished ability to grow on ethanol while
retaining the ability to utilize xylose were isolated [49].
Several ethanol-defective mutants that produced more eth-
anol than the WT were obtained. One mutant, designated
eth 2-1, showed considerably improved ethanol production
from xylose than the WT. During fermentation in 40 g/L
xylose, the maximum ethanol concentration (10 g/L) and
ethanol yield (0.29 g ethanol/g xylose consumed) produced
by eth 2-1 exceeded those (6.5 g/L and 0.16 g/g, respec-
tively) produced by the WT [49]. In addition, eth 2-1
produced less xylitol than the WT. Biochemical studies
showed the eth 2-1 mutant to be deficient in malate dehy-
drogenase, an enzyme in the tricarboxylic acid cycle [49].

To further improve their xylose-fermenting ability,
mutant eth 2-1 [49] was cross-mated with mutant NO3—
NO3-4 [29] described above. This led to the isolation of
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P. tannophilus recombinants that possessed the desired
characteristics of both strains [14]. Four hybrid strains
(P587-4A, P587-7B, P587-10D and P587-11B) produced
as much ethanol as strain NO3-NO3-4. The incorporation
of the eth 2-1 mutation was confirmed by decreased ethanol
consumption under aerobic conditions by the hybrids [14].

In other research to minimize aerobic ethanol loss,
Hughes et al. [26] selected for UV-generated mutants of
S. stipitis NRRL Y-7124 able to grow anaerobically on
xylose plates for 5 months. Five strains (WT-1-11, WT-2-
1, 14-2-6, 22-1-1 and 22-1-12) were isolated and tested for
fermentation of mixed sugars (20 g/L xylose, 20 g/L glu-
cose; supplemented with 10 g/L yeast extract and 20 g/L
peptone) under microaerophilic conditions. Sugar utili-
zation and ethanol yields obtained for the mutants (rang-
ing from 0.23 to 0.24 g ethanol/g sugar consumed) were
slightly lower than those for the WT (0.27 g/g). Mixed
sugar fermentation under strictly anaerobic conditions was
also tested using three of the mutants (WT-1-11, 14-2-6
and 22-1-12) and S. cerevisiae NRRL Y-2034. S. cerevi-
siae achieved a maximum ethanol concentration (9.5 g/L)
and yield (0.24 g/g) within 12 h, but no further increase in
ethanol concentration occurred after depletion of glucose.
The mutants produced a similar concentration of ethanol
as that by S. cerevisiae in 80-180 h after which ethanol
continued to be produced from xylose. Mutant 22-1-
12 produced the highest peak ethanol (13 g/L) and yield
(0.33 g/g) in 490 h. Ethanol production by the S. stipitis
WT was not evaluated because the strain could not grow
under strictly anaerobic conditions [26]. The research-
ers succeeded in obtaining mutants of S. stipitis able to
ferment glucose and xylose under anaerobic conditions,
though at exceedingly low rate(s).

Recently, Li et al. [51] isolated a high ethanol yielding
UV mutant of S. shehatae ATCC 22984 that also produces
less xylitol. Two rounds of mutagenesis and screening on
rich xylose-containing medium (3 g/L yeast extract, 3 g/L
peptone, 3 g/L. malt extract and 10-20 g/L. xylose; YPM-
X) supplemented with 0.05 g/L. antimycin and 0.05 g/L
of 2-3-5-triphenyltetrazolium chloride (TTC) were con-
ducted. Antimycin A is a respiratory inhibitor and TTC is
reduced under anaerobic conditions by dehydrogenases to
the red compound formazan. The selected mutant Cs3512
showed better fermentation of xylose (initial concentra-
tion 121.3 g/L) and of sugar mixtures containing xylose
(21.2 g/L)) and glucose (52.9 g/L) in rich media, while
producing more ethanol (44.4 and 31.0 g/L, respectively)
compared to the WT (39 and 28.7 g/L, respectively) and
less xylitol (10.2 and 1.81 g/L, respectively) compared
to the WT (16.3 and 2.86 g/L, respectively). Fermenta-
tion was also assessed in rice straw hydrolysate (pH 6.5).
After 72 h of fermentation CS3512 produced 21.3 g/L of
ethanol, which is about 77 % of the theoretical yield. The
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fermentation performance of the WT was not assessed; thus
the extent of improvement in the fermentation performance
of CS3512 in rice straw hydrolysate is not known.

