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Simple Summary: Metabolic engineering involves the sustainable production of high-value products.
E. coli and yeast, in particular, are used for such processes. Using metabolic engineering, the
biosynthetic pathways of these cells are altered to obtain a high production of desired products. Fatty
acids (FAs) and their derivatives are products produced using metabolic engineering. However,
classical methods used for engineering yeast metabolic pathways for the production of fatty acids
and their derivatives face problems such as the low supply of key precursors and product tolerance.
This review introduces the different ways FAs are being produced in E. coli and yeast and the genetic
manipulations for enhanced production of FAs. The review also summarizes the latest techniques
(i.e., CRISPR–Cas and synthetic biology) for developing FA-producing yeast cell factories.

Abstract: Metabolic engineering is a cutting-edge field that aims to produce simple, readily available,
and inexpensive biomolecules by applying different genetic engineering and molecular biology
techniques. Fatty acids (FAs) play an important role in determining the physicochemical properties
of membrane lipids and are precursors of biofuels. Microbial production of FAs and FA-derived
biofuels has several advantages in terms of sustainability and cost. Conventional yeast Saccharomyces
cerevisiae is one of the models used for FA synthesis. Several genetic manipulations have been
performed to enhance the citrate accumulation and its conversation into acetyl-CoA, a precursor for
FA synthesis. Success has been achieved in producing different chemicals, including FAs and their
derivatives, through metabolic engineering. However, several hurdles such as slow growth rate, low
oleaginicity, and cytotoxicity are still need to be resolved. More robust research needs to be conducted
on developing microbes capable of resisting diverse environments, chemicals, and cost-effective
feed requirements. Redesigning microbes to produce FAs with cutting-edge synthetic biology and
CRISPR techniques can solve these problems. Here, we reviewed the technological progression of
metabolic engineering techniques and genetic studies conducted on S. cerevisiae, making it suitable as
a model organism and a great candidate for the production of biomolecules, especially FAs.

Keywords: metabolic engineering technologies; fatty acid production; fatty acid in yeast

1. Introduction

Metabolic engineering is the scientific discipline that is used to study the systematic
analysis of biological pathways with molecular biology techniques to modify the metabolic
potential and genetics of microorganisms in order to produce desired products. It deals
with metabolic fluxes and their reactions to determine the metabolic functions in systems
biology [1].

Metabolic engineering took its first leap when genes were introduced into bacteria for
the first time in 1973 [2]. Soon after the production of insulin [3], it was assumed that the
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production of molecules could be possible with the insertion of a single gene into microbes.
However, the analysis of ethanol’s overproduction made scientists realize that the process
is more complex than previously thought, and it involves manipulating several genes
responsible for ethanol production [4]. Thus, attention turned into diversifying techniques
for the production of chemical components. A large number of articles were published in
the 1990s addressing the science of metabolic engineering [5,6]. The researchers primary
goal was to manufacture chemicals, including other applications such as bioremediation
and bio-sensing [7]. Overall, metabