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Abstract: Scarcity of the non-renewable energy sources, global warming, environmental pollution,
and raising the cost of petroleum are the motive for the development of renewable, eco-friendly
fuels production with low costs. Bioethanol production is one of the promising materials that can
subrogate the petroleum oil, and it is considered recently as a clean liquid fuel or a neutral carbon.
Diverse microorganisms such as yeasts and bacteria are able to produce bioethanol on a large scale,
which can satisfy our daily needs with cheap and applicable methods. Saccharomyces cerevisiae and
Pichia stipitis are two of the pioneer yeasts in ethanol production due to their abilities to produce a
high amount of ethanol. The recent focus is directed towards lignocellulosic biomass that contains
30–50% cellulose and 20–40% hemicellulose, and can be transformed into glucose and fundamentally
xylose after enzymatic hydrolysis. For this purpose, a number of various approaches have been
used to engineer different pathways for improving the bioethanol production with simultaneous
fermentation of pentose and hexoses sugars in the yeasts. These approaches include metabolic and
flux analysis, modeling and expression analysis, followed by targeted deletions or the overexpression
of key genes. In this review, we highlight and discuss the current status of yeasts genetic engineering
for enhancing bioethanol production, and the conditions that influence bioethanol production.
Keywords: bioethanol; fermentation; metabolic engineering; biofuel; Saccharomyces cerevisiae;
Pichia stipitis

1. Introduction
The excessive usage of fossil fuels to satisfy the rapid increase of energy demand has created
severe environmental problems, such as air pollution, acid rain, and global warming [1]. All over
the world, Humans are constantly based on biomass-derived energy and carbon for survival and
nutrition. Also, in late history for the commodity fuels and chemicals we became dependent on
petroleum-derived energy and carbon. In the non-renewable petroleum-based carbon, the carbon
is sitting in biomass, where the biomass is a temporary store unit for the sunlight and atmospheric
carbon derived energy. In the last century, there are rising requests to implement and to improve
strategies for production of commodity fuels and chemicals from biomass compared to petroleum.
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To compete with the existing process of petroleum production, the fermentation process should be more
efficient, or comparable for maximum production of the targeted chemical. Therefore, the production
of petrochemical and biofuels by means of microbial fermentation of agriculture wastes could be
our alternative way. Yeasts have advantages over bacteria for commercial fermentation due to the
thickness of their cell walls, less stringent nutritional requirements, large sizes, utmost resistance to
contamination, and better growth at acidic pH. Saccharomyces cerevisiae and Pichia stipitis are one of the
most promising model organisms in microbiological fermentation due to their abilities to produce a
high amount of ethanol. They are able to utilize diverse substrates that are full of carbohydrates through
fermentation processes. Besides, they are resistant to high ethanol concentrations. The recent focus is
directed towards lignocellulosic biomass, which contains 30–50% cellulose and 20–40% hemicellulose,
and can be transformed into glucose and fundamentally xylose after enzymatic hydrolysis. In nature,
the second most abundant carbohydrate is xylose, and it could supply an alternative fuel source for
its ability to be commercially fermented into ethanol. S. cerevisiae counts as the main and the most
important source of bioethanol production at the industrial level. However, several attempts were
implemented to engineer S. cerevisiae to transport and ferment xylose because naturally it does not
use xylose. Moreover, genetic engineering can upgrade the fermentative activities of some native
xylose-metabolizing yeast like P. stipitis. In this review, we point out the current status of yeasts genetic
engineering approaches for enhancing bioethanol production, and discussing the factors that affect
positively/negatively on the fermentation process.
The processes of bioethanol production from the utilization of starch, sugarcane, and microbial
fermentation of sugar compounds considers as the main source to dispense with classical fuel which
causes noticeable pollution for our planet. Researchers who work in the field of fermentation give
more attention for lignocellulose, as it is an alternative and promising way for bioethanol production
in our future research [2]. It is known as feedstock that is more plentiful and substantial issue in
our environment and does not compete with the sources of food supplies [3]. Although, the central
predicament for bioethanol production from lignocellulose conversion is economic status where the
production cost should be reasonable. The status that reduces the performance efficiency of yeast is
that it has many drawbacks as increasing the concentration of harmful process conditions and toxic
chemicals with low tolerance capacity, which is prevented energetically and economically [4].
Bioethanol is the most common source of the biofuel, and about 90% of total biofuel usage is
based on bioethanol production. The process of conventional bioethanol production is well known to
be dependent on the enzymatic transformation of starchy biomass into sugars and/or fermentation
of 6-carbon sugars with final distillation of ethanol to fuel grade. Ethanol can be produced from
various feedstocks such as corn (maize), sugar beets, other cereal crops, sugar cane, cassava, sorghum,
and potatoes. Animal feed (co-products) helps in decreasing the production cost as well. Also,
bagasse (crushed stalk) is used to supply power and heat for energy applications. Additionally,
the biggest bulk of agriculture biomass is composed of lignin, cellulose, and hemicelluloses,
which could extend our sustainable and renewable resources for usage in ethanol production [5,6].
According to the two largest ethanol producers USA and Brazil, the major sources of ethanol
production are maize starch and sucrose from sugar cane [5,7]. The fermentable sugars like mannose,
glucose, hexoses, arabinose and xylose can result from hemicelluloses and cellulose fractions of
agro-industrial residues either by chemical hydrolyses or enzymatic ones [8]. Currently, researchers
in the field of fermentation exert more effort and focus on enhancing the production of ethanol
through the bioconversion of lignocellulose for reducing the dependence on the non-renewable
energy. Lignocellulose is one of the promising and ample sources, which consists of lignin, cellulose,
and hemicellulose [9]. Conversion, the hemicellulose and cellulose to ethanol, occurred through
several processes that initiate with different pre-treatment (mechanical, chemical, or both).
An effective transformation of all sugars sitting in lignocellulosic hydrolysates to ethanol
is necessary for maximizing the profitability of the industrial process and for reducing the
competitiveness cost of bioethanol production [10]. Bio-production of ethanol from lignocellulosic
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material has to be at an acceptable rate, in high yield, and at concentrations that are economically
retrievable. The major impediment of cellulose fermentation is the enzymatic saccharification.
For hemicellulosic, the utilization of multiple sugars of arabinose, rhamnose, xylose, galactose,
mannose, and glucose in the presence of ferulic and acetic acids, along with diverse disintegration
products from thermal and chemical pretreatment, is the limiting factor of the fermentation process.
Phosphorylation of hexoses compound is occurs once getting in the cell; diverse biochemical stages
should be applied for hemicellulosic components before phosphorylation [11].
The pentoses microbial biotransformation has been recognized as the main research challenge
for the second-generation ethanol technology because it represents about 25–40% of the total sugars
transformation [6]. The major lignocellulosic biomass component is D-Xylose. For efficient economical
lignocelluloses bioconversion, the alcoholic fermentation of this renewable carbon sources (D-Xylose) is
required [12]. The pentose sugar xylose from plant hydrolysates cannot be fermented by Saccharomyces
cerevisiae (wild types strains), which is the communally used for ethanol production. Therefore,
to solve this problem, many attempts to generate genetically recombinant strains of S. cerevisiae and
P. stipitis, to improve the capability of xylose fermentation into ethanol, have been reported. However,
the large-scale industrial process of bioethanol production is limited due to poorly understanding
of yeasts metabolic regulations [13]. Additionally, our knowledge for the efficient utilization of
lignocelluloses hydrolysates with such yeast strains under the industrial conditions is still limiting [14].
The production of biofuels from lignocellulosic biomass remains an unsolved challenge in the
industrial biotechnology. Efforts to use yeast for biofuels production face several questions: of which
organism to be use, counterbalancing the ease of genetic manipulation with the promise of robust
industrial phenotypes. Saccharomyces cerevisiae remains the premier host for metabolic engineering of
biofuel pathways, due to the availability of many systems and synthetic biology tools to for genetic
manipulation [15]. When compared to other types of microoganisms, Saccharomyces cerevisiae is the
common microbes employed in ethanol production due to its high ethanol productivity, high ethanol
tolerance and ability of fermenting wide range of sugars. However, there are still some challenges in
yeast fermentation that inhibit ethanol production, such as the high temperature, the high ethanol
concentration, and the ability to ferment pentose sugars [16].
Yeasts such as Pachysolen tannophilus, P. stipitis, Candida tropicalis, and Candida shehatae have
been detected to ferment one of the most abundant pentoses sugars (xylose) to ethanol. However,
the wild-type strains of these yeasts are unable to ferment simultaneously the hexoses and pentoses
sugars. Therefore, the creation of genetically modified strains has been notified as special fermentation
strategies to introduce new pathways to stimulate the ability for simulations transformation of pentoses
and hexose sugars [17]. Co-culture of Zymomonas mobilis bacterium and yeasts was also studied
to prove the potential synergistic utilization of different microorganism metabolic pathway [18].
For examples, co-culture of P. stipitis and S. cerevisiae immobilized with Z. mobilis has been studied.
Also, co-cultivation of P. tannophilus and Z. mobilis has been investigated using synthetic media with a
different combination of xylose and glucose [10,19,20]. The wild-type strain of Z. mobilis was isolated
originally from alcoholic liquids in natural environments containing fermentable sugars, and can only
utilize a limited carbon source, including glucose, fructose, and sucrose [21].
The formation of cell inhibitory substances like phenolic compounds, furan derivatives and weak
acids is another important factor implicated in the production of bioethanol (second-generation),
the formation of those substances always occurs during the chemical hydrolyses of lignocellulosic
materials [22,23]. High level of the toxic byproduct compounds that form during the production
of lignocellulosic hydrolysate, is challenging as well. The released acetic acid and furfural during
sugarcane hydrolysis can reach up to 5 g/L [24], while after the processing of chipped pine wood
hydrolysate, hydroxymethylfurfural (HMF) can be reached up 6 g/L [25]. The overall cell physiology
is affected by such inhibitors and leads to decrease in the strains productivity, ethanol yields and cell
viability [26]. For example, furan at high concentrations causes an inhibitory effect on S. cerevisiae,
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interfering with macromolecules syntheses and glycolytic enzymes. Whereas, in the process of
lignocellulosic hydrolysis, the acetic acid released, has cytotoxic effects at elevated concentrations [27].
The interest in studying catabolic pathway of xylose utilization has been grown [28–30], with the
discovery of pentose-fermenting yeast strains [31,32]. The bio-renewable chemicals and fuels
fermentative production need the biocatalysts engineering that can quickly and efficiently transform
sugars to the target products with lower cost than the existing petrochemical-based processes.
For instance, for eight known reactions required for conversion of xylose to ethanol by Saccharomyces
cerevisiae, Latimer and Dueber in (2017) screened several key enzymes for functional expression in
S. cerevisiae, followed by a combinatorial expression analysis to achieve a pathway flux balancing and
to identify the rate limiting enzymatic steps [33].
Scientists have changed the biocatalysts processes slowly by choosing desirable traits without
understanding the biological mechanisms. However, after the evaluation of recombinant DNA
technology and the elucidation of the biological code, we became able to do more than choosing
the naturally or evolved strains under the selective evolutionary pressures. Nowadays, scientists
could design and evaluate proteins, metabolic pathways, and even engineer whole desirable strains.
Therefore, the modern thinking is directed in the form of metabolic engineering. Bailey (1991) and
Stephanopoulos and Vallino (1991 and 1998) defined the metabolic engineering as the direct advance
technology for formation and production of desirable cellular properties through the alteration of
biochemical pathways or through using the recombinant DNA technology for the introduction of new
traits [34–36].
For the production of a target compound, the synthetic biology can be expressed as a sequence
of the following events: (1) designing the phenotypic properties and the metabolic pathways of
the wanted system. What are the required products and substrates? What are the predictable
environmental stressors? (2) Selecting the suitable host organisms depending on the following criteria.
Which organisms display some of the wanted properties? The characters of these organisms and
the availability of molecular biology tools for the modulation of this chassis. (3) Formulating an
implementation approach. What modulations are needed to obtain the properties and pathway in the
first step? Does the targeted metabolic pathway require to be removed, added or tuned? Does the
required phenotype or pathway exist in nature or does it need to be prepared de novo? (4) Optimizing
of the redesigned system and assessing the properties of the system relative to the ideal processes.
Also, a simple biocatalyst like Escherichia coli, which is the laboratory workhorse, is a complex
system of an estimated 2077 reactions, 4603 genes, and 1039 unique metabolites [37,38]. However,
the steps outlined above are relatively simple, it is hard to rapidly engineer a biocatalyst to perform
the desirable behaviours [39]. The metabolic evolution, the standardization of biological systems and
the systems biology are all important to compensate for the disconnecting between actual biocatalyst
behaviours and the expected one. Through the combination of all of these powerful techniques, the
biocatalysts redesigned for the production of chemicals and commodity fuels can be achieved (Figure 1).
For heterologous gene expression, yeasts become important hosts [40]. It is necessary to control
gene expression quantitatively for optimal metabolic engineering. Williams and Bowles (2004) found
the co-expression of neighboring genes in Arabidopsis [41]. This type of expression has been observed
in many eukaryotic genomes [42–44]. The same orientation of the genes has been proposed as one of
the mechanistic explanation for co-expression [41,45]. For instance, the effects of tandem orientation or
divergent gene orientation can exist in co-expressed genes in plants [46,47]. Prescott and Proudfoot
(2002) recognized the transcriptional repression of convergently arranged genes in yeast, which was
explained by the transcriptional collision [48]. These findings suggested that intergenic regions among
adjacent genes, which have significant roles in transcription. Scratching of regions between the two
ORFs caused reduction of yeast transcript [49,50]. The intergenic region in S. cerevisiae was found to
have a regulatory function [51,52], and according to the orientation of neighboring ORFs, they have
different base compositions [53].
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Figure 1. Overview of tools for the metabolic redesign.

Figure 1. Overview of tools for the metabolic redesign.
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the interconversion of pentoses and pentitols by NAD (PH)-mediated oxidoreductases [11,80].
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2. New Yeast for Lignocelluloses Bioconversion
Intellectual metabolic engineering requires a detailed understanding of the genetic, physiology
and biochemistry of the desired strain to be engineered. It is potentially possible only when the
main mechanisms and pathways are known. Genetic and biochemical characterization of xylose
fermentation by P. stipitis has been underway for at least 22 years since the evaluation of mating
systems [79] and developing genetic transformation tools [81–83]. Moreover, the researchers are still
aiming to improve and enhance the xylose utilization by P. stipitis, despite the fact that the capability
of the native strains to produce high amounts of ethanol than any other studied yeast, including the
genetically engineered S. cerevisiae [84,85].
The native P. stipitis strains were originally isolated from insect larvae. Phylogenetically, it is
related to the endosymbionts gut microbiota, which inhabits the passalid beetles gut [86] that degrades
white rotted hardwood [87]. Genetically and systematically, P. stipitis is predominantly homothallic,
haploid and hemiascomycetous yeast [79,88–90] that forms buds along with pseudomycelia during
vegetative growth, and two hat-shaped ascospores from each ascus. Fed-batch cultures of P. stipitis
produce up to 47g/L of ethanol from xylose at 30 ◦ C [85] with ethanol yields of 0.35–0.44 g/L xylose [91].
Moreover, they are able to ferment sugars from hemicellulosic acid hydrolysates with a yield equal to
about 80% of the maximum theoretical conversion efficiency [92,93].
The genomes of P. stipitis strains are encoding for xylanase, mannases, cellulases, and other
degradative enzymes that enable them to grow and survive in the insect-gut environment of
wood-inhabiting [86]. P. stipitis has the ability to ferment xylan, xylose [94,95], and cellobiose and
to use all the main sugars that found in wood containing rhamnose and arabinose [96]. Therefore,
P. stipitis genome was considered to be the popular genes source for xylose metabolism to engineer
S. cerevisiae [80].
Additionally, P. stipitis has many other bioconversion related traits: forming various esters
and aroma components [97], reducing acyclic enones to the corresponding alcohols [98], modifying
low-molecular-weight lignin moieties [99], and can be engineered to produce xylitol [100] or lactic
acid [101] in high yields. Also, P. stipitis strains are resistant to hydroxyl-methyl furfural and furfural [102].
Adaptive evolution and metabolic engineering of S. cerevisiae for fermentation of xylose were
successful to certain degrees [103–105]. Engineering S. cerevisiae with the basic xylose assimilatory
machinery with expressing xylose reductases, xylose isomerase [13,106] and xylitol dehydrogenases [107]
can theoretically enhance the ethanol yield. However, it is unclear until now which approach would
demonstrate more success to improve the fermentation capability of S. cerevisiae [108].
Likewise, the overexpression of P. stipitis and other fungal sugar transporters can enhance the
performance of engineered S. cerevisiae to grow and uptake xylose [109–112]. However, additional
regulatory steps are required to engineer an efficient ethanol producer S. cerevisiae strain, because
the mechanism for production of ethanol in response to xylose in S. cerevisiae is missing [113]. Thus,
nowadays the biochemical, physiological, and genetic regulations of P. stipitis and other yeasts that use
the unusual substrates natively, have attracted a lot of attention, for engineering S. cerevisiae strains
which have capability to ferment rhamnose, cellulose, xylose, arabinose, xylan [96], and other sugars
residue. Conversely, the S. cerevisiae mechanisms for xylose fermentation can be used for developing
the performance of P. stipitis.
P. stipitis maneuvers most of its metabolic flux into ethanol production and very small amount
of xylitol can be formed as well. However, its fermentation rate on xylose is low when compared
to that of S. cerevisiae on glucose. Xylose and glucose are not equal fermentations for many reasons,
but increasing the capacity of P. stipitis for rapid xylose fermentation can greatly develop its usefulness
in commercial applications. One of fermentative regulatory machinery is that S. cerevisiae regulates
fermentation process by sensing the existence of glucose, but P. stipitis promotes fermentative activity
in response to oxygen limitation [114–117]. Universal expression array analysis has shown special
response patterns for rahamnose, cellobiose, arabinose, xylose and other lignocellulosic substrates. But,
it is not fully understood until now whether these patterns were related to specific induction or carbon
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Kötter and Ciracy (1993) proposed that, the excessive xylitol production by genetically engineered
S. cerevisiae with xylose reductases (XYL2 and XYL1) was restricted by the dual cofactor ability of
the P. stipitis xylose reductases, the excessive activity of the oxidative PPP in S. cerevisiae, and by
the incomplete ability of the non-oxidative PPP [122]. Overexpressing of transketolase (TKL1) from
P. stipitis in an engineered S. cerevisiae causes a reduction in the growth rate of the new transformant
mutant on defined xylose minimal medium [123]. The overexpressing stains of P. stipitis transaldolase
(TAL1) gene, along with XYL2 and XYL1 implant faster growth than strains expressing XYL2 and
XYL1 alone [124]. However, the plasmid burden because of the overexpression of XYL1, XYL2 and
TAL1 decreased the rate of growth of the trans formant strain relative to the parental strain [125,126].
Sinorhizobium meliloti (gram-negative bacteria) defined as a model organism for investigating the
plant-microbe interactions, because it participates in process of nitrogen fixation as it has symbiotic
relationship with Medicago sativa and M. truncatula. Mutation in the gene tkt2, a putative transketolase
and tal, a putative transaldolase had remarkable influence on the non-oxidative branch of the pentose
phosphate pathway, acquisition of iron and several physiological processes such as the biosynthesis of
exopolysaccharide [127].
4. Xylose Isomerase Mechanism
The engineering of Saccharomyces cerevisiae for xylose utilization is an essential step towards the
production of this biofuel. Though xylose isomerase (XI) is the key enzyme for xylose conversion,
almost half of the XI genes are not functional when it is expressed in S. cerevisiae. However,
XI from Piromyces sp. E2 (PirXI) can be used to equip Saccharomyces cerevisiae with the capacity
to ferment xylose to ethanol [128,129]. For xylose assimilation, the initial metabolic engineering
endeavor was achieved by the heterologous expression of xylose isomerase (XI) in S. cerevisiae.
This process was feasible, given that S. cerevisiae was able to grow and ferment xylulose. However,
the considerable activity of xylose isomerase was not fulfilled in the overexpressing strain, probably
due to protein misfolding [76,77]. Moreover, if a little amount of the XI protein was properly folded
and was active, the competitive inhibitor xylitol would be formed [130]. Later, the heterologous
overexpression of XI from thermophilic bacterium Thermus thermophiles in the background of genetically
modified S. cerevisiae, attained successfully the production of an active XI enzyme to decrease xylitol
production [131,132]. However, the optimum temperature for the best activity of T. thermophilus XI
is higher than the required temperature for the optimum growth of Saccharomyces. Recently using
direct evolution approach, the activity of XI could be enhanced more nine-fold than previous studies
at a higher temperature of 60 ◦ C and for xylitol much higher inhibition constants [133]. Recently,
eukaryotic XI has been identified, followed by the introduction of XI from anaerobic fungus (AraA) into
S. cerevisiae [103]. The transformation of S. cerevisiae with AraA enhanced slowly the utilization rate of
xylose assimilation [134]. Additionally, the fruitful use of XI depends on other factors. At equilibrium,
the energetic rate of the isomerization between xylulose and xylose support xylose formation by
17:83 [135], therefore, another driving force is necessary to promote the reaction. Additionally, a recent
study pointed out the importance and relatedness of engineering of metal homeostasis to metabolic
pathways for balancing metal-dependent enzymes. It focused on the role of metal interactions of
heterologous XIs in engineering xylose metabolism in S. cerevisiae [136].
5. Pathway of Xylose Reductase and Xylitol Dehydrogenase
The existence of an aldose (xylose) reductase (XR) is considered as the main factor for assimilation
of xylose by native anaerobic yeasts like Pachystolon tannophilus that might utilize and use either
NADPH or NADH as a cofactor [80]. These results were confirmed by an earlier study that used
Candida utilis for the utilization and assimilation of xylose. The utilization and assimilation of glucose
by this yeast was easy during the fermentation process; however, the fermentation activity refrains
directly once the use of xylose as a substrate. Solely, the C. utilis XR utilizes NADH as a cofactor.
While, the XR of Pichia stipites, Pachysolen tannophilus and Candida shehatae can utilize either NADPH or
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NADH as cofactors through the fermentation process [80]. They assimilate and have the capability
to utilize xylose anaerobically, although they do not grow natively under such conditions [137].
Two oxidoreductase steps are essential for completing the assimilation processes of xylose, and
they are the main core for balancing the oxidoreductase reactions, so the regeneration of NAD+
and NADPH in the absence of transhydrogenase ceased the xylose assimilation under anaerobic
conditions. This evidence was confirmed by cloning and heterologous overexpressing the P. stipites XR
in S. cerevisiae [80], where the overexpressing mutant strain produced xylitol when differential sources
of carbon were represented to provide reductant [137]. The assimilation, utilization of xylose, and the
production of xylitol were inhibited, when glucose was used in the media as co-substrate, probably
due to competition for transport [138,139]. However, P. stipitis XYL1 does not have such an impact on
xylose assimilation [140]. For maximum ethanol production, it requires a system where the reduction
of acetaldehyde under limited oxygen conditions is possible, and additionally oxidation of xylitol
to xylulose [80]. The capability of S. cerevisiae to assimilate and utilize xylose was clearly observed
with the isolation and transformation of two XR genes (XYL1 and XYL2) from P. stipites, which were
responsible for the assimilation of xylose [141,142]. The genetically engineered S. cerevisiae with those
two genes had the ability to utilize xylose by oxidation processes and generate xylitol in the absence of
any additional co-metabolizable carbon sources for xylose assimilation processes. Furthermore, in a
combination of XR with xylitol dehydrogenase (XDH), the ethanol production was enhanced while
the xylitol production was decreased because augmentation the activity of xylitol dehydrogenase
(XDH) is proportional to XR activity (XDH: XR = 1.66) as compared to XR, which was expressed in
abundance [143]. Whereas, the overexpression of XYL2 causes the secretion xylulose, reflecting that
the activity of xylulokinase (XK) inhibits the assimilation and utilization of xylose on such cells [144].
Candida glycerinogenes, expressing the xylitol dehydrogenase (XYL2) gene, and can produce glycerol
from xylose that has observable role in pentose phosphate pathway. Minimal expression levels of
the XYL2 gene originated from Scheffersomyces stipitis in C. glycerinogenes has a distinguished role in
enhancing the efficiency of xylose fermentation [145]. An engineered strain that has both wild XR and
mutant XR showed lower xylitol accumulation and faster xylose consumption than engineered strains
overexpressing only one type of XRs. This result emphasized the role of XR genes in enhancing the
quantity of produced ethanol [146].
6. Xylose Transport
S. cerevisiae did not properly utilize the xylose due to the low affinity of its natural nonspecific
hexose-transport system for xylose. The heterologous overexpression of a specific xylose transporter
has an apparent influence on biotechnological ethanol production, so a lot of researchers focused on
that issue. Candida intermedia have several indications that strengthen the probability the presence of
xylose transporters, such as constitutive facilitated diffusion of xylose, glucose-repressible and high
xylose affinity. Two transporters from this yeast already are described. They are known as GXF1
(glucose/xylose facilitator) and GXS1 (glucose/xylose symporter) transporters. Facilitated diffusion
does not require high energy for sugar uptake as compared to proton symport, so the facilitator
protein considers as promising method especially in the scarcity of ATP production and absence of
oxygen sources [147]. Furthermore, a gene encoding xylose/glucose proton transporter isolated from
Candida intermedia was introduced to S. cerevisiae, which in turn, improved the xylose utilization with
Km of 200 µM for xylose, but the Km was 10 folds lower for glucose [110,147]. GXF1 and GXS1 are
transporters that play an important role in enhancing the utilization of glucose 10-fold higher than
xylose. The expression of Gxs1and Gxf1 is directly proportional to the concentration of glucose [112].
At the high concentrations of xylose, Gxf1 had no distinguishable influence on a xylose engineered
S. cerevisiae strain, but it boosted growth remarkably at low concentrations [148]. Trxlt1 transporter,
which was identified in Trichoderma reesei, increased the growth opportunity on xylose, but not on
glucose, which reveals that it may be particularly a xylose transporter [110].
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It was proposed that the native xylose-fermenting yeast Pichia stipites has specifically high-affinity
xylose uptake systems, and low uptake systems shared for xylose and glucose transport [77].
Sut1-3 transporters are the most prominent glucose transporters in P. stipites; they can transport
the monosaccharides compounds, such as xylose and glucose. Notably, the induction of Sut1 gene
in S. cerevisiae increased the xylose transport activity for efficient ethanol bioconversion during the
fermentation process [149]. Sut2 and Sut3 are highly analogous to the glucose transporter systems in
S. cerevisiae, but they have a lower affinity for xylose than for glucose. The induction of the transcript of
Sut1 gene in P. stipitis has not correlated with the oxygen concentration; however, Sut2 and Sut3 genes
are highly expressed definitely under aerobic conditions only, but the variation in the available carbon
supply does not affect the transcript [80]. Mutational analysis of Sut1 gene excluded the transport
system of low-affinity xylose in P. stipitis. In ∆sut1 mutant grown under oxygen-deficient conditions
where the other identified Sut2-3 systems were inactive, showed clear xylose transport activity.
Such results indicated the presence of other unidentified specific xylose transporters, besides the
low affinities Sut1-3 transporters [80]. However, the initial work of Weierstall et al. (1999) was unable
to identify cross-hybridization signals for Sut or Hxt related transporter genes in the native xylose
uptake P. stipites [109].
Utilization of xylose by S. cerevisiae and P. stipitis is restricted by the uptake activity of xylose
sugar. The HXT-transporter represents another transport family that is responsible for sugar-transport
and uptake of glucose in S. cerevisiae [150]. Hxt1–Hxt7 with Gal2 transporters showed reciprocal
uptake activity especially when overexpressed in hxt1-7 null mutant of S. cerevisiae, which sheds
light on their function in the facilitated diffusion [151]. There is an irreversible relation between
glucose and xylose uptake that clearly confirms that both substrates (xylose and glucose) use the
same transporter [152]. Uptake of xylose in S. cerevisiae is occurred by high- and low-affinity systems
of glucose transporter [153], however co-incubation with xylose the expression of the high-affinity
system can be detected. The limiting conditions of oxygen lead to robustly enhance (5- to 50-fold)
the high-affinity transporters Hxt2, Hxt6 and Hxt7 and they mitigate the affinity of Hxt5 transporter
when xylose is supplemented in media for xylose-fermenting S. cerevisiae FPL-YSX3 [154]. When YSX3
cells cultivated in xylose, the low-affinity Hxt1 and Hxt3 transports are expressed at 2–5% of the
level identified for the cells grown on media containing glucose [155]. These results proposed that
engineered S. cerevisiae originally utilizes the high-affinity system for xylose transport. The native
glucose transporters of S. cerevisiae manifest noteworthy low affinity for xylose. Therefore, xylose and
glucose are expended altogether only under the limitation of glucose condition [152]. Reintroducing
several HXT genes, like Hxt4, Hxt5, Hxt7, and Gal2, reinforce the uptake of xylose [156].
Not only the yeast and bacterial species contribute to xylose transport, but also the
filamentous fungi participate in bioethanol production. The genome screening of Aspergillus nidulans
and Trichoderma reesei revealed the presence of xylose transporters; however, the use of such
protein-transporters in fermentation processes cannot be achieved without minor adjustments to
enhance their capacity for pentose uptake. Introduction of xylose transport xtrD from A. nidulans
into S. cerevisiae could successfully improve the process of sugar transport, and the xtrD-expressing
S. cerevisiae mutant was able to grow xylose, galactose, glucose, and mannose with high affinity toward
xylose uptake [157].
Furthermore, the original transporters in S. cerevisiae are not precisely controlled for ease uptake
of xylose [158]. Novel paradigm of metabolic processes integrated the kinetic characterization of
diverse proteins foretells with prompting of sugar transporters. The low concentration of glucose
enhances the transport activity of xylose by S. cerevisiae since the existence of glucose suppresses the
altitude resemblance of hexose transporters that play a vital role in the assimilation of xylose [159].
Xylose transport has a slight influence on the average exploitation of the xylose when the standard xylose
reductase (XR) is scarce. Increasing the transporter of xylose has a vigorous potent impact on S. cerevisiae
cells, which genetic manipulated for assimilation by overexpression of xylose isomerase (XI) [160].
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S. cerevisiae lacks specific pentose transporters, which causes disturbance the entrance of pentose
in presence of glucose via endogenous hexose transporters (HXTs). The mutant strains of Cyc8
increased expression level of HXTs, by facilitating the transport of xylose. Enhancing the expression of
multiple hexose transporters makes D-xylose metabolism less sensitive to D-glucose inhibition, because
it increased the transport rate of D-xylose into the cell [161].
7. Xylulokinase
Engineering of S. cerevisiae to express xylulokinase (XK) was one of the fundamental approaches
for improving the bioethanol production. As early as 1988, D-xylulokinase sequences from S. cerevisiae
and Pachysolen tannophilus have been described [162–164]. In the yeast genome project, the complete
S. cerevisiae gene XK was identified [165]. However, the XK enzyme, which was described by Ho
and Tsao in 1993, was found to be inactive [164,166]. In S. cerevisiae cells, it is known that the activity
of XK limits the xylulose metabolism [162,163]. The overexpression of XK from S. cerevisiae (ScXK)
along with XYL2 and XYL1 of P. stipitis in Saccharomyces sp. helped the strain to ferment a mixture of
56 g xylose/L and 53 g glucose/L to produce about 50 g/L of ethanol within 36 h [167]. This result
demonstrated the importance of XK activity and reflected one of the highest ethanol yield obtained
by genetically engineered S. cerevisiae with reasonable fast rate of xylose/glucose fermentation [80].
Under aerobic conditions, the overexpression of S. cerevisiae XK improves clearly xylose consumption;
however, by decreasing the aeration, the xylose utilization drops down [80].
It was reported that in ∆XK strain, high arabitol levels which in turn enhances the bioethanol
production; however, such deletion of XK caused blocking of xylitol formation, which derived from
xylose [166]. Additionally, a mutation within the promoter region of phosphoglucose isomerase causes
the reduction of the enzyme activity and accumulation of fructose-6-phosphate, which also causes
increase in the ethanol yield by 15% [80]. In native S. cerevisiae, D-xylulokinase is not expressed
meaningfully; however, it is crucial for xylulose metabolism as the ∆XK mutants have a defect to
grow on xylulose [163]. Simultaneously, the XK overexpression can cause a defect on the growth of
the yeast strain on xylulose [165]. Over unlimited access to xylulose, the severe toxicity accomplished
with XK overexpression can be due to depletion in ATP [168–170]. Additionally, Toivari et al. (2001)
showed that the intracellular levels of ATP and the ATP/ADP ratio are significantly reduced in such
recombinant strains. Nevertheless, the XK, XYL1, and XYL2 overexpression diminished the xylose
utilization, but improved the ethanol yield [144,169].
Later, XK from P. stipites (PsXK) has been overexpressed in an engineered S. cerevisiae background
for high expression levels of XYL1 and XYL2 [171,172]. The specificity of P. stipites XK enzyme for
D-xylulose was much higher, with less D-ribulose activity than the XK from S. cerevisiae [168]. There was
no influence on the growth on xylose, when the activity of PsXK was low. However, the overexpression
of PsXK, strongly inhibited the aerobic growth on xylose. Therefore, the toxicity effect of overexpression
of ScXK and PsXK increased with aeration. Furthermore, no toxicity effect of XK was observed on
glucose-grown cells, and the observed XK activity was much higher, reflecting that the toxicity arose
from xylose uptake. With the use of PsXK native promotor, the growth rates and the bioethanol
production were optimum. Altogether, the toxicity effect of XK overexpression arose with the full
accessibility to D-xylulose, similar to substrate accelerated cell death.
8. Xylanase and Cellulose
Most xylanases produce xylotriose and xylobiose as the main oligosaccharides, while the
exocellobiohydrolases produce cellobiose, which is important for simultaneous fermentation
and saccharification. The wild-type xylose-fermenting yeast P. stipitis has genes encoding for
endoxylanase and seven β-glucosidases homologs, which facilitate the utilization of oligosaccharide.
P. stipitis xylanases allow the direct fermentation of xylan into ethanol, but with very low
yields [94,95]. The overexpression of xylanase was achieved through a heterologous endoxylanase
expression [95,173–175], or through mutation [176], or by amino acid supplementation [177],
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which could improve the fermentation rate of xylan. Notably, S. cerevisiae genome does not encode for
natural xylanase; however, several scientists have succeeded to engineer S. cerevisiae strains to express
heterologously xylanases [175,178,179]. For the fermentation of xylotriose and xylobiose, β-xylosidase
enzymes are required because of their abundance as a byproduct of xylanase activity, besides, they are
also produced during the acidic hydrolysis of xylan.
A recent study could optimize the concurrent production of cellulase and xylanase in Trichoderma
reesei NCIM 1186 in presence of Prosopis juliflora pods. The maximum xylanase activity, 444.94 U/L,
was achieved with the highest cellulase activity of 2804.40 U/L. Whereas, the maximum cellulase
activity obtained was 3055.65 U/L where xylanase highest activity was 422.16 U/L. They found a
tradeoff between the two objectives and the optimal activity value [180].
9. Xylitol Production
The production of xylitol from natural xylose-fermenting yeasts like C. shehatae, C. guillermondii,
C. boidinii, Hansenula polymorpha and Pachysolen tannophilus depends on species and several cultivations
factor mainly, pH and the aeration conditions, which will be discussed later [181–186]. Notably,
the production of xylitol by P. stipites is relatively very low, which accompanies high ethanol yields;
however, the xylitol productions increase dramatically when alcohol dehydrogenase (ADH) gene is
deleted [177,187]. This suggests that P. stipitis XDH competes with ADH for reductant, apparently
NADH. In native xylose-fermenting yeast P. stipitis, the primary ADH is heavily expressed with
decreasing the availability of O2 [116,188]. Moreover, P. stipitis produces xylitol and arabitol, when the
xylulokinase is deleted [172].
Recombinant engineered S. cerevisiae strains that utilize xylose have a tendency to produce
xylitol [166]. It was reported that XYL1 overexpressing S. cerevisiae mutant, produced xylitol in
sequential or continuous batches [189]. Later, Jan and his collages (2003) reported that proportional
increasing XYL2 expression to XYL1, potentially decreased xylitol levels [172]. They thought that the
xylitol production by engineered S. cerevisiae strains resulted from an excess of NADPH relatively to
NADH for the early assimilation step of xylose [80]. Therefore, the reduction of xylitol production is
crucial to raise the ethanol production yield. In (2002), the researchers expressed XKS1 in S. cerevisiae
zwf1 and gnd1 backgrounds. The yield of the ethanol production increased in ∆gnd1 background to be
0.38 g ethanol/g of consumed xylose. Remarkably, in ∆zwf1 background, the ethanol production was
also enhanced, and the mutant was able to produce 0.41 g ethanol/g of xylose, while the parental strain
produced 0.31 g ethanol/g [190]. Nevertheless, both of the strains exhibited slow uptake rates of xylose,
which specify that the production of NADPH is essential for the assimilation of xylose in S. cerevisiae.