Protoplast fusion

Protoplast fusion has been used to generate polyploidy
fusants, some of which exhibit improved xylose fermen-
tation, as summarized in Table 2. Maleszka et al. [57]
tested the fermentation performance of several polyploidy
strains of P. tannophilus NRRL Y-2460. They observed
a correlation between increasing the chromosome num-
ber above the haploid level to increases in ethanol yield
from xylose. A tetraploid strain (P45-#14) gave the high-
est ethanol yield from 20 g/L xylose (83.3 % of theoreti-
cal). A triploid strain (P56-#8) also produced high ethanol
yield from 40 g/L xylose (70 % of theoretical). These val-
ues were 14.2 and 11 % higher than those of the haploid
WT strain on 20 and 40 g/L xylose, respectively. Interest-
ingly, an aneuploid strain P45-#9 gave a high rate of eth-
anol production from xylose (1.87 times that of the hap-
loid WT), followed by the tetraploid strain P45-#14 (1.83
times the WT rate). Thus, using polyploids could be a use-
ful approach to obtain strains that produce ethanol more

efficiently. It is not known, however, how stable the poly-
ploids are, considering these are strains of P. tannophilus
which prefer the haploid state. A similar trend was seen
using diploid, triploid and tetraploid strains of S. sheha-
tae CBS2779 [35] in that an increase in ploidy levels led
to enhanced rate, but not the final yield of ethanol pro-
duced from xylose. The increase in fermentative ability
was attributed to the increased gene pool. However, many
of the presumptive diploid, triploid and tetraploid strains
isolated were unstable and readily segregated into cells of
lower ploidy level [35].

In contrast to the reported enhanced rates and yields
of ethanol production from xylose with increasing chro-
mosome number in P. fannophilus, polyploid strains of
S. stipitis CSIR Y633 produced by protoplast fusion did
not show improved ethanol productivity with increasing
ploidy levels [20]. Of the four fusant strains showing an
approximate two-fold increase in cellular DNA content,
only strains P2-2 and P2-3 produced slightly higher yields
(0.47 g ethanol/g xylose consumed) compared to the WT
(0.45 g/g) in a slightly shorter fermentation period (44, 45
and 47 h, respectively). The reason for the variable fermen-
tation performance of polyploids from different species of
pentose-fermenting yeasts is not known.

Table 2 Ethanol production by selected hybridized native pentose-fermenting yeasts

Yeast/fusant Cell DNA Volumetric ethanol  Yield Max [ethanol] Time to References
content productivity (g ethanol/g  (g/L) maximum
(g/L/h) sugar) ethanol (h)

P. tannophilus NRRL Y-2460 n 0.46 0.35 ND ND [57]
P56-#3-3B <2n 0.42 0.40 ND ND
NRRL Y-2460-#2 2n 0.49 0.41 ND ND
P56-#8 3n 0.62 0.42 ND ND
P45-#14 4n 0.84 0.42 ND ND
P45#9 <4 0.86 0.42 ND ND
S. stiptis CBS 5776 ND 0.54 0.39 38.8 72 [97]
S. cerevisiae/S. stiptis Fusant F5 ND 0.46 0.44 44 96
S. cerevisiae NCIM-3090 2n 0.96 0.436 69.1 60 [45]
S. cerevisiae/S. shehatae NCIM-3500

RPR119 4n 0.88 0.432 63.4 ND
S. cerevisiae/P. tannophilus NCIM-3502

RPR39 4n 1.06 0.458 76.8 72

RPR51 4n 1.02 0.454 73.9 ND

RPR87 4n 0.95 0.440 68.4 ND
S. cerevisiae/S. stipitis NCIM-3507

RPR16 4n 0.98 0.437 71 ND

RPR48 4n 0.96 0.443 69.6 ND
S. stipitis CSIR Y633 24.35 fg/cell  0.90 0.45 21.10 47 [20]
P2-2 44.10 fg/cell 1.12 0.47 21.53 44
P2-3 44.86 fg/cell  1.00 0.47 21.30 45

ND no data available
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Metabolic engineering

Classical strain improvement approaches may result in
random changes throughout the genome, some of which
may be undesirable. In contrast, metabolic engineering
approaches allow precise modifications of specific path-
ways [31, 32]. The difficulty with the latter methods is that
there is limited knowledge of what changes are required to
produce a desired phenotypic effect.

