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Engineering and Evolution of Saccharomyces
cerevisiae to Produce Biofuels and Chemicals

Timothy L. Turner, Heejin Kim, In Iok Kong, Jing-Jing Liu,
Guo-Chang Zhang, and Yong-Su Jin

Abstract To mitigate global climate change caused partly by the use of fossil
fuels, the production of fuels and chemicals from renewable biomass has been
attempted. The conversion of various sugars from renewable biomass into biofuels
by engineered baker’s yeast (Saccharomyces cerevisiae) is one major direction
which has grown dramatically in recent years. As well as shifting away from fossil
fuels, the production of commodity chemicals by engineered S. cerevisiae has also
increased significantly. The traditional approaches of biochemical and metabolic
engineering to develop economic bioconversion processes in laboratory and indus-
trial settings have been accelerated by rapid advancements in the areas of yeast
genomics, synthetic biology, and systems biology. Together, these innovations
have resulted in rapid and efficient manipulation of S. cerevisiae to expand fer-
mentable substrates and diversify value-added products. Here, we discuss recent
and major advances in rational (relying on prior experimentally-derived knowl-
edge) and combinatorial (relying on high-throughput screening and genomics)
approaches to engineer S. cerevisiae for producing ethanol, butanol,
2,3-butanediol, fatty acid ethyl esters, isoprenoids, organic acids, rare sugars,
antioxidants, and sugar alcohols from glucose, xylose, cellobiose, galactose, ace-
tate, alginate, mannitol, arabinose, and lactose.
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1 Introduction

As human society has grown and developed, our demand for fuels and commodity
chemicals has accelerated. This demand has manifested as many different outputs
for both fuels and chemicals. For fuels, we have two major categories: transporta-
tion fuels and non-transportation fuels. Here we mainly discuss transportation fuels,
which are currently primarily derived from non-renewable fossil fuels. These
hydrocarbons, such as coal, petroleum, or natural gas, are processed into gasoline,
ethanol, jet fuel, or other specialized products [1]. Approximately 80% of energy
use by humans is derived from fossil fuels, with up to 58% consumed for transpor-
tation [2, 3]. Because the rate of natural production of fossil fuels has for decades
been increasingly outpaced by humanity’s usage, renewable alternatives for trans-
portation fuels are considered a societal necessity [1].

As with fuels, many non-fuel chemicals are produced using non-renewable fossil
fuel feedstocks. This petrochemical-based system is non-renewable and, as with
fuels, an alternative method of production is needed to allow for continued
advancement of human society. In particular, the petrochemical industry produces
chemicals used in nearly every industry on Earth. Many bulk chemicals, such as
ethylene and propylene, are produced in the 1-100 million annual tons range
[4]. The specific uses of these chemicals can vary greatly: in some cases, such as
artemisinic acid, only one major use is currently considered (as a precursor to an
antimalarial drug) [5], whereas other chemicals, such as lactic acid, have numerous
uses, including as a plastic precursor or as a food preservative [6]. Collectively,
reliable and sustainable industrial production of chemicals is a necessity for ongo-
ing human progress.
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The finite supply of fossil fuels [7, 8], the risks associated with harvesting hard-
to-obtain fossil fuels [9-11], and the concerns about manmade climate change
related to fossil fuel use [12—15] have collectively pushed researchers and govern-
ments toward producing fuels and chemicals from renewable biomass by
engineered microbes [16, 17]. Although many microbes have been studied for the
production of renewable fuels and chemicals, yeasts, Saccharomyces cerevisiae in
particular, have served as major platform microbes for many of these studies.

S. cerevisiae, also known as brewer’s yeast, is a well-studied microorganism,
even beyond its traditional use for the production of beer and other fermented foods
and beverages [18]. Extensive tools exist for the manipulation and engineering of
yeasts [19-22]. These tools have allowed for harnessing the native ability of
S. cerevisiae to grow in minimal medium, their generally recognized as safe
(GRAS) designation, and their tolerance to low pH and acidic conditions
[23, 24]. With these tools and inherent physiological advantages, scientific
advances for the production of fuels and chemicals from biomass by S. cerevisiae
have improved dramatically in recent years. In this review we discuss these recent
developments as they relate to feedstock utilization as well as production of fuels
and chemicals with additional insight on the future economic outlook of these
processes.

2 Yeast Fermentation Technologies

With modern metabolic engineering techniques improvements following their
advent in the 1970s and the more recent development of synthetic biology pro-
cedures, yeast engineering technologies have grown dramatically [16]. Many yeast
engineering approaches follow a scheme known as the “Design, Build, Test, and
Learn” cycle [25, 26]. This scheme first requires a target outcome or goal. For
example, a target goal could be to produce ethanol from the pentose sugar xylose by
engineered S. cerevisiae, which natively are unable to ferment xylose.

Once the desired outcome is determined, a parental yeast strain, often a wild-
type strain, is selected as the target organism to be engineered. The steps for
engineering the parental strain are as follow: (1) Designing the specific yeast
engineering steps, including plasmids and transformation protocols, (2) Building
the engineered strain by introduction of target genetic perturbations, (3) Testing the
newly-developed strain, often involving fermentation and sampling, and (4) Learn-
ing from the new strain (Fig. 1). The new knowledge obtained from this process can
then be factored into the design of the next strain and the cycle can repeat until the
target outcome is reached. This systematic approach has led to significant advances
in the development of engineered S. cerevisiae capable of fermenting novel sub-
strates for the production of fuels and chemicals. Although not all studies explicitly
state this four-step process, the general concept is applicable in many cases.
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Fig. 1 Schematic demonstrating the step-by-step process for the Design, Build, Test, and Learn
metabolic engineering/synthetic biology cycle used to develop engineered Saccharomyces
cerevisiae for industrial-scale production of renewable fuels and chemicals

2.1 Major Objectives and Feedstocks for Yeast
Fermentations

The first-generation biofuels from cornstarch or sugarcane juice have been indus-
trialized for decades; however the food-vs-fuel conflict has limited its further
expansion [27]. Ethanol is considered the major and most highly produced of the
first-generation biofuels. Despite the food-vs-fuel concerns, 23.8 billion gallons of
ethanol are produced annually, primarily from cornstarch or sugarcane juice
[28]. Transitioning from first-generation biofuel feedstocks (cornstarch and sugar-
cane juice) to second-generation feedstocks (lignocellulosic biomass) is a key
objective of modern yeast fermentation research.

The second-generation biofuels from non-food lignocellulosic biomass, which is
a renewable carbon source, has offered an excellent opportunity to address the
food-vs-fuel issue [29, 30]. Lignocellulosic hydrolysates obtained from corn stover
[31], bagasse [32, 33], sorghum biomass [34], and marine plants [35, 36] after
pretreatment and hydrolysis contain substantial amounts of hexoses (six-carbon, C6
sugar) and pentoses (five-carbon, C5 sugar) which can be used as renewable carbon
sources for the production of bioethanol and other value-added products (Fig. 2).
Lignocellulosic hydrolysates are commonly composed of ~70% cellodextrins and
glucose and 30% xylose [37], although this can vary by biomass source and
processing protocol. Marine hydrolysate sugar compositions can vary wildly: as a
percent of total solids, red algae hydrolysates can be composed of ~18% glucose,
~30% total of galactose/xylose/arabinose, and ~8% mannose; green algae hydro-
lysates can consist of ~8% glucose, 6% total of galactose/xylose/arabinose, and 5%
mannose; finally, brown algae can be composed of 6-7% glucose and between 2%
(Sargassum fulvellum) and 30% (Laminaria japonica) mannitol [38]. However,
natively, the yeast S. cerevisiae cannot use pentoses, such as xylose, and cannot
efficiently ferment all hexoses. Therefore, another major objective of yeast
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Fig. 2 A selection of major sugar substrates (inputs) which are processed by engineered yeast to
generate target products (outputs)
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Fig. 3 A diagram of substrates which are fermentable by Saccharomyces cerevisiae via native or
heterologous (blue text) pathways

fermentation research is to improve the selection of sugars capable of being
fermented by S. cerevisiae for the purpose of industrial fermentation (Fig. 3). In
Sect. 2.2 we discuss the currently available substrates for native and engineered
S. cerevisiae strains.
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2.2 Native and Non-Native Substrate Ultilization by
Saccharomyces cerevisiae

Glucose

Glucose is the most preferred carbon source for S. cerevisiae [39] and can be
fermented more rapidly than any other sugar. To date, no other carbon source has
been found to be consumed more rapidly or efficiently than glucose in any wild-
type or engineered S. cerevisiae. The major industrial source of glucose is from
cornstarch, although wheat is also sometimes used. The first generation of biofuels
is based on the hydrolysis of cornstarch and very high gravity (VHG) fermentations
have been conducted to decrease the process costs [32, 40, 41]. Several studies have
focused on enhancing the fitness of S. cerevisiae in the presence of high concen-
trations of glucose. For example, Guadalupe-Medina et al. created a GPDI- and
GPD2-negative S. cerevisiae that anaerobically produced ethanol at a high yield
from glucose [42]. However, this strain became sensitive to high concentrations of
ethanol, but the problem was alleviated by employing a laboratory evolution
strategy with serial subculturing of the GPDI/GPD2-deleted strain on ethanol
[42]. Because glucose fermentations by S. cerevisiae are very rapid and efficient,
further improvements for glucose fermentations by engineered S. cerevisiae are
likely to focus on improving strain tolerance to harsh fermentation media condi-
tions, especially those found in cellulosic hydrolysates.

Xylose

Harvested terrestrial biomass is processed into a sludge-like product known as a
hydrolysate. In terrestrial biomass, hydrolysates contain both C6 and C5 sugars.
However, the most widely-used fermenting microorganism, S. cerevisiae, cannot
metabolize pentose sugars such as xylose and arabinose which are abundant in
cellulosic hydrolysates. Therefore, numerous studies have attempted to construct
metabolically engineered S. cerevisiae capable of fermenting pentose as rapidly as
glucose [43-45]. Xylose metabolism can be introduced into S. cerevisiae using a
bacterial or fungal metabolic route for xylose assimilation [46, 47]. The bacterial
pathway uses only one enzyme, xylose isomerase (XI), for converting xylose into
xylulose [44, 45]. Xylulose is later phosphorylated by xylulose kinase (XK) into
xylulose-5-phosphate (X5P) and then enters the non-oxidative pentose phosphate
pathway (PPP) for further metabolism toward pyruvate. Using the XI pathway, an
ethanol yield from xylose as high as 0.45 g/g has been achieved [44]. Another study
by Lee et al. engineered an S. cerevisiae to harbor a bacterial xylose pathway to
express a mutant xylose isomerase (xy/A3*) from Piromyces sp. with aldose
reductase (GRE3) and PHOI3 deletions coupled with overexpression of the
S. cerevisiae native xylulokinase (XKSI) and S. stipitis transaldolase (TALI)
[44]. Zhou et al. also overexpressed the Piromyces sp. xylose isomerase gene
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(XYLA), S. stipitis xylulose kinase (XYL3), and genes of the non-oxidative pentose
phosphate pathway [45].

The fungal xylose assimilation pathway consists of two oxidoreductases,
NADPH-linked xylose reductase (XR) and NAD-linked xylitol dehydrogenase
(XDH) [43]. Several researchers developed platforms for consuming these specific
substrates, such as introducing xylose-metabolizing enzymes into S. cerevisiae to
produce a rapid and efficient xylose-fermenting strain [47-50]. For example, Kim
et al. introduced the fungal pathway by strong and balanced expression of genes
from Scheffersomyces stipitis consisting of xylose reductase (XR, encoded by
XYLI), xylitol dehydrogenase (XDH, encoded by XYL2), and xylulose kinase
(XK, encoded by XYL3) with the addition of the genetic disruption of alkaline
phosphatase (PHO13) and acetaldehyde dehydrogenase (ALD6) [43]. This series of
genetic manipulations using the fungal XR/XDH/XK pathway resulted in an etha-
nol yield of 0.35 g/g from xylose [43].

Collectively, these studies have developed numerous xylose-fermenting
S. cerevisiae capable of rapid and efficient xylose fermentation. Despite these
advances, even the fastest xylose fermentations by engineered yeasts are still slower
than the fastest glucose fermentations, and so further studies to improve xylose
fermentation rates and yields by S. cerevisiae are ongoing.

Arabinose

Similar to xylose metabolism, different L-arabinose metabolizing pathways have
been identified in bacteria [51] and fungi [52, 53]. The bacterial pathway for L-
arabinose utilization converts L-arabinose into X5P via L-ribulose-5-phosphate
(L5P) using three enzymes (an isomerase, a kinase, and an epimerase). When L-
arabinose isomerase (araA), L-ribulokinase (araB), and L-ribulose-5-phosphate
4-epimerase (araD) from Lactobacillus plantarum were expressed in
S. cerevisiae, L-arabinose fermentation was observed [51]. The fungal L-arabinose
utilization pathway converts L-arabinose into L-arabinitol by aldose reductase
(GRE3 from S. cerevisiae or XYLI from Scheffersomyces stipitis), L-xylulose by
L-arabinitol 4-dehydrogenase (LAD from Trichoderma reesei), xylitol by L-xylulose
reductase (LXR from T. reesei), b-xylulose by (XDH from S. stipitis), and lastly X5P
by xylulokinase (XYL3) [52, 53]. As X5P is a gateway metabolite in the PPP, it can
be converted to pyruvate and ethanol. Recently, researchers have used codon
optimized bacterial pathways for L-arabinose fermentation in S. cerevisiae because
of the inefficient L-arabinose utilization and high byproduct (L-arabinitol) yield of
fungal pathways caused by severe redox imbalance [54].

Other than introducing xylose and arabinose pathways into S. cerevisiae, known
hexose transporters, as potential xylose and arabinose transporters, have been
investigated. Several hexose transporters were proven to be responsible for the
uptake of pentose sugars. For instance, Hxt7p, Hxt5p, and Gal2p improve xylose
uptake [55] and Gal2p also facilitates the transport of L-arabinose [56]. However,
these hexose transporters exhibited very low affinity to pentoses and preferred
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D-glucose. Therefore, for the improvement of xylose and L-arabinose fermentations,
efforts were made to find high-affinity xylose or L-arabinose specific transporters.
Heterologous transporters were discovered with higher affinity for xylose over
glucose, such as Gxslp from Candida intermedia [57], Xut3p from S. stipitis
[58], and Mgt05196p from Meyerozyma guilliermondii [59]. Nonetheless, it is
still challenging to have both the specificity and efficiency of xylose transport,
and further evolutionary adaptation and protein engineering are required
[59, 60]. Heterologous overexpression of STP2 from Arabidopsis thaliana and
ARAT from S. stipitis in S. cerevisiae also led to improved anaerobic L-arabinose
fermentation, especially at low L-arabinose concentrations, although these two
transporters still are inhibited in the presence of glucose [61]. Recently, Wang
et al. have engineered an S. cerevisiae strain capable of producing an ethanol yield
of 0.43 g/g from arabinose, one of the highest reported yields to date [62].

Cellobiose

Another major sugar of interest is cellobiose, a p(1,4)-linked dimer of p-glucose,
which is readily released from larger cellodextrins from cellulose by cellulases after
acidic treatment of terrestrial biomass [63]. However, S. cerevisiae cannot naturally
metabolize cellobiose because of the lack of a cellobiose transporter and intracel-
lular B-glucosidase. A high-affinity cellodextrin transporter (cdt-1 or cdt-2) and
intracellular B-glucosidase (ghl-1) were identified from the cellulolytic fungus
Neurospora crassa [64]. The cellobiose transporters and the intracellular
B-glucosidase promote efficient cellobiose fermentation and ethanol production
when expressed in S. cerevisiae [64]. The intracellular p-glucosidase can be
replaced by cellobiose phosphorylase, which produces glucose and glucose-1-
phosphate from cellobiose. Efficient cellobiose fermentation by engineered yeast
expressing a cellobiose transporter and a bacterial cellobiose phosphorylase has
also been demonstrated [65]. Because cellobiose does not induce glucose inhibition
on other carbon sources, simultaneous cofermentation of cellobiose and xylose
[66, 67] as well as cellobiose and galactose [68] has been achieved. Simultaneous
cofermentation is necessary for efficient and rapid industrial-scale fermentation of
hydrolysates.

Alginate and Mannitol

Another type of sustainable non-lignocellulosic biomass is marine biomass, such as
macroalgae or seaweed. The most abundant sugars in brown macroalgae are
alginate, mannitol, and glucan (presented as laminarin or cellulose). However,
industrial microbes are unable to metabolize the alginate, which represents
30-60% of total sugars in brown macroalgae. Alginate is a linear block copolymer
of two uronates, 3-p-mannuronate (M) and a-L-guluronate (G), arranged in varying
sequences [69]. Some microbes can metabolize alginate natively by
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depolymerization of alginate into oligomers by alginate lyases (Alys). These
oligomers are further degraded into unsaturated monomers by oligoalginate lyase
(Oal) and the monomers are rearranged spontaneously into 4-deoxy-L-erythro-5-
hexoseulose uronic acid (DEH). DEH is then converted into 2-keto-3-deoxyl-
glucontate (KDG) by DEH reductase (DehR), and KDG is a common metabolite
that can enter into the Entner—Doudoroff (ED) pathway and yield pyruvate and
glyceraldehydrate-3-phosphate via KDG kinase (KdgK) and KDG-6-aldolase
(Eda).

However, these natural microbes, such as Sphingomonas sp., lack the robustness
necessary for industrial fermentation conditions and have limited availability of
genetic and metabolic engineering tools. Therefore, researchers have introduced
and expressed the genes responsible for the alginate degradation, transport, and
metabolism into the well-characterized microorganism Escherichia coli, which is
naturally capable of utilizing mannitol and p-glucose. A 36-kb pair DNA fragment
from Vibrio splendidus encoding enzymes necessary for alginate degradation,
transport, and metabolism was discovered. After introducing the alginate metabo-
lism, the heterologous homoethanol pathway consisting of Zymomonas mobilis
pyruvate decarboxylase (pdc) and alcohol dehydrogenase B (adhB) were also
introduced for efficient ethanol production [70], which later demonstrated the
feasibility of utilizing macroalgae as a microbial host for ethanol production.

Although engineered E. coli provided the proof of concept for metabolizing
alginate, mannitol, and p-glucose, S. cerevisiae is a more amenable host for
industrial-scale ethanol production. Therefore, Enquist-Newman et al. attempted
to re-engineer the alginate and mannitol catabolic pathways into S. cerevisiae
[71]. They discovered an alginate monomer (DEHU) transporter from the
alginolytic eukaryote Asteromyces cruciatus. Through the genome integration and
overexpression of this transporter and with the necessary bacterial alginate degra-
dation genes and essential genes for mannitol consumption, including an NAD*-
dependent mannitol-2-dehydrogenase (M2DH) and a mannitol transporter, the
engineered S. cerevisiae was able to metabolize DEHU and mannitol [71]. As a
result, the engineered S. cerevisiae strain produced ethanol from mannitol and
DEHU at 83% of the maximum theoretical yield.

Galactose

S. cerevisiae are naturally capable of fermenting galactose, a C6 monosaccharide,
into ethanol through the Leloir pathway. In the Leloir pathway, galactose is
converted to UDP-glucose and then glucose-1-phosphate. Phosphoglucomutase
converts glucose 1-phosphate to glucose 6-phosphate. Whereas the rest of the
metabolic pathway is identical, the ethanol yield and productivity from galactose
by S. cerevisiae is significantly lower than from glucose [72]. Through
overexpression of a truncated TUP! gene, which codes for a general transcription
repressor, Lee et al. were able to improve galactose consumption rate and ethanol
productivity by 250% compared to a control S. cerevisiae [72]. By combining
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enhanced galactose metabolism with a heterologous cellobiose pathway, an
engineered S. cerevisiae could be employed for fermenting red seaweed hydroly-
sates. The major components of red seaweed (Gelidium amansii), cellulose and
galactan, can be hydrolyzed to produce a mixture of cellobiose and galactose
[36, 68]. Cellobiose and galactose can be cofermented by engineered yeast [68]
because the two sugars are transported with high affinity by independent trans-
porters (CDT-1 and Gal2). Recently, one research group has focused on using high
concentrations of galactose as an adaptation pressure on yeast to improve galactose
consumption rates and ethanol productivity [73, 74]. Further improvements for
producing ethanol from galactose and red seaweed are necessary for industrial-
scale ethanol production, especially as demand for second-generation biofuels
continues to grow.

Acetate

Acetate is one of the major inhibitors present in lignocellulosic hydrolysates which
can hamper S. cerevisiae fermentation capabilities. In addition, acetate is also
produced as a major component from the pyrolysis of lignin [75, 76]. Recently,
an interesting solution was developed to convert acetate from a fermentation
component or inhibitor into a valuable product. By coupling the consumption of
acetate and xylose, the redox imbalance of xylose fermentation by the heterologous
xylose reductase (XR), xylitol dehydrogenase (XDH), and xylulokinase
(XK) pathway can be alleviated and the inhibitor (acetate) can be detoxified
[77]. As a major result, the entire bioethanol fermentation process was improved
compared to the control, increasing the ethanol yield by 6% (to 0.414 g/g) and
reducing byproduct formation by 11% [77]. This process was further advanced by
generating an engineered S. cerevisiae which expresses a cellobiose-utilizing path-
way in addition to the aforementioned acetate and xylose pathways, allowing for
efficient fermentation of multiple lignocellulosic sugars (xylose and cellobiose) and
fermentation inhibitors (acetate) [78]. Finally, a peak ethanol yield of 0.463 g
ethanol/g xylose was achieved by an XR/XDH-expressing S. cerevisiae through
upregulation of acetylating acetaldehyde dehydrogenase (AADH) and acetyl-CoA
synthetase (ACS) [79]. Compared to the control strain, the engineered strain was
able to produce 18.4% more ethanol, 41.3% less glycerol, and consume 4.1 g/L of
acetate from a cellulosic hydrolysate [79]. Collectively, these acetate-utilization
studies are a significant breakthrough for the in situ detoxification of acetate by
S. cerevisiae for ethanol production. Additional improvements could convert this
fermentation into an industrial-scale ready process.

Lactose

Lactose is a disaccharide consisting of the monomers glucose and galactose. The
primary source of lactose is from milk or fermented dairy products. Annually,
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millions of tons of lactose are produced by the dairy industry. As a result of the acid
whey fermentation process, a significant amount of lactose is trapped in the harsh
and acidic acid whey slurry. Many studies have been conducted to find efficient
uses for this trapped lactose.

Several studies have attempted to create a lactose-consuming S. cerevisiae by
introducing LAC4 and LAC12 from Kluyveromyces marxianus and Kluyveromyces
lactis into S. cerevisiae [80-84]. These studies resulted in the development of
engineered S. cerevisiae capable of fermenting lactose. By expressing the LAC4
and LAC12 genes into the MIGI and NTHI gene-encoding regions in S. cerevisiae,
respectively, Zou et al. engineered a strain capable of producing 63.3 g/L of ethanol
from approximately 150 g/L lactose in 120 h from concentrated cheese whey
[84]. By disrupting the function of the MIGI and NTHI genes, the engineered
strain had highly reduced glucose repression. Although Kluyveromyces spp. are
yeasts which can natively ferment lactose, their genetics are not as well-understood
as that of S. cerevisiae, suggesting that improvements of S. cerevisiae for lactose
fermentation may be ideal.

3 Biofuel Production by Engineered or Evolved Yeast

S. cerevisiae offers many advantages for producing sustainable and economically
viable biofuels from renewable feedstocks. It has been widely used as an important
eukaryotic model for fundamental molecular biology research with numerous
synthetic biology tools developed as compared to most other microorganisms,
perhaps second only to E. coli. Recently developed yeast engineering tools include
the use of zinc-finger nucleases [85], yeast oligo-mediated genome engineering
[21], and most notably the clustered regularly-interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein (Cas9) system) [22]. However, S. cerevisiae
is considered to be more robust than E. coli, with S. cerevisiae possessing a higher
tolerance to low pH/high acid conditions, resulting in preference for the eukaryote
for fermentation of biomass hydrolysate. S. cerevisiae has been used extensively as
a platform cell factory for first-generation, industrial-scale bioethanol production
[86]. Because of its unique robustness toward harsh fermentation conditions and the
substantial availability of yeast engineering tools, introducing new metabolic
engineering pathways into S. cerevisiae has been used for producing alternative
products beyond bioethanol (Fig. 4 and Table 1).
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Fig. 4 A diagram of fuels that can be produced by Saccharomyces cerevisiae via native or

heterologous (blue text) pathways

3.1 Biofuel Production by S. cerevisiae

Ethanol

First-generation biofuel production focused almost entirely on producing
bioethanol from corn or sugarcane juice. Although many research directions were
investigated to improve bioethanol production, one major direction focused on
glycerol, a common byproduct of ethanol fermentations. During anaerobic yeast
fermentations, the biosynthesis of proteins, nucleic acids, and lipids from biomass
production generate excess cytosolic reduced redox cofactors such as NADH.
Formation of glycerol serves as an essential electron sink for oxidizing NADH
into NAD™ in the cytosol. Tremendous research efforts focused on minimizing the
formation of the unwanted glycerol byproduct generated during the bioethanol
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Table 1 Biobased fuels from Saccharomyces cerevisiae

Product Substrate Result Genetic modification(s) Reference
Ethanol Glucose 97.8% tm FPSIAGPD2A and 80-bp 3 [39]
truncation of GPDI native
promoter
Ethanol Xylose 0.35 g/g xylose S. stipitis XYL1, XYL2, and XYL3 | [43]
balanced expression and
PHOI3AALDGA
Ethanol Arabinose | 0.43 g/g arabinose | L. plantarum araA, araB, and [62]
araD expression and
overexpression of TALI, TKLI,
RPEI, RKI1, and GAL2 with
adaptive evolution
Ethanol Cellobiose | 86.3% tm N. crassa cdt-1 and ghl-1 [64]
integration
Ethanol Xylose and | 0.39 g/g xylose and | S. stipitis XYL1, XYL2, and XYL3 | [66]
cellobiose | cellobiose and N. crassa cdt-1 and ghl-1
balanced expression
Ethanol Cellobiose | 0.36 g/g galactose | N. crassa cdt-1 and ghl-1 [68]
and and cellobiose integration
galactose
Ethanol Mannitol 83% tm A. cruciatus YELO70W/ [71]
and DEHU YNRO73C, HXT13, HXT17, and
YNRO71C expression
Ethanol Galactose 0.46 g/g galactose Laboratory evolution on [73]
galactose
Ethanol Acetate 6% improved yield | E. coli adhE integration with [77]
and xylose | and 11% reduced S. stipitis XYL, XYL2, and XYL3
byproduct balanced expression and
formation PHO13AALD6A
Ethanol Acetate, ~9% improved E. coli adhE and N. crassa cdt-1 | [78]
xylose, and | yield and ghl-I integration with
cellobiose S. stipitis XYL1, XYL2, and XYL3
balanced expression and
PHOI3AALDG6A
Ethanol Glucose 10% improved GLNI and GLTI overexpression | [90]
yield and GDHIA
Ethanol Glucose 97.4% tm B. cereus gapN, E. coli frdA, and | [94]
mhpF expression
Ethanol Glucose 10% improved FPSIA reducing glycerol [95]
yield production
Ethanol Glucose Tolerance up to Native GPDI and GPD2 pro- [96]
90 g/L EtOH in moters replaced with lower-
wheat liquefact SSF | strength TEF ] promoter mutants
in GPDIA or GPD2A strains
1-Butanol | Galactose Tenfold increase C. beijerinckii adhe2, hbd, crt, [98]
with S. cerevisiae ERG10, and
S. collinus ccr expression
1-Butanol | Glucose 16.3 mg/L titer T. denticola Ter and S. enterica | [99]

ACS2 expression, ADH2 and
ALDG6 overexpression, and
MLSIACIT2A

(continued)
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Table 1 (continued)

Product Substrate Result Genetic modification(s) Reference

1-Butanol | Glucose 120 mg/L titer E. coli PDH genes and acetyl-CoA | [100]
synthetase gene expression with
ADHIAADH4AGPDIAGPD2A

1-Butanol | Glucose 242.8 mg/L titer Leucine biosynthesis pathway [101]
overexpression and

ILV2AADHIA

Isobutanol | Glucose 4.12 mg/g ILV2, ILV3, ILVS, and BAT2 [102]
overexpression

Isobutanol | Glucose 6.40 mg/g Located isobutanol pathway into | [103]

the mitochondria

Isobutanol | Glucose 15 mg/g d-Integration used to assemble [104]
isobutanol pathway genes into
the yeast chromosome

Isobutanol | Glucose 1.62 g/L titer PDH complex activity reduction | [106]
LPDIA and transhydrogenase-
like shunt expression

FAEE Glucose 6.3 mg/L titer M. hydrocarbonoclasticus wax [109]
ester synthase expression
FAEE Glucose 6.3-fold increase M. hydrocarbonoclasticus wax [112]

ester synthase, S. cerevisiae
FAAI, and B. ammoniagenes
bafas and ppt expression

tm theoretical maximum

production process because carbon directed toward glycerol reduced carbon avail-
ability for ethanol synthesis. Two structural genes encoding cytosolic NADH-
dependent glycerol-3-phosphate dehydrogenases, GPD1 and GPD2, play important
roles in redox balance and osmoregulation. These genes are also both induced under
high osmotic conditions and during anaerobic fermentation. Glycerol formation can
be reduced by deleting one or both genes [87]. However, yeast cells with this double
deletion of GPDI and GPD2 become unable to grow anaerobically because of the
lack of alternative pathways to oxidize NADH. The single deletion of GPD2
showed improved ethanol yields by decreasing glycerol production, but the deletion
also hindered cell growth and ethanol productivity [88]. Reduced glycerol produc-
tion also increased the osmosensitivity and diminished the general robustness of the
engineered yeast [89].

Other studies have focused on the metabolic engineering of the cellular redox
metabolism. An ammonium assimilation pathway that consumes NADH and ATP
was utilized. Deletion of the NADPH-dependent glutamate dehydrogenase gene
GDH|1 and respectively co-overexpression of the glutamate synthase gene GLT!
and the glutamine synthetase gene GLNI showed a significant reduction in glycerol
by 38% and improved ethanol yield by 10% [90]. Another alternative way of redox
engineering would be the reduction of the surplus cytosolic NADH with lower ATP
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production by replacing the natural glyceraldehyde-3-phosphate dehydrogenase
with a non-phosphorylating, NADP"-dependent glyceraldehyde-3-phosphate dehy-
drogenase (gapN) from Streptococcus sp. mutants or Bacillus cereus [91, 92]. One
interesting demonstration of cofactor metabolism is that overexpression of E. coli
mhpF was able to restore the anaerobic growth of a GPDI- and GPD2-deleted
mutant under the presence of acetate by re-oxidizing the NADH through the
reduction of acetic acid to ethanol [93]. By combining these genetic modifications,
overexpression of the NAD"-dependent fumarate reductase frdA or NAD"-depen-
dent acetaldehyde dehydrogenase mhpF from E. coli with gapN can improve the
ethanol yield to above 97% of the maximum theoretical yield compared to wild-
type yeast [94]. Furthermore, gapN expression with the combination of TPS/ and
TPS2 overexpression showed reduced glycerol production and improved ethanol
yield [92]. By blocking the export of glycerol through deletion of FPS/ encoding a
glycerol facilitator, yet another method to reduce glycerol production and improve
ethanol yield was uncovered [95].

Promoter engineering has been used as an alternative approach to modulate the
expression of GPDI and GPD2. For example, S. cerevisiae mutants with the lower-
strength TEF 1 promoter replacing the native GPDI and/or GPD2 promoters pro-
duced less glycerol and more ethanol without reducing the robustness of the host
strain toward osmotic stress [96]. With the FPSI- and GPD2-deleted yeast strain
background (KAM15 strain), the mutants with 3’ truncation of the GPD! promoter
by 20-, 60-, or 80-bp displayed varied expression strength of GPD/ and had an
unaffected osmotic response. The glycerol production by the engineered yeast was
also reduced by 16% and 31% in mutants with 60- and 80-bp truncated promoters,
respectively, in high-gravity (VHG) fermentations. The ethanol yield reached
0.499 g/g in the mutant with an 80-bp truncated promoter [40].

1-Butanol

Higher-chain alcohols provide higher energy density and are considered as poten-
tial next-generation gasoline substitutes. One of the primary target alcohols is
1-butanol. Although 1-butanol was traditionally produced from Clostridium species
through the acetone-butanol-ethanol (ABE) fermentation process, or by engineered
E. coli with a titer up to 30 g/L [97], there are several advantages of using
S. cerevisiae for 1-butanol production. In addition to the general robustness of
S. cerevisiae toward fermentation inhibitors and low pH, S. cerevisiae also does not
have phage contamination issues and has better resistance to high 1-butanol con-
centrations. However, only a low concentration of 1-butanol was produced from the
native 1-butanol metabolic pathway in S. cerevisiae, which prompted several labs
to look for heterologous pathways to improve 1-butanol production.

Steen et al. introduced and expressed in S. cerevisiae several isozymes from
different organisms to create a biosynthetic 1-butanol pathway with a peak
1-butanol titer of 2.5 mg/L [98]. This pathway consisted of converting acetyl-
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CoA into acetoacetyl-CoA, which was reduced to 3-hydroxybutyryl-CoA, and later
crotonyl-CoA. Butyryl-CoA is the reduced form of crotonyl-CoA which is later
further reduced into butyraldehyde and finally reduced into 1-butanol. This pathway
consisted of overexpression of a thiolase (ERG10) from S. cerevisiae, an NADH-
dependent 3-hydroxybutyryl-CoA dehydrogenase (hbd) and crotonase (crf) from
Clostridium beijerinckii, an NADH-dependent crotonyl-CoA reductase (ccr) from
Streptomyces  collinus  and  butanol  dehydrogenase  (adhe2)  from
C. beijerinckii [98].

Krivoruchko et al. initially increased 1-butanol titers up to 6.6 mg/L by engi-
neering yeast with higher flux toward cytosolic acetyl-CoA, which is the precursor
for 1-butanol biosynthesis in addition to the overexpression of the heterologous
enzymes for the 1-butanol biosynthetic pathway as follow [99]. First, NADH-
dependent crotonyl-CoA-specific trans-enoyl-CoA reductase (Ter) from Trepo-
nema denticola replaced the ccr to avoid the reverse oxidation of butyryl-CoA to
crotonyl-CoA. Second, to increase the cytosolic acetyl-CoA supply, a pyruvate
dehydrogenase (PDH) bypass was created by overexpression of endogenous alco-
hol dehydrogenase (ADH2), NADP-dependent aldehyde dehydrogenase (ALDO),
codon-optimized acetyl-CoA synthetase (ACS2) from Salmonella enterica, and
acetyl-CoA acetyltransferase (ERGI0). Lastly, deletion of malate synthase
(MLSI) or citrate synthase (CIT2) reduced the drainage of acetyl-CoA through
the glyoxylate pathway, and the 1-butanol titer increased to 16.3 mg/L [99].

Therefore, intracellular availability of cytosolic acetyl-CoA is considered an
important factor for 1-butanol production in yeast. NADH availability could also be
a strong driving force toward 1-butanol production. Therefore, NADH-dependent
alcohol dehydrogenase (ADH) and glycerol-3-phosphate dehydrogenase (GPD) can
be deleted to increase the NADH availability and reduce the unwanted byproducts
such as ethanol and glycerol. Lian et al. produced up to 120 mg/L 1-butanol by
inactivating ADH and GPD, introducing the butanol biosynthesis pathway genes,
and, most importantly, introducing a PDH-bypass pathway, cytosolic localized
PDH, and ATP-dependent citrate lyase (ACL) [100].

Despite the limited accumulation of 1-butanol from the native S. cerevisiae
pathway, some researchers have focused on improving the native pathway by
focusing on threonine catabolism. Si et al. utilized genes from leucine biosynthesis
(LEUI, LEU2, LEU4, and LEU9), together with threonine deaminase genes (ILV1/
CHAI), 2-keto acid decarboxylases (KDCs) from Lactococcus lactis, and alcohol
dehydrogenases (ADHs) from S. cerevisiae [101]. The pathway consists of many
steps, starting with L-threonine to 2-ketobutyrate to 2-ketovalerate, and so forth,
eventually ending at 1-butanol. Deletion of ADH allowed the engineered
S. cerevisiae to produce more than 120 mg/L of 1-butanol from glucose in a
complex yeast-peptone medium. By amplifying the leucine biosynthesis pathway
via overexpression of several key genes and eliminating the competing pathways,
the highest reported 1-butanol titer of 242.8 mg/L in S. cerevisiae with ADH - and
ILV2-deletions was achieved [101].
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Isobutanol

Isobutanol is another example of a target alcohol which has a higher energy density
than ethanol. The isobutanol biosynthesis pathway is closely linked to the biosyn-
thesis of branched-chain amino acids via the Ehrlich pathway. 2-Ketoisovalerate
(KIV), an intermediate of valine biosynthesis, is decarboxylated to
isobutyraldehyde by 2-ketoacid decarboxylase (KDC) and later reduced into
isobutanol by alcohol dehydrogenase (ADH). However, the protein synthesis of
KIV occurs in the yeast mitochondria whereas the other two enzymes, Kdc and
Adh, are found in the yeast cytosol. For isobutanol synthesis in S. cerevisiae,
pyruvate must transfer into mitochondria and then KIV must be transported into
the cytosol.

The first report for isobutanol overproduction in yeast utilized simultaneous
overexpression of endogenous genes (ILV2, ILV3, and ILVS5) of the mitochondrial
valine biosynthesis pathway. The resulting strain produced isobutanol with a yield
up to 0.97 mg isobutanol/g glucose in minimal medium [102]. Additional
overexpression of the cytosolic branched-chain amino acid aminotransferase
(BAT?2) increased the isobutanol yield up to 3.86 mg/g glucose [102]. Finally, a
yield of 4.12 mg/g glucose was achieved by the engineered yeast in an aerobic
condition with complex yeast-peptone medium [102]. Avalos et al. demonstrated
that locating the complete isobutanol pathway into the mitochondria resulted in
substantial increases in isobutanol as compared with the native pathway which is
split between the cytosol and the mitochondria. KDCs and ADHs were
overexpressed in the cytosol or imported into mitochondria by fusing them with
an N-terminal targeting signal, and the isobutanol yield reached up to 6.40 mg/g
glucose with a titer up to 0.635 g/L [103]. This study suggested that the availability
of the KIV intermediate and the increased local enzyme concentration would be
beneficial for isobutanol production. Another research group, Yuan and Ching,
developed a similar approach with a 8-integration system to assemble the genes into
the yeast chromosomes with the resulting isobutanol yield up to 15 mg/g
glucose [104].

The opposite strategy is to relocate the pathway into the cytosol. By
re-localization and codon-optimization of the mitochondrial valine synthesis
enzymes together, along with the overexpression of decarboxylase (ARO!0) and
alcohol dehydrogenase (ADH?2) genes, isobutanol production was improved to the
highest titer of 0.63 g/L and a yield of approximately 15 mg/g glucose
[105]. Isobutanol production was further improved in engineered S. cerevisiae by
two strategies. First, the elimination of competing pathways by deletion of a
pyruvate dehydrogenase complex component (LPDI) to avoid competing with
acetyl-CoA biosynthesis in the mitochondria. Second, resolving cofactor imbalance
by the implementation of the transhydrogenase-like shunt, which pyruvate cycli-
cally converted into oxaloacetate, malate, and back to pyruvate causing simulta-
neous conversion of NADH to NADPH. The final isobutanol titer reached 1.62 g/L
and a yield of 16 mg/g glucose [106]. However, even this heightened result is still
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considerably below that of engineered E. coli, reported to generate isobutanol titers
up to several grams per liter [107]. These results suggest that considerable improve-
ments are necessary before yeast-based isobutanol production can be competitive
on an industrial scale.

Fatty Acids

Fatty acids (FAs) and lipids are also valuable chemicals for numerous industrial
applications. Lipids are condensed from a glycerol-3-phosphate backbone with the
completed FA synthesized from acetyl-CoA. Fatty acid ethyl esters (FAEEs) can be
used for diesel or jet fuel production. FAEEs can be formed by esterification of fatty
acyl-CoAs and ethanol. Kalscheuer et al. first studied FAEE production in yeast
[108] by heterologous expression of an unspecific bacterial acyltransferase, a wax
ester synthase/acyl-coenzyme A: diacylglycerol acyltransferase (WS/DGAT), from
Acinetobacter calcoaceticus ADP1. Later, Shi et al. screened five different wax
ester synthases in S. cerevisiae and found the wax ester synthase from
Marinobacter hydrocarbonoclasticus performed best with the highest titer of
FAEE at 6.3 mg/L [109]. Overexpression of acetyl-coA carboxylase (ACCI) led
to an increase of FAEE titer to 8.2 mg/L [109]. de Jong et al. continued the study by
increasing the acyl-CoA synthesis which later enhanced the production of FAEE by
increasing the NADPH and acetyl-CoA pools in two ways [110]. First,
overexpression of alcohol dehydrogenase (ADH?2), acetaldehyde dehydrogenase
(ALD®6), and a heterologous acetyl-CoA synthase variant from Salmonella enterica
(acsSEL641 r ) was conducted to re-channel the carbon flow for acetyl-CoA with the
ethanol degradation pathway. Wax ester synthase from M. hydrocarbonoclasticus
was also overexpressed. Second, a phosphoketolase pathway was established by
overexpression of xpkA and ack from Aspergillus nidulans for the conversion of
xylulose-5-phosphate to acetyl-phosphate and glyceraldehyde-3-phosphate and
acetyl phosphate to acetate. The resulting engineered S. cerevisiae strain proved
to have a 1.7-fold improvement for FAEE production compared to the control
strain, with 5.1 mg/g dry cell weight [110].

In the same year, Valle-Rodrigez et al. eliminated the non-essential fatty acid
utilization pathway such as steryl esters (SEs) and triacylglycerols (TAGs) by
deletion of DGAI, LROI, AREI, and ARE2 [111]. The researchers also deleted
POXI to avoid degradation of FAs and overexpressed wax ester synthase
(WS) from M. hydrocarbonoclasticus DSM 8798 which generated a final FAEE
titer of up to 17.2 mg/L [111]. Recently, Eriksen et al. investigated the heterologous
expression of Type-I fatty acid synthase (FAS) from Brevibacterium
ammoniagenes coupled with WS/DGAT [112]. They found the strain harboring
the orthologous FAS yielded a 6.3-fold increased FAEE titer compared to strains
without FAS. The FAEE titer was 10.498 mg/g DCW with the overexpression of
Type-I fatty acid synthase (bafas and pptl) from Brevibacterium ammoniagenes,
FAAI from S. cerevisiae, and wax ester synthase from M. hydrocarbonoclasticus
[112]. However, additional studies and demonstrations must be conducted for
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further improvement of the titers for FAEE, because the above-mentioned titers
from engineered S. cerevisiae are still relatively low for industrial applications.

4 Chemical Production by Engineered or Evolved Yeast

There has been an intensive effort for the engineering of S. cerevisiae to produce
non-fuel, value-added chemicals. Historically, S. cerevisiae has been used for
ethanol production by the food or fuel industries, but scientific advances for the
purpose of ethanol production by yeast can often easily be applied to non-fuel
production. As mentioned in previous sections of this review, S. cerevisiae has
GRAS status and their genetic system has been studied heavily. Thus, many genetic
tools are available [21, 22, 85] which ease the engineering of this host organism to
produce nonconventional target products. These products include food additives,
pharmaceuticals, advanced biofuels, and valuable chemicals for industrial
applications.

Natively, S. cerevisiae produces numerous minor and major intermediates and
metabolites, especially those throughout the glycolytic pathway, the pentose phos-
phate pathway, and the tricarboxylic acid pathway [113]. However, to accumulate a
significant concentration of these intermediates (or other, non-native compounds)
for industrial purposes, considerable engineering or evolution of S. cerevisiae is
often necessary. Methods, such as the Design, Build, Test, and Learn approach
(Fig. 1) or tools such as CRISPR/Cas9 [22] have been largely applied for the
purpose of producing ethanol by yeast fermentations, but can be and have been
easily re-tooled for constructing yeast capable of producing many other chemicals.
These chemicals cover many broad categories including isoprenoids, fatty acids,
organic acids, rare sugars, sugar alcohols, and others. A recent tour de force of
S. cerevisiae engineering came from Galanie et al., in which the group required
23 enzymes from bacteria, mammals, plants, and yeast to produce a tiny amount of
opioids, albeit at roughly five orders of magnitude below what would be necessary
for industrial scale-up [114]. However, this demonstrates a future for yeast bio-
technology in which a single biosynthetic pathway can create downstream products
that may otherwise take multiple chemical catalysis steps (Fig. 5 and Table 2).

4.1 Chemical Production by S. cerevisiae
2,3-Butanediol

2,3-Butanediol (2,3-BD) is an increasingly popular target chemical because of its
wide applications for synthesizing diverse products such as pharmaceuticals, cos-
metics, and industrial solvents. As 2,3-BD is mostly produced by pathogenic
bacteria, it is difficult to apply the bacteria to industrial fermentations.



Xylose Glucose
HXTS/GALZ ) ( HXTs
Xylose
l XA Glucose
Hylitol l

Glucose-6-P

l

p-Mannitol — Mannitgl-1-P = Fructose.6.p

Glycerol Fructose-1,6-F

4CL: para-cournaric acid
Ads: A. annua amorphadiene synthase
AraE: law-atfinity arabinose transporter
Arol-1: Z-dehydroquinate syrthase
Arol.2: 3

T.L. Turner et al.

CYPTLAVL: ctytochrome P450
mancoxygenase

Cpr: cytochrome P450 reductase

DHSS: dehydroshikimate dehydratase

ikimate dehydrogenase
: shikimate kinase
+ 2-phasphoshikimate

1- carboxyvinyhtransferase
Aro2: chrosimate synthase

Aro3: 3-deoxy-D-arabine-heptulosonate-

7-phosphate synthase
Arod: 2-deoy-D-arabi

i synthase
Gpd: glycerol-3-phosphate dehydrogenase
dil: isopentenyl diphosphate isomerase
IDPL/2/3: isocitrate dehydrogenase
Ldh: lactate dehydrogenase
MHID: mannitol-2-phosphate dehydrogenase
Mis: Malate synthase
Pal:phenylalaning ammonia lyase

i

¥
9 phosphate synthase

AraT: chrosimate mutase

AroBi9: aromatic aminotransferase

Bis: bisabolene synthase

Bts1: geranylgeranyl diphosphate synthase

C120: eatechal 1,2-dioxygenase
C4H: cinnamate-4-hydroxylase

PCAD:

5aGGPS: S, acidocaldarius geranylgerany!
diphcsphate synthase

SmCPS: 5. miltiorrhizha diphosphate syrithase

SmKSL: 5. miltiorrhizha copay! diphosphate
kaurene synthase-like

Sta: stilbene synthase

Tal: tyrosine ammania lyase

/ \ Cad: itic: acid Tr:

XR: x;‘los: reductase
Gpd
Glycerol-3-P +—— Dihydroxyacetone-P +— Glyceraldehyde-2-P
Glycolic acid

Misl
i Malate
" p 3-Deoxy-D-arabiong-
3 Dehydroqulnal:e:m heptulosonake-7-p :m; Phosphoenolpyruvate Oxaloacetate GlyRl
Arol2 Glyoxylate
3-Dehydro.shikimate Pyruvate —+ Acetyl-CoA — JCA
arol-3 s kil Isocitrate o
Leth oLy Citrate
Shikimate Pr -
atocatechull acid Acetoacetyl-CoA /:9? \dp1i2i3
Arol-4 PCAD Lactic acid Eroiz . .
o cis-Aconitate
Shikimate-3-P Catechol HMG-CoA P 2-Oxoglutarate
Aral-5 l ‘i Erga LGlaamine— Gity
Mevalonat
5-Enolpyruvyl- PR evalonate Itaconic acid -Glutamate
shikimate-3-p Ergls
s ws ¥, L-cysteing Gshl
Ara? Phaz ] oy i
o o ML hivioyiratE Ly-Glutamyleysteine
DMAPP SaGEPS i
Ty l l Aroig Erla. et~ gsna
p-Hydroxyphenyl- L-Phenylpyruvate Geranyl diphosphate Glutathione
pyruvate l " l Erg20
AroB/9 Btsl SMCPS
l Cinnamic acid Farnesyl diphosphate — Ceranylgeranyl "7 Copalyl
L-Tyrosine
Ads
£ CaH Bis i l SamiKSL
Amaorpha-4,1,1-diene

Miltiradiene

p-Coumaric acid Bisabolene

“]

Oidation steps by
CYPTLAVL/Cpr

pC

Artemisinic acid
S. cerevisiae

ol i 1
5ts

)I( Arak

Resveratrol

Fig. 5 A diagram of non-fuel chemicals that can be produced by Saccharomyces cerevisiae via
native or heterologous (blue text) pathways

S. cerevisiae can produce 2,3-BD naturally, but at a very low concentration,
because of ethanol serving as the major fermentative end product. Therefore,
researchers have engineered S. cerevisiae to generate a higher titer of 2,3-BD by
the elimination of ethanol production through the disruption of alcohol dehydroge-
nases (ADHI1,ADH3, and ADHS). Ng et al. achieved a titer of 2.29 g 2,3-BD/L with
a yield of 0.113 g/g glucose [115]. Kim et al. further eliminated the competing
pathways by deleting all three pyruvate decarboxylase genes (PDCI, PDCS5, and
PDC6) and generated a Pdc-deficient mutant to improve the 2,3-BD titer
[116]. However, Pdc-deficient mutants had defects such as slow growth, and they
required acetate or ethanol supplementation as a carbon source. The Pdc-deficient
mutants also suffered from redox imbalance because of glucose repression. The
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Table 2 Biobased chemicals from Saccharomyces cerevisiae

Product Substrate Result Genetic modification(s) Reference
2,3-BDO Glucose 229 g/l | ADHIAADH3AADHSA [115]
titer
2,3-BDO Glucose 729 g/LL B. subtilis AlsS and AlsD, L. lactis [118]
titer NoxE, and S. cerevisiae overexpression
with
ADHIAADH2AADH3AADH4AADHSA
GPDIAGPD2A
Hydrocodone | Glucose ~0.3 pg/L | Expression of 23 genes encoding for [114]
titer various enzymes, overexpression of
two native genes, and inactivation of
one native gene
Geraniol Glucose 5 mg/L ERG20 mutation and O. basilicum [122]
titer monoterpene synthase expression
Cineole Galactose 1 g/L titer | Overexpression of HMG2, ERG20, and | [125]
IDI1 with expression of two genes
encoding for terpene synthases from
S. fruticosa and S. pomifera
Bisabolene Glucose >900 mg/ | Overexpression of ERGI0, IDI, [126]
and L titer ERG20, tHMGR, and Upc2-1 with
galactose A. grandis BIS expression
Bisabolene Glucose or |5.2 g/LL Deletion of YJLO62W and YPLO64W | [127]
galactose titer
Taxadiene Glucose 8.7 mg/L | Expression of codon-optimized [128]
titer T. chinensis TDS, S. acidocaldarious
GGPPS, mUpc2-1, and truncated
HMG-CoA reductase isoenzyme 1
Miltiradiene | Glucose 488 mg/L. | Expression of copalyl diphosphate [130]
titer synthase, overexpression of a truncated
HMG-CoA reductase and a mUpc2-1,
and overexpression of a fusion gene of
ERG20 and BTS! together with
S. acidocaldarius GGPS
Artemisinic Glucose 2.5 ¢g/L Multiple mevalonate pathway modifi- | [5]
acid and titer cation, galactose as an inducer, and
galactose Pmet3 promoter controlling ERG9
Amorpha- Glucose 40 g/L Overexpression of every mevalonate [136]
4,11-diene titer pathway enzyme through ERG20 and
an optimized fermentation process
Lactic acid Glucose 81.5% tm | Bovine LDH and PDCIAPDC5A [139]
Lactic acid Glucose 69% tm R. oryzae IdhA with S. stipitis XYLI, [140]
and xylose XYL2, and XYL3 balanced expression
and PHO13AALD6A
Lactic acid Glucose, 66% tm R. oryzae IdhA with S. stipitis XYL, [141]
xylose, and XYL2, XYL3, and N. crassa cdt-1 and
cellobiose ghl-1 balanced expression with
PHOI13AALD6A
ITtaconic acid | Glucose 168 mg/L | A. terreus CAD with GPD promoter, [148]
titer ADE3ABNA2ATESIA

(continued)
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Table 2 (continued)

Product Substrate Result Genetic modification(s) Reference
Succinic acid | Glucose 12.97 g/ | Cytosolic retargeting of MDH3, [152]
titer FRDSI, and E. coli FumC with PYC2

overexpression and GPDIAFUMIA
Succinic acid | Glucose 43-fold SDH3ASER3ASER33A and directed [154]

increase evolution
Glycolic acid | Xylose and | ~1 g/L A. thaliana GLYRI and MLSIAIDP2A | [156]
ethanol titer with ICLI and XR/XDK/XK xylose
utilization pathway expression
Xylitol Xylose and | ~100% S. stipitis XYL, N. crassa cdt-1 and [166]
cellobiose | tm ghl-1 expression with ALD6, IDP2,
and ZWF I overexpression
Xylitol Glucose ~100% Two XYLI genes, ZWFI, and ACSI [167]
and xylose |tm expression with fed-batch optimization

tm theoretical maximum

researchers identified point mutation A81P in the transcription regulator Mthl
involved in glucose sensing, which is necessary for glucose tolerance. They also
introduced a bacterial 2,3-BD pathway by converting pyruvate into a-acetolactate
and then acetoin, respectively, by acetolactate synthase (alsS) and acetolactate
decarboxylase (al/sD), and then acetoin is reduced into 2,3-BD by butanediol
dehydrogenase (BDHI) from Bacillus subtilis. Finally, the engineered
S. cerevisiae produced a titer up to 96.2 g/L. under a fed-batch fermentation with
a yield of 0.28 g/g glucose [116].

Recently, Kim et al. attempted to minimize the glycerol byproduct formation by
decreasing the intracellular NADH/NAD" from the expression of NADH oxidase
(noxE) from L. lactis, and the resulting engineered yeast strain was able to produce
2,3-BD with a yield of 0.359 g/g glucose [117]. With a similar approach, Kim and
Hahn tried to minimize glycerol production in engineered S. cerevisiae with the
additional deletion of glycerol-3-phosphate dehydrogenase (GPDI and GPD2),
creating a strain which could produce a 2,3-BD titer of up to 729 g/L in a
fed-batch fermentation and with a yield of up to 0.41 g/g glucose [118].

Isoprenoids

Isoprenoids, also known as terpenes, are a diverse group of chemical compounds
typically utilized as medicines, cosmetics, nutritional supplements, food additives,
or even as a potential future biofuels [119]. S. cerevisiae harbor natural metabolic
pathways to produce certain isoprenoids, although yields and productivities are
very poor [120]. Despite the poor natural production, isoprenoids are of great
interest because of their diverse structures and wide range of potential uses. Mono-
terpenes (C10) and sesquiterpenes (C15) are two of the main candidates for jet fuel
and biodiesel alternatives because of their low freezing temperature and high
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ignition stability properties. To produce isoprenoids, acetyl-CoA production is of a
high importance because all isoprenoids share the mevalonate metabolic pathway
starting from acetyl-CoA [121-123]. Either the bacterial 1-deoxyl-p-xylulose
5-phosphate (DXP) pathway or the eukaryote/archaea mevalonate (MVA) pathway
is essential for the biosynthesis of isoprenoids. Both pathways end with the forma-
tion of five-carbon monomers dimethylallyl pyrophosphate (DMAPP) and
isopentenyl pyrophosphate (IPP). DMAPP and IPP are then condensed and modi-
fied by prenyltransferases to form isoprenoid precursors such as geranyl pyrophos-
phate (GPP, C10) and farnesyl pyrophosphate (FPP, C15) [124].

Monoterpenes (C10) are derived from GPP by monoterpene synthases. Fischer
et al. is the first group able to produce geraniol, a monoterpene and alcohol, with a
titer of up to 5 mg/L in S. cerevisiae by a mutation of ERG20 (farnesyl pyrophos-
phate synthase) and the overexpression of heterologous geraniol synthase (mono-
terpene synthases) from Ocimum basilicum [122]. To improve the monoterpene
biosynthesis, Ignea et al. used the yeast sterol biosynthesis pathway genes HMG2,
ERG?20, and IDII and co-expression of two terpene synthase enzymes (cineole
synthase) from Salvia fruticosa and Salvia pomifera. The final titer of cineole was
up to 1 g/L [125].

Sesquiterpenes (C15) are another isoprenoid-derived potential fuel source which
has recently gained interest for several industrial applications. Bisabolene, a pre-
cursor of bisabolane, was produced at a titer of over 900 mg/L in engineered
S. cerevisiae by Peralta-Yahya et al. [126]. The yeast was first engineered by
overexpression of acetyl-CoA acetyltransferase (ERG0), isoprenyl diphosphate
isomerase (IDIl), and farnesyl pyrophosphate synthase (ERG20), truncated
HMG-CoA reductase (fHMGR), and the transcriptional regulator of the sterol
pathway (Upc2-1). Then researchers examined six different bisabolene synthases
isolated from Arabidopsis thaliana, Picea abies, Pseudotsuga menziesii, and Abies
grandis. Finally they developed the highest titer with the codon-optimized
bisabolene synthase (BIS) from A. grandis [126]. Recently, Ozaydm et al. screened
the S. cerevisiae deletion collection for carotenoid production and constructed a
strain producing the highest titer of up to 5.2 g/L of bisabolene through double
deletion of YJLO64W and YPLO62W [127].

Several diterpenes (C20) have also been produced by engineered yeast. In 2008,
a titer of 8.7 mg/L of taxadiene was achieved from engineered S. cerevisiae
[128]. This feat was achieved through two general metabolic modifications:
(1) coexpression of a codon-optimized Taxus chinensis taxadiene synthase and a
Sulfolobus acidocaldarius geranylgeranyl diphosphate synthase and (2) expression
of a truncated 3-hydroxyl-3-methylglutaryl-CoA reductase isoenzyme and a mutant
regulatory protein UPC2-1 allowing for steroid uptake in anerobic conditions. In
2012, miltiradiene, another diterpene, was overproduced through metabolic engi-
neering of S. cerevisiae. Zhou et al. achieved a peak titer of miltiradiene of 365 mg/
L [129] and Dai et al. obtained 488 mg/L through a fed-batch fermentation
[130]. The 488 mg/L titer was achieved through multiple S. cerevisiae metabolic
engineering and fermentation technology steps: (1) overexpression of a mutated
global regulatory factor (upc2.1) and a truncated 3-hydroxyl-3-methylglutaryl-CoA
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reductase (tHMGR), (2) copalyl diphosphate synthase was first expressed,
(3) overexpression of a fusion gene of farnesyl diphosphate synthase (ERG20)
and an endogenous geranylgeranyl diphosphate (BTS/) together with a
geranylgeranyl diphosphate synthase from Sulfolobus acidocaldarius (SaGGPS),
and (4) use of a fed-batch fermentation [130].

Artemisinin is a sesquiterpene lactone which has received notoriety as an
antimalarial drug following its discovery by You-You Tu in the 1970s
[131, 132]. Unfortunately, the natural isolation and industrial production process
for artemisinin is not always reliable, and shortages of this vital drug have been
reported [133]. Production of artemisinin through a reliable and sustainable micro-
bial cell factory could be a viable alternative. Several labs have worked to construct
such a process. An important precursor for artemisinin production, amorpha-4,11-
diene, was produced by Lindahl et al. in 2006 [134]. This result was achieved by
subcloning the amorpha-4,11-diene synthase from Artemisia annua into a
galactose-inducible, high-copy number pYeDP60 plasmid and subsequent transfor-
mation of the plasmid into an S. cerevisiae strain. Although further optimizations
are needed before industrial-scale applications, the final titer, 600 pg/L, served as an
important step toward microbial production of artemisinin.

Within a year of the report of amorpha-4,11-diene the process of producing
artemisinic acid from engineered yeast was published. Artemisinic acid serves as
the immediate precursor of artemisinin and can undergo further chemical synthesis
to produce artemisinin. In their report, Ro et al. achieved a peak titer of ~100 mg/L
of artemisinic acid [135]. A multitude of engineering steps were necessary to
achieve this production in an engineered S. cerevisiae, broadly including increasing
farnesyl pyrophosphate (FPP) production and reducing its use for sterols,
expressing the amorphadiene synthase gene from A. annua into the improved
FPP-producing strain, and cloning a novel cytochrome P450 to provide a three-
step oxidation pathway from amorphadiene to artemisinic acid.

More recently, significant boosts in the production of both amorpha-4,11-diene
and artemisinic acid from engineered S. cerevisiae have been reported. Lenihan
et al. produced a titer of 2.5 g/L of artemisinic acid from an engineered S. cerevisiae
by using a defined medium containing galactose as a carbon source and inducer in a
fed-batch process which utilized a precise agitation and feed pump rate [5]. A
Pmet3 promoter was used to control ERG9, which improved precursor availability
for artemisinic acid synthesis by limiting sterol synthesis. Later, Westfall et al.
hypothesized that high titers of artemisinic acid may be unachievable without
improvement to the production of necessary precursors [136], such as the previ-
ously discussed amorpha-4,11-diene. Through overexpression of every mevalonate
pathway enzyme through EFRG20 and fermentation optimization resulted in a
considerably titer of 40 g/L. amorpha-4,11-diene [136].
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Organic Acids

Organic acids are widely used for many applications including usage as food
additives. However, organic acids also serve as building blocks of many larger
polymers by undergoing several steps of chemical catalysis. For example, lactic
acid is produced by engineered S. cerevisiae by introducing lactate dehydrogenase
(Idh). Through catalysis, polylactic acid (also known as polylactide; PLA) can be
produced [137]. PLA is a renewable and biodegradable polyester used for many
purposes including as a filament for 3D printing, for producing medical screws/
implants, and for producing plastic dinnerware. Numerous studies have been
conducted for producing lactic acid from engineered S. cerevisiae from a variety
of feedstocks including glucose [138, 139], xylose [140], and cellobiose [141]. Cur-
rently, no study using engineered yeast has been able to achieve the theoretical
maximum of lactic acid production from glucose, xylose, cellobiose, or a mixture of
these carbon sources, so work is ongoing to improve these fermentation processes.
Of the studies which have generated lactic acid-producing S. cerevisiae, a variety of
Idh sources have been used, including bovine materials [142, 143], Rhizopus oryzae
[140, 141, 144], Bifidobacterium longum [142], and Lactobacillus plantarum
[145, 146]. Moving forward, expression of /dh from yet-unstudied sources into
S. cerevisiae may prove useful for producing specific ratios of L- or p-lactic acid,
which can be beneficial for specific industrial applications.

Because itaconic acid has many industrial uses, including serving as a copoly-
mer for producing plastics and rubbers [147], this compound is another interesting
organic acid which has recently been produced at a laboratory-scale in engineered
S. cerevisiae. To achieve a peak titer of 168 mg/L of itaconic acid from
S. cerevisiae, several metabolic engineering steps were implemented [148]. First,
the cis-aconitic acid decarboxylase encoding gene (CAD) from Aspergillus terreus
was expressed in an S. cerevisiae strain under the control of a strong “Enhanced”
GPD promoter. Second, several gene targets including ADE3, BNA2, and TESI
were identified by a genome-wide stoichiometric model, deleted, and assessed for
itaconic acid production improvements. Finally, the triple deletion strain expressing
the A. terreus CAD was grown in optimized fermentation conditions including a
high cell density to provide the peak titer of 168 mg/L itaconic acid. However,
scale-up to a cost-effective and efficient industrial-scale process require further
optimization, as a titer of more than 80 g/L. of itaconic acid is considered
necessary [148].

As with itaconic acid, muconic acid is another platform chemical which can act
as a precursor for the production of many useful products, including various
renewable plastics [149]. The first reported instance of muconic acid production
by engineered S. cerevisiae was in 2012, resulting in a peak titer of approximately
1.56 mg/L muconic acid [150]. However, by 2013, several metabolic engineering
improvements allowed for production of 141 mg/L muconic acid from an
engineered S. cerevisiae [151]. Several metabolic engineering steps were needed
to produce this result. First, Candida albicans catechol 1,2-dioxygenase,
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Enterobacter cloacae protocatechuic acid decarboxylase, and Podospora anserine
dehydroshikimate dehydratase were expressed in an S. cerevisiae strain. Then
ARO3 was deleted and a feedback-resistant mutant ARO4 was expressed to reduce
shikimate pathway feedback inhibition. Next, ZWF/ was deleted and TKLI/ was
overexpressed to increase precursor flux into the target pathway. Finally, several
heterologous enzyme levels were balanced, resulting in the final titer of 141 mg/L
muconic acid [151].

Succinic acid is a value-added organic acid which can be overproduced by
engineered yeast [152—154]. Similar to lactic acid, succinic acid can be used as a
precursor to several polyesters [155]. Furthermore, succinic acid is designated as
GRAS by the U.S. Food and Drug Administration, which has allowed its use in the
food industry as an acidity regulator. As an intermediate of the citric acid cycle
(or tricarboxylic acid cycle), yeast natively produces succinic acid if provided with
an aerobic environment, but overproduction of succinic acid requires multiple
genetic perturbations. For example, Otero et al. constructed an engineered
S. cerevisiae with deletions of SDH3, SER3, and SER33 to reduce primary
succinate-consuming reactions and to interrupt glycolysis-derived serine
[154]. The resulting engineered yeast displayed a 30-fold improvement in succinic
acid titer and a 43-fold improvement in succinic acid yield as compared to the
control strain.

Beyond succinic acid, glycolic acid, a C2 hydroxy acid, has gained attention in
recent years. The global glycolic acid production in 2011 was approximately
40,000,000 kg with this expected to more than double by 2018 [156]. Glycolic
acid is often used as a building block of a polyglycolate. The polyglycolate polymer
is used as a packaging material because of its high gas permeability and mechanical
strength. However, most glycolic acid is produced in a chemical process which
relies on non-renewable fossil resources [156]. As an alternative, a biological route
for the production of glycolic acid exists which involves converting glyoxylate
through glyoxylate reductase into glycolic acid. To overproduce glycolic acid
successfully, efficient glyoxylate reductase activity in an engineered S. cerevisiae
is required. A further improvement, up to approximately 1 g/L glycolic acid, can be
achieved by deletions of the malate synthase (MLS/) and the cytosolic form of
isocitrate dehydronase (IDP2) genes [156]. As the current generation of organic
acids produced by S. cerevisiae continues to improve and develop, it is likely that
new, rare, or hard-to-obtain organic acids can be produced in laboratories by
engineered S. cerevisiae strains.

Rare Sugars, Sugar Alcohols, and Antioxidants

Sugars such as L-ribose, p-allose, D-tagatose, and D-psicose are classified as rare
sugars. As the name implies, these sugars are rarely found in nature, but they have
beneficial health properties. L-Ribose, for example, is considered a very important
intermediate to produce chemicals for pharmaceutical and food products
[157, 158]. Although p-ribose is very common in nature, L-ribose is not found in
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nature based on current knowledge. The driving demand for L-ribose production is
its potential as a building block for L-nucleoside-based pharmaceutical compounds.
L-Nucleoside-based compounds or analogs play an important role in treating viral
infections and cancers [159]. Currently, research regarding rare sugar production by
engineered yeast is very limited.

Sugar alcohols such as erythritol, xylitol, or sorbitol have a high demand in the
food industry because of their sweetening properties without causing dental caries
[160]. Although generally difficult, one positive aspect of sugar alcohol production
is that, in general, sugar alcohols are not fermentable by S. cerevisiae, which limits
reuptake by engineered yeast designed to overproduce target sugar alcohols. The
interest in producing sugar alcohols dates back more than 50 years, with at least one
study investigating p-arabitol production in Saccharomyces spp. [161]. More
recently, a minute titer of 44 pg/mL mannitol was produced by expression of
multiple copies of the E. coli mannitol-1-phosphate dehydrogenase gene (mt/D)
into S. cerevisiae [162]. This titer was later improved upon by Costenoble et al. by
producing a titer of nearly 400 mg/L of mannitol in an engineered S. cerevisiae in
anaerobic conditions [163]. Primarily, this was achieved by expression of the
E. coli mtID into an S. cerevisiae strain and deletion of GPDI and GPD2 followed
by an oxygen-sparged fermentation which was switched to nitrogen-sparging
during the exponential growth phase.