Presumably, the reduction of NADPH concentration with NAD+ regeneration from NADH could
diminish xylitol production [191]. However, this approach seems unlikely to be beneficial, as the
expression of transhydrogenase of Azotobacter vinlandii in S. cerevisiae augmented the glycerol and
2-oxoglutarate production and changed the intracellular ratio of (NADH/NAD+ ):(NADPH/NADP+ )
from 17 to 35 [192], which reflected that the thermodynamic equilibrium of the transhydrogenase
reaction was toward NADH production.
The Km value for P. stipitis XR encoded by XYL1 is 40 for NADH and 3.2 for NADPH [193].
Additionally, the NADPH formation by glucose-6-phosphate dehydrogenase occurred mainly in
response to the intracellular NADPH concentrations [194]. Altogether mean that the XR of P. stipites
will always prefer the use of NADPH over NADH. Conspicuously, P. stipitis natively produces
negligible xylitol amounts; however, the engineered S. cerevisiae expressing the P. stipitis XR produces
plentiful amounts of xylitol; therefore, some other unknown factors in P. stipites must be accountable
for balancing the cofactor levels other than XR [80]. Recently, a recombinant strain overexpresses the
endogenous GRE3 gene showed the best xylitol productivity [195], while the strains have XR from
Candida tropicalis, Pichia stipites and Neurospora crassa produced xylitol with low specific productivity
compared to GRE3 overexpressing strain.
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10. Arabinose Utilization
L-arabinose fermentation is important especially in the transformation of corn hulls to ethanol [59].
Corn fiber contains about 14% cellulose, 35% hemicelluloses and 20% starch. Precisely up to 28% of the
hemicelluloses fraction is L-arabinose [196]. A widescreen of yeasts that can grow and ferment
L -arabinose directly proved that four strains (Candida sp. YB-2248, C. succiphila, C. auringiensis
and Ambrosiozyma monospora) are able to produce roughly 4.1 g/L of ethanol [197]. For the first
time, it was demonstrated that the yeasts were able to ferment directly L-arabinose into ethanol;
however, the fermentation rates were quite very slow (Figure 2). The fermentation pathways for
both D-arabinose and L-arabinose metabolism are diverse in yeasts. The P. stipitis natively is unable
to ferment L-arabinose; however, it can grow slowly on that sugar. In 2000, it was demonstrated
that a P. stipitis mutant was unable to grow on L-arabinose, but had the capability to metabolize
D -arabinose [198]. The growth on L -arabinose was restored with complementation of that mutant
with XYL2. This indicates that the metabolism of L-arabinose pathway in P. stipitis is similar to the
utilization pathway of Aspergillus niger [199].
Our knowledge about uptake activity of L-arabinose by yeasts is relatively low. In S. cerevisiae,
the uptake of L-arabinose appears to be mediated by the GAL2 transporter, as the L-arabinose
structurally is analogous to D-galactose [200]. In C. shehatae, a proton symport seems to mediate
the L-arabinose uptake [201]. Besides, D-arabinitol dehydrogenase, which has a role in another
pathway, links D-xylulose to D-ribulose metabolism [172,202].
The utilization of L-arabinose in fungi occurs by five enzymes, aldose reductase (xylose reductase),
L -arabinitol 4-dehydrogenase (lad1) [203], L -xylulose reductase (lxr1) [204], xylitol dehydrogenase,
and D-xylulokinase. In 2003, Richard and coworkers engineered S. cerevisiae strain to utilize and
ferment with very slow rate the L-arabinose into bioethanol by expressing XKS1, XYL1 and XYL2 with
L-arabinitol 4-dehydrogenase and L-xylulose reductase [193]. The ethanol production yield was about
0.1 g per 4 g of cells under 70 h of an anaerobic fermentation. Under aerobic environments, the ethanol
production would be possibly re-assimilated again.
Moreover, another engineered S. cerevisiae strain which expressed araA (encodes for Bacillus subtilis
L -arabinose isomerase), araB, and araD (encodes for L -arabinose metabolism in E. coli), beside the
expression of GAL2 of S. cerevisiae, could slowly grow on L-arabinose, after more than eight days
of cultivation with a doubling time of about eight hours [205]. This engineered stain was able to
ferment L-arabinose slowly to produce about 0.08 g ethanol/g biomass per hour. The ability to ferment
L -arabinose arose due to two mutational events; the first was in S. cerevisiae genome, which increased
the expression of the transaldolase, while the second mutation was identified in the expressed E. coli
L -ribulokinase which in turn lowered the affinity to L -ribulose. Introducing the XI and XR-XDH
metabolic pathways of D-xylose to obtain D-glucose, D-xylose, and L-arabinose co-fermenting strain
resulted in a strain that has a capacity to display a simultaneous co-utilization of D-xylose and
L -arabinose with similar consumption rates, while the D -glucose metabolic capacity was constant
and did not decreased. Therefore, this engineered strain could be a useful choice for bioethanol
production [206].

11. Factors Enhancing the Productivity of Bioethanol
There are diverse of physical factors that have an impact on the production of bioethanol, e.g.,
fermentation time, inoculum size, agitation rate, temperature, pH, and sugar concentration [207].
For example, the low value of pH and toxicity of chemicals are known as a source of stress and
cause inhibition for the growth and production of the yeast cells, which come from pretreatment of
lignocellulose with the thermo-chemical method. Furthermore, microorganisms that have the capability
to survive during the harsh conditions of bioethanol production from lignocellulose are promising
strains for the accomplishment the fermentation processes. There are two sources for retrieving
these strains, either isolating from the environment, which has optimum conditions for evolving the
desirable characters or by genetic manipulation using model organisms like S. cerevisiae [208].
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The undesired temperatures for the microbial growth, has also an inhibitory effect on bioethanol
production [209]. The optimum temperature for growth of free cells of S. cerevisiae is about 30 ◦ C,
whereas the optimum temperature for the immobilized cells is slightly higher due to its capacity
to transfer heat from surface to inside the cells [210]. Additionally, enzymes that coordinate
fermentation process and microbial activity are susceptible to an elevated temperature that denatures
the tertiary structure and inactivates the enzymes [211]. So, the temperature is a central factor in the
fermentation process.