Previous studies have shown that some respiratory defi-
cient yeast strains can accumulate higher ethanol concen-
trations, although the mechanisms involved are not well
understood [27, 75, 76]. It is known that in addition to
the cytochrome-based respiratory system, S. stipitis pos-
sesses a secondary SHAM-sensitive respiratory system.
To examine the contribution of the SHAM-sensitive sys-
tem towards xylose fermentation without influence of the
cytochrome system, Shi et al. [76] created a strain with a
nonfunctional cytochrome pathway by disrupting the heme
protein cytochrome c. Interestingly, this mutant produced
more ethanol (36.8 g/L) than the WT (27.2 g/L) from
xylose (80 g/L) in a rich peptone-containing medium. The
authors postulated that the limited energy produced by the
secondary SHAM respiratory system was sufficient for cell
growth and ethanol production by the mutant [76].

Efforts to address cofactor imbalance during xylose
metabolism

Yeasts metabolize xylose through an inducible pathway
where it is first reduced by an NAD(P)H-dependent XR
to xylitol. Xylitol is then oxidized by an NAD-dependent
XDH to xylulose which can enter the pentose phosphate,
Embden-Meyerhof or phosphoketolase pathways [91].
Some yeast XRs are strictly NADPH-dependent [36], while
most function with either NADH or NADPH, with a prefer-
ence for NADPH [48]. Two exceptions are the XRs from
Candida parapsilosis [50] and S. passalidarum [23, 54]
that prefer NADH to NADPH. During xylose metabolism,
the different coenzymes required by XR and XDH cause a
cofactor imbalance resulting in an accumulation of NADP
and NADH from the first and second reactions, respec-
tively. In the absence of a transhydrogenase, oxygen is
required for the regeneration of NAD. It is postulated that
the ability of some yeasts to ferment xylose anaerobically
is due to the NADH-dependent XR activity [12]. Consist-
ent with this postulate, a P. tannophilus mutant deficient
in NADPH-dependent XR activity, but expressing normal
levels of NADH-dependent XR activity, exhibited a xylose
utilization rate similar to the WT under anoxic conditions
[72]. More recently, the yeast S. passalidarum, which pos-
sesses NADH-preferring XR, was shown to ferment xylose
efficiently under oxygen-limited conditions [23, 54].

@ Springer

One approach to address the cofactor imbalance in
pentose-fermenting yeasts is to change the cofactor pref-
erences of XR or XDH. Many studies have attempted to
alter the cofactor preferences of these two enzymes in an
effort to improve xylose flux and fermentation (Table 3).
Addressing the cofactor imbalance in these enzymes can
theoretically enable anaerobic xylose fermentation. Two
approaches have been used to alter the cofactor dependence
of XRs or XDHs. The first is to construct NADH-preferring
XR (to be coupled with NAD-dependent XDH) and the
second is to construct NADP-preferring XDH (to be cou-
pled with NADPH-dependent XR). Successes have been
reported with both approaches and selected examples are
described below. The physiological effects of some of the
XR and XDH variants have been tested mostly in S. cerevi-
siae, and some in Candida utilis and Hansenula polymor-
pha (Table 4).