As one primary example of a well-known sugar alcohol, xylitol shares similar
sweetening power with sucrose, but it does not contribute to dental caries and has a
cooling effect when eaten. A chemical hydrogenation process to produce xylitol has
existed for decades [164] but, more recently, several groups have produced high
xylitol titers and yields from biological, engineered yeast systems [165—-167]. Oh
et al. were able to produce xylitol rapidly and efficiently using an engineered
S. cerevisiae expressing xylose reductase (XYL/), a cellodextrin transporter (cdt-
1), and an intracellular f-glucosidase (ghl-7) via simultaneous utilization of xylose
and cellobiose [166]. As a result, the engineered S. cerevisiae was able to produce
xylitol at the maximum theoretical yield by co-utilization of xylose and cellobiose.

Because antioxidants have been considered potentially beneficial as supple-
ments to the human diet, there has been increased interest in efficiently producing
these compounds from a consistently obtainable source rather than depending on
extraction from seasonally-available produce. Resveratrol is one of these com-
pounds of interest, as it is a common component of grape skins and wines made
from these skins [168]. Many studies discussing the engineering of S. cerevisiae
and other microbes for the microbe-based production of resveratrol have been
published in recent years [169—172]. In one example, an engineered S. cerevisiae
expressing a codon-optimized bacterial tyrosine ammonia lyase and an E. coli high-
capacity, low-affinity arabinose transporter (araE) were able to produce a peak of
3.44 mg/L at 48 h in a laboratory-scale grape juice fermentation [172]. This result is
an important step from an industrial standpoint, as it represented a method to
increase the resveratrol concentration in white wine, which in most cases has a
significantly lower resveratrol concentration than red wine.
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As with resveratrol production, glutathione is another antioxidant which has
been extensively studied for production by engineered S. cerevisiae [173—-178]. -
Microbe-based production of glutathione is currently the primary industrial process
for glutathione synthesis, although it can also be produced by chemical synthesis
[179]. Because the microbe-based process is the major method of industrial-scale
production, many varied processes to improve the titer, yield, and productivity have
been explored. Recently, a titer of 320 mg/L. of glutathione was achieved by a
laboratory-evolved S. cerevisiae strain in an acrolein-containing medium
[178]. Acrolein is an aldehyde which is toxic to yeast cells [180], although
glutathione has been shown to act as a defense against acrolein toxicity, suggesting
that cells which have increased resistance to acrolein may be overproducing
glutathione [181]. Based on this knowledge, several S. cerevisiae strains were
evolved over 250 generations on increasing concentrations of acrolein. Finally,
S. cerevisiae strain A4-19 was isolated, which displayed glucose consumption rates,
growth rates, and ethanol production rates similar to the parental A4 strain, yet had
increased acrolein resistance and a glutathione titer of 320 mg/L, approximately
twofold larger than the parental strain [178].

S Current Scope and Future Outlook of Industrial Fuel
and Chemical Production by Yeast

As discussed in Sects. 3 and 4, many advances have been made in recent years in
yeast metabolic engineering and synthetic biology for the purpose of biofuel and
renewable chemical production. Collectively, these new technologies have resulted
in S. cerevisiae strains capable of fermenting a variety of substrates, such as xylose
and cellobiose, with improved target product yields and productivities. Only a
fraction of these laboratory developments have seen implementation at an industrial
scale because of prohibitive costs, difficulty in scale-up, or low yields and pro-
ductivities. For industrial-scale biofuel production, S. cerevisiae is the primary
yeast species seeing usage, although lab-scale biofuel production by
non-S. cerevisiae yeast, such as Yarrowia lipolytica and Schizosaccharomyces
pombe, has seen growth in recent years [182, 183]. However, several
non-S. cerevisiae microbes are used for industrial chemical production because of
the wide range of target chemicals produced by the biobased chemical industry.
Although S. cerevisiae is extremely hardy and can be easily engineered, there are
instances where other microbes are preferred for a target product. Perhaps the most
notable example is the use of engineered E. coli for the production of recombinant
insulin [184], and over 150 recombinant therapeutics have been approved by the
European Medicines Agency [185]. However, only approximately one-third of
approved therapeutics utilize engineered E. coli, with S. cerevisiae and other yeasts
also accounting for a significant portion of industrial therapeutics, fuels, and
chemicals [185].
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At the industrial scale, ethanol is the major biofuel target, especially by
engineered S. cerevisiae [186, 187]. Ethanol is commonly used as a fuel additive
for the creation of gasoline-ethanol blends. The use of ethanol blends in the United
States has grown from less than 5 vol% to over 10 vol% in the past decade
[188]. This growth is at least partially attributed to the United States Environmental
Protection Agency’s Renewable Fuel Standard, which requires up to 17.4 billion
gallons of renewable fuel production by 2016, of which 0.21 billion gallons must be
cellulosic biofuel [189]. The total production requirement for renewable fuels can
increase to 36 billion gallons by 2020 [190].

To achieve the renewable fuel standards set by the United States and other
governments, industrial fuel producers have used S. cerevisiae as their platform
microbial strain of choice. As of 2014, approximately 23.8 billion gallons of
ethanol are produced on an annual basis worldwide, almost entirely from fermen-
tation by S. cerevisiae [28]. The United States and Brazil are responsible for the vast
majority of global bioethanol production, annually producing 14.3 billion gallons
and 6.2 billion gallons, respectively [28]. In the United States, corn serves as the
primary feedstock, whereas in Brazil, sugarcane is the major feedstock for the
purpose of bioethanol production [191, 192].

As the two major bioethanol-producing countries, both nations have consider-
able motivation for the success of their respective ethanol industries. In Brazil,
ethanol serves as a transportation fuel at nearly a 1:1 ratio with gasoline [193]. In
the United States, roughly 40% of corn produced is used for the purpose of
producing ethanol [194]. Both nations provide protection to their bioethanol indus-
tries in the form of tax breaks, subsidies, or increased tariffs toward imported
ethanol. Moving forward, it is expected that these economic benefits are likely to
shift away from first-generation biofuels (using corn and sugarcane juice as the
feedstock) toward second-generation biofuels (using corn stover, switchgrass, and
miscanthus). As government and environmental protection groups provide further
incentives for renewable biofuel production by engineered yeast, scientific
advances developed for producing fuel can be modified and applied to the produc-
tion of non-fuel chemicals by engineered yeast. However, despite legislation in the
United States and elsewhere to encourage biofuel production, no equivalent guide-
lines exist to provide incentive specifically for the purpose of biobased, non-fuel
chemical production. A global effort to limit average global Earth surface temper-
atures to increasing by no more than 2°C relative to temperatures in the late
nineteenth century by reducing greenhouse gas emissions has provided a minor
incentive for renewable chemical production [195]. The influence this legislation
has on biobased chemicals is small because of less than 10% of total fossil fuels
being employed for chemical catalysis, with the vast majority going toward the
energy and transportation fuel industries [196, 197].

Since early 2014, global oil prices have fallen rapidly and dramatically
[198]. Unsurprisingly, as fossil fuel costs decrease, the economic production of
biofuels and renewable chemicals becomes increasingly less viable. Not only are
second-generation (lignocellulosic) biofuels at economic risk, but even the cur-
rently more cost-effective first-generation biofuels become difficult to produce in a
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cost-effective manner. Roboredo et al. suggest that “huge state subsidies” would be
needed to maintain viable biofuel production amidst the crashing oil prices
[199]. Although the short-term outlook on biofuel and renewable chemical produc-
tion is uncertain, it is anticipated that the continuing volatility of oil prices is likely
to encourage further research for efficient, economical, and renewable biofuel and
renewable chemical production.

Although there are many companies which produce renewable fuels or fuel
additives, there also exist many companies worldwide which employ microbial
fermentation for the production of non-fuel, renewable chemicals. In many cases,
the exact specifications of the species of microbe used or the precise metabolic
pathway engineering protocol are not entirely disclosed. However, some of the
more notable companies using a yeast-based fermentation platform include DSM,
Verdezyne, BioAmber, Amyris, and NatureWorks, which produce, respectively,
succinic acid [200], adipic acid [201], 1,4-butanediol [202], farnesene [203], and
lactic acid [204].

6 Conclusion

Equipped with rapid advances in metabolic engineering, synthetic biology, and
genomics, the production of fuels and non-fuel chemicals by engineered
S. cerevisiae has developed tremendously. Several of these advances have
transitioned to industrial-scale fermentation processes, allowing for the sustainable
production of many valuable chemicals from renewable biomass. Despite these
advances and growing numbers of industrial examples, many barriers still exist,
which can hinder the further adoption of S. cerevisiae industrial fermentations.

Currently, global oil prices have reached the lowest levels in approximately a
decade [199]. Low oil prices are a major detriment not only to the cost-effective
production of renewable fuels and chemicals but also to consumer and government
sentiment regarding the short-term importance of developing a renewable chemical
industry infrastructure. Furthermore, reduced oil prices significantly lower the cost
of petroleum-based chemicals, which places additional pressure on renewable,
fermentation-based biochemical production. Despite these pressures, many indus-
trial biobased processes, such as succinic acid production (from E. coli) [205] and
bioethanol production (from S. cerevisiae) [186, 187], are still considered to be
feasible or even preferential to petrochemical production.

Moving forward, newer and more complex industrial-scale fuels and chemicals
can be produced by engineered S. cerevisiae as volatile oil prices and depletion of
finite fossil fuels encourage investment in biobased alternatives. Nearly all
industrial-scale S. cerevisiae fermentations start as laboratory-scale studies follow-
ing the “Design, Build, Test, and Learn” cycle (Fig. 1), but simpler single-step
metabolic pathways, such as producing lactic acid by a heterologous lactate dehy-
drogenase [140], can give way to complex, multi-step pathways, such as producing
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opioids [114]. Collectively, the impact of engineered S. cerevisiae on the biobased
fuel and chemical industries is likely to expand in the near future.
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