The concentration of sugar has a prominent function in the fermentation process that augments
the concentration to some extent affecting positively on the bioethanol production, but the excessive
addition of sugar causes constant rate of fermentation. In general, the optimum concentration of
sugars for the ultimate production of ethanol is 150 g/L [207].
The value of pH is considered as a major player in the fermentation process and ethanol
production, as it has a remarkable impact on the growth of yeast, fermentation rate, by-product
formation, and contamination of bacterial culture [207]. Furthermore, the optimum value of pH
for the growth of the yeast between 2.75–4.25. S. cerevisiae demands pH value in the range of
4.0–5.0 for maximum ethanol production [212]. Extended incubation time is necessary when the
value of pH is lower than 4.0; however, the production of ethanol is not significantly changed [213].
The low value of pH and toxicity of chemicals are known as a source of stress and cause inhibition
for the growth and production of the yeast cells that come from pretreatment of lignocellulose
with thermo-chemical method. Furthermore, microorganisms which have the capability to survive
during the harsh conditions of bioethanol production from lignocellulose, are promising strains for
accomplishment the fermentation processes. There are two sources for receiving these strains, either
isolating from the environment which has optimum conditions for evolving the desirable characters or
by genetic manipulation using model organisms like S. cerevisiae [208].
The fermentation period has a salient role in the process of ethanol production. Short fermentation
time is one of the known reasons for the scanty ethanol production because of inappropriate growth
of microbes. On the other hand, increasing the time of fermentation has a harmful influence on the
growth of microbes because of increasing concentration of ethanol in the fermentation medium [207].
The rate of Agitation grips the permeability of nutrients from the fermentation medium to the
intracellular cell. The higher concentration of ethanol produced comes from the greater rate of agitation.
Additionally, it boosts the consumption of sugar and minimizes the repression of ethanol production.
The optimum rate of agitation rate for maximum ethanol production and fermentation process by the
yeast is in range of 150–200 rpm. Excessive rate of agitation has a negative impact on production of
smooth ethanol, as well as; it counts as a reason to reduce the metabolic activities of the cells [207].
The concentration of Inoculum does not have a considerable impact on the ethanol production,
but it significantly consumes the sugar content and production of ethanol in fermentation broth [214].
The production of ethanol was seen to be increased by increasing the cell density in range of 1 × 104 to
1 × 107 cells per ml of fermented broth counted as one of the best conditions for maximum ethanol
production and fermentation processes, however there was neglected production of ethanol when the
density of the cells is between 107 and 108 cells per ml due to increasing the rapid consumption of
sugars into ethanol [207].
12. Factors Prohibiting the Bioethanol Production from Lignocellulose
Lignocellulose is composed of a complex structure formed from diverse polymers of cellulose,
carbohydrates, and hemicellulose encompassed by the polymer of lignin and the phenolic compounds.
Once the lignocellulose has been divided into small pieces, thermo-chemical treatment is considered
as the main step of pretreatment of lignocellulose, because it is a substantial step for the hydrolysis of
lignocellulose material into fermentable sugars. After this step, the lignocellulose materials become
dissolvable in the liquid media that consists of formic, acetic and levulinic acids, as well as phenolic
and furans compounds that formed during pretreatment step [215]. Since all of the released chemical
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compounds had a negative impact on the growth of yeast, bioethanol production and fermentation
processes at all [216], alot of endeavors have been exerted to obviate the production of these harmful
chemical compounds [4]. An alternative way for overcoming this obstacle is to minimize their
concentrations by different application method of detoxification [215], but more procedures have
a negative influence on the balance of energy and increase the cost of product which makes it
unavailable for application in all conditions [3]. Whatever the method being applied for the hydrolysis
process, a high concentration of sugar in the solution should take into consideration. Approximately
416 g of pretreated lignocellulosic material containing around 60% of fermentable sugars will be
required to have these required concentrations. The final products may hold a large percentage
of toxic materials, as well as enhance the quantities of insoluble fraction of cellulose and lignin.
Furthermore, when the cellulose fermentation and scarification are implemented together, this could
inhibit the yeast enzymatic activity and cell growth [4]. Yeast cells display toxic compounds and
high concentration of osmolarity when the saccharification and fermentation occurred. At moderate
conditions, the formation of toxic compounds and disruption of lignocellulose are reduced by the
influence of the hydrolysis of thermo-chemical compounds [4], keeping the polymers of hemicellulose
and cellulose intact for the hydrolysis with cellulosic enzymes. Fluctuations in the rate of temperature
and solid loadings have a great impact on the process of saccharification [4]. Most of the commercial
enzymes have optimal increasing temperatures above 45 ◦ C is the optimum for the activity of the most
commercial enzymes, which have an important role in the industrial processing, as increasing the
temperature is very useful for industrial application because it helps in minimizing the contamination.
In the meantime, increasing the temperature negatively affects the growth of yeasts, which leads to
shortening the process of saccharification and fermentation. To sum up, a lot of factors originate from
the production of toxic compounds that inhibit the function of S. cerevisiae during the fermentation
processes, such as, low pH and different concentrations of sugars.
13. Conclusions
Microbial strains have their own system of gene expression and metabolic processes that have been
confirmed to enhance the effectiveness of the fermentation processes and to outdo the spontaneous
inconstancy of the natural environmental conditions [198]. Although, the softness of the genetic system
of some model organisms gives us the best chance for the genetic manipulation for acquiring new
required genes/features or knocking out/down other undesired genes.
The fermentation by microbial organism provides the feasible way for conversion the
disaccharides and monosaccharides to ethanol [13]. P. stipitis and S. cerevisiae are one of the
most promising model organisms in microbiological fermentation (Figure 4). P. stipitis produces
approximately 0.5 g of ethanol for each gram of fermented substrate [199]. It has the ability for
bioethanol production by using different surge sources of the lignocellulosic material. P. stipites arise
the high potential advantage for commercial, economical, and ecological applications in the near future.
However, the S. cerevisiae is still the most potential candidate of microbial fermentation due to its
ability to bioconversion of three out of the five sugars from lignocellulosic feedstocks, which, in turn,
produces a high amount of ethanol. The yeast is a great exemplary field for fermentation processes,
which could rescue our future with depletion of the petroleum oil.
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