Modifying XRs for increased NADH preference
and reduced NADPH preference

Yeast XRs, members of the aldo—keto reductase (AKR)
superfamily, typically contain a conserved IPKS (Ile-Pro—
Lys—Ser) motif. The Lys residue within this motif interacts
with the 2’-phosphate group of NADPH [48]. Remov-
ing this stabilizing interaction should reduce the affin-
ity for NADPH without affecting the affinity for NADH,
which lacks the 2’-phosphate group. This was observed
in a K270 M variant of the S. stipitis XR which showed a
16.7-fold decrease in affinity towards NADPH, while the
affinity towards NADH was unaffected [42]. Unexpectedly,
the K270 M variant showed a 14-fold reduced affinity for
xylose compared to the WT (K, = 43.5 mM) [42]. When
two copies of the SsXR/K270M gene were expressed in
S. cerevisiae TMB3001 (the parental strain) along with
the genes encoding the S. stipitis XDH and S. cerevisiae
XK, the resultant TMB3271 strain exhibited consider-
ably higher XR activities (XRyapy aciiviy = 4-7 U/mg and
XRyaDPH activiy = 11.0 U/mg) compared to TMB3001
(XRnaDH activity = 0-1 U/mg and XRyappi activiey = 0-3 U/mg)
in cell extracts. The ethanol yield from 50 g/L xylose after
70 h in a defined medium was 0.31 g ethanol/g of xylose
[34].

In a subsequent study, Bengtsson et al. [8] prepared a
K270R variant of the SsXR and tested the physiological
effect of this mutation on xylose fermentation in S. cere-
visiae. Two S. cerevisiae strains, with the native XR gene
deleted, were constructed: TMB 3321 (carrying the native
SsXR) and TMB 3323 (carrying the SsXRm/K270R).
In anaerobic batch fermentation of glucose (20 g/L) and
xylose (50 g/L) in defined media, TMB 3323 had a slightly
higher xylose consumption rate (0.39 g/L/h) but a lower
xylitol yield (0.09 g xylitol/g sugar consumed) compared
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to TMB 3321 (0.26 g/L/h and 0.26 g/g, respectively). As a
result, the peak ethanol produced for TMB 3323 was higher
(25.3 g/L) compared to TMB 3321 (16.7 g/L) [8].

In addition to the IPKS motif, other amino acid resi-
dues are also involved in interaction with the cofactor in
yeast XRs. Based on sequence information of the AKR
family enzymes and the structure of the Candida tenuis
XR (CtXR), several residues thought to interact with dif-
ferent functional groups of the cofactors were mutated in
combination. Two double mutants [RH (K274R/R280H)
and RD (K274R/N276D)] of the C. tenuis XR were con-
structed in an effort to increase affinity towards NADH
[67, 68]. Of these, the RH variant (K, yapy = 12 UM, K,
NADPH = 2 UM) can bind to both cofactors slightly bet-
ter than the WT (K, napy = 38 UM, K, nappu = 3 UM),
while the RD variant had similar NADH binding affin-
ity (K, napy = 41 M), but poorer NADPH binding (K,
Nappa = 128 uM) compared to the WT [67, 68].

In a follow-up study, Petschacher and Nidetzky [69]
expressed the RD variant of the C. tenuis XR along with
XDH from Galactocandida mastotermitis (GmXDH) and
an extra copy of the endogenous ScXK gene in S. cer-
evisiae. The recombinant strain (BP10001) was tested for
anaerobic fermentation of 20 g/L xylose in defined medium
and compared to the parent strain (BP00O) that expressed
the WT CtXR, GmXDH and endogenous ScXK. BP10001
showed elevated NADH-dependent XR activity (0.26 U/
mg) compared to BP0O0O (0.15 U/mg). The NADPH-
dependent XR activity for BP10001 was 0.33 U/mg com-
pared to 0.18 U/mg for BP000. BP10001 had a 42 %
increase in ethanol yield (0.34 g ethanol/g xylose con-
sumed), a 52 % decrease in xylitol yield (0.19 g/g) and a
57 % decrease in glycerol yield (0.02 g/g) during anaerobic
fermentation compared to BPOOO [69].

Based on results from Petschacher et al. [67] and Petsch-
acher and Nidetzky [68], Dmytruk et al. [15] introduced
two point mutations K341R and N343D in the H. polymor-
pha XR. The XR variant displayed reduced affinity towards
NADPH (K, = 152 uM) compared to the WT enzyme
(K, = 7 uM), while the affinity towards NADH was unaf-
fected. The physiological effect of this XR variant was
assessed in fermentation tests using the xylose-utilizing,
but non-fermenting H. polymorpha. The results showed
insignificant ethanol productivity [15].

Candida utilis is another xylose-utilizing, but non-fer-
menting, yeast which can be imparted with the ability to
ferment xylose to ethanol by heterologous expression of
XR, XDH and XK from other xylose-fermenting yeasts
[80]. In this study, a NADH-preferring K275R/N277D XR
variant and WT XDH from S. shehatae along with the WT
XK from S. stipitis were expressed in C. utilis to yield the
recombinant strain TMS174. The amino acid modifica-
tions in the XR were selected based on greater preference

towards NADH seen in the SsXR bearing the same corre-
sponding mutations from a previous study [8]. The recom-
binant strain TMS174 had elevated NADH-dependent XR
activity (0.75 U/mg) compared to a parental strain TMS170
expressing native SsheXR, SsheXDH and SsXK (0.41 U/
mg) and lower NADPH-dependent XR activity (0.25 U/
mg) compared to TMS170 (0.73 U/mg). In a peptone-based
fermentation containing 50 g/L xylose, TMS174 produced
17.4 g/L ethanol in 20 h. This ethanol yield was much
higher than the parental strain which produced 2.1 g/L
ethanol in 30 h [82]. To further improve ethanol yield, the
same group constructed a strain by transforming different
ratios of the XR variant and WT XDH from S. shehatae,
along with the WT XK from S. stipitis into C. utilis. Fol-
lowing screening, a recombinant strain (CI35) with an inte-
grated copy number ratio of 4.9:7.2:7.4 in SsheXR(K275R/
N277D):SsheXDH:SsXK was found to give the best etha-
nol yield. During fermentation of 80 g/L xylose in a pep-
tone-containing medium, strain CI35 produced peak etha-
nol of 29.2 g/L. with a yield of 0.402 g/g sugar within 70 h.
This was a considerable improvement over the performance
of TMS174 (peak ethanol of 21.3 g/L; ethanol yield of
0.283 g/g sugar; 142 h) [83]. This research suggested that
adjusting the ratios of enzymes involved in xylose metabo-
lism might further improve xylose fermentation.

Wang et al. [86] suggested that in the S. stipitis XR,
Lys21 forms H-bond with NADPH. A K21A variant of the
S. stipitis XR was constructed to disrupt this H-bond. The
XR variant had no detectable NADPH-dependent activ-
ity, but exhibited similar NADH-dependent activity (K,
NADH = 32 M) compared to the WT (K, napg = 21 1M)
[98]. This study suggests that a single amino acid sub-
stitution may be able to completely eliminate NADPH-
dependent activity in the S. stipitis XR. The reason for the
complete loss of NADPH-dependent activity is not entirely
clear, as many residues are involved collectively in cofac-
tor interactions. It would be useful to verify and test such a
substitution in other yeast XRs.

Modifying XDHs for increased NADP preference
and reduced NAD preference

In addition to modifying the XR in pentose-fermenting
yeasts, the cofactor preference of XDH can also be modi-
fied to address the cofactor imbalance. XDH shares a simi-
lar coenzyme-binding motif with the medium-chain dehy-
drogenase/reductase (MDR) superfamily of enzymes. For
most NAD-dependent enzymes, amino acids from this con-
served coenzyme-binding region are responsible for inter-
acting with the 2’- and 3’-OH groups of NAD. Generally,
changing the charged amino acid residues to uncharged res-
idues can alter cofactor preference by reducing interactions
with —OH groups of NAD [32, 41, 65].

@ Springer
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Several groups have altered XDH to reduce its affinity
towards NAD. Metzger and Hollenberg [60] constructed
single (D207G) and double (D207G/D210G) mutants
of the S. stipitis XDH. The mutations were designed to
eliminate H-bonding interaction with the 2°-OH group
of NAD and introduce bonding with 2’-phosphate group
of NADP. These mutants exhibited no change in affinity
towards NADP, but an 11-fold decrease in NAD affinity
(K, Nap = 2.5 mM) compared to the WT enzyme
(Kin. nap = 0.227 mM).

In an experiment to increase the affinity of SsXDH
towards NADP, Watanabe et al. [89] replaced Asp207 with
a small and uncharged residue and changed an adjacent res-
idue to Arg to form a binding site for NADP. Other combi-
nations of mutations were made also to active site residues
based on information from the strictly NADP-dependent
Bemisia argentifolii sorbitol dehydrogenase. Of the ten
mutants constructed, the triple mutant ARS (D207A/1208R/
F209S) and quadruple mutant ARSdR (D207A/1208R/
F209S/N211R) were the best in terms of improved NADP-
dependent activity and affinity. The NAD-dependent spe-
cific activities for the ARS and ARSdR variants were 320
and 259 umol cofactor min~! compared to 1,110 umol
cofactor min~! for the WT enzyme; their NADP-depend-
ent specific activities were 2,350 and 2,570 umol cofactor
min~! compared to 1.2 umol cofactor min~! for the WT
enzyme. The K, values for NAD were 1.3 and 17.3 mM
for the ARS and ARSdR variants, respectively, and those
for NADP were 0.90 and 1.38 mM, respectively. In com-
parison, the K, values of the WT enzyme were 0.381 and
170 mM for NAD and NADP, respectively. Thus, both
mutants showed increased activities and affinity towards
NADP, accompanied by decreased activities and affinity
towards NAD. To assess the physiological performance
of the NADP-preferring XDH variants, a recombinant S.
cerevisiae strain [SsXR/Ss(ARSAR)XDH/ScXK] was con-
structed [88]. Enzymatic activities were measured in cell
extract after growth of the transformant in rich peptone
media and compared against a S. cerevisiae strain (Y-WT)
harboring SsXR, SsXDH and ScXK. The recombinant
strain D-XR/ARSdR/XK produced NAD-dependent XDH
activity of 0.048 U/mg (two-fold higher than the WT) and
NADP-dependent XDH activity of 0.426 U/mg (13-fold
higher than the WT). During oxygen-limited fermentation
at 30 °C in YNB medium containing glucose (5 g/L) and
xylose (15 g/L) supplemented with essential amino acids,
strain D-XR/ARSdR/XK consumed all the glucose within
15 h and 68 % of the xylose in 72 h. Under the same con-
ditions, the WT also consumed glucose in the first 15 h,
but only 58 % of xylose was consumed in 72 h. Strain
D-XR/ARSdAR/XK produced a peak ethanol concentration
of 7.02 g/L and a yield of 0.46 g ethanol/g sugar consumed,
both values being 1.4-fold higher than those of Y-WT [88].

@ Springer

Modifying both XR and XDH

Some researchers have attempted to address the cofac-
tor imbalance during xylose fermentation by reducing the
NADH preference of XRs to make them more NADPH-
dependent and coupling this with a NADP-preferring XDH.
Khattab et al. [38] constructed two double mutants [E223D/
S271A (DA) and E223A/S271A (AA)] of the S. stipitis XR
(SsXR) with increased affinity towards NADPH. Both vari-
ants exhibited slightly increased activity with NADPH, but
much reduced or no activity towards NADH. The DA vari-
ant showed similar affinity for NADPH (K, = 20.4 uM)
compared to the WT XR (K, = 16.2 uM), but a 7.3-fold
decrease in affinity for NADH (K, = 391 uM) compared
to the WT (K, = 30.6 uM). The affinity of the AA vari-
ant towards NADPH (K, = 17.5 pM) was also similar
to the WT XR, but it had non-detectable activity towards
NADH [38]. In a follow-up study, Khattab et al. [37] tested
the physiological performance of the NADP-preferring
XR [38] and XDH variants described earlier [89] in S. cer-
evisiae. The control S. cerevisiae strain, SK-N1, carried
the SsXR(WT)-SsXDH(ARSdAR)-ScXK construct while
the test strain SK-N2 carried the construct SsXR(AA)-
SsXDH(ARSdR)-ScXK. During mixed sugar (55 g/L
xylose and 20 g/L. glucose) semi-aerobic fermentation in
peptone-rich media, strain SK-N2 produced a peak ethanol
concentration of 30.1 g/L which was 20 % higher than that
of the control strain SK-N1 (25.1 g/L peak ethanol) [37].
It remains to be seen how strain SK-N2 performs under
anaerobic conditions in a chemically defined medium.

Testing with native NADH-preferring XRs

While most yeast XRs are either strictly NADPH-
dependent or prefer NADPH over NADH, there are two
known exceptions. They are the XR from C. parapsilosis
(K, napn = 3.3 WM K, nappn = 365 uM) [50]
and the mixed XRs from S. passalidarum (K, napn
=173 £ 1.8 uM; K, nappy = 31.7 £ 2.6 uM) [23, 54]
that exhibit a higher affinity towards NADH than NADPH.
Since S. passalidarum contains two genes for XR, it was not
known which gene product contributed more to the cofactor
affinities measured in crude homogenates [54]. These unique
NADH-preferring XRs have been used to alleviate cofactor
imbalance during xylose metabolism when expressed heter-
ologously. Lee et al. [50] expressed the xyl/ gene encoding
the C. parapsilosis XR in C. tropicalis to yield strain BN-1
which was subjected to micro-aerobic fed-batch fermenta-
tion (glucose 45 g/L first and subsequently 300 g/L. xylose
supplied at rates of 540 mL/h). For the WT, ethanol produc-
tion declined after complete consumption of glucose, and the
peak ethanol produced was 15 g/L. Strain BN-1 produced
the same amount of ethanol from glucose, but after depletion
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of glucose, ethanol continued to be produced up to 21 g/LL
when all the xylose was consumed. The C. tropicalis strain
used is a natural xylitol producer. Expression of CpXR in
strain BN-1 had no apparent effect on xylitol productivity,
and this strain produced a similar amount of xylitol (250 g/L)
compared to WT. Given that a NADH-preferring XR should
enable anaerobic xylose utilization, it would be interest-
ing to test how a recombinant ethanol-producing strain with
NADH-preferring XR might perform under anaerobic con-
ditions. Equally interesting would be to examine the effect
of expressing the NADH-preferring C. parapsilosis XRs in
a xylose-fermenting yeast such as S. stipitis which does not
produce much xylitol.

The gene encoding the NADH-preferring XR from S.
passalidarum was cloned and expressed in S. cerevisiae
[59]. However, xylose fermentation in this case was not
tested.

The studies described in this section showed that the
cofactor preference of either XR or XDH can be altered
successfully. While some of the XR or XDH variants have
been tested in vivo, more testing needs to be done pref-
erably in pentose-fermenting yeasts to better assess the
potential for improved xylose fermentation under anaero-
bic conditions. While changing the cofactor preference for
XR and XDH is a prerequisite for addressing the cofactor
imbalance, the work of Tamakawa et al. [83] suggests that
the activity ratios of these two enzymes should be balanced
also to further improve the overall xylose flux.

Concluding remarks

Lignocellulosic plant biomass represents one of the most
attractive feedstocks for the production of fuel ethanol and
chemicals. To improve the economic prospect of such a
process, it is essential that potential biocatalysts be able to
efficiently convert both the hexoses and pentoses found in
industrially relevant lignocellulosic hydrolysates into the
desired end product(s). Native xylose-fermenting yeasts
possess the ability to ferment the major sugars in ligno-
cellulose hydrolysates into ethanol, and they have been
the subject of intense interest ever since their discovery in
the early 1980s. However, these yeasts ferment xylose less
efficiently and with considerably lower yield than glucose
fermentation. Moreover, they suffer from glucose repres-
sion, low ethanol tolerance and are susceptible to various
pretreatment-derived inhibitors in industrially relevant
hydrolysates. These problems have limited their biotechno-
logical potential and have prompted efforts to improve their
properties over the past 30 years using a blend of classical
and molecular methods. Although improved strains have
been developed, ethanol yield and productivity from xylose
have not yet matched the performance of the traditional

fermentative yeast S. cerevisiae on glucose. Furthermore,
the performance of these yeasts in pretreated industrially
relevant hydrolysates remains poor.

Genetic improvement of microorganisms, including
native pentose-fermenting yeasts, will continue to be essen-
tial for the development of competent strain(s) for ligno-
cellulosic biomass conversion. With the advent of high-
throughput screening and various “omics” approaches,
strain development is poised for significant advancement.
In particular, the new approaches, applied to pentose-fer-
menting yeasts, can potentially uncover new vistas on some
of the biological factors and metabolic constraints that
limit efficient fermentation of pentose sugars in lignocel-
lulosic hydrolysates. These new insights hold considerable
promise towards the development of robust strains that can
ferment all the sugars in lignocellulosic hydrolysates to
ethanol.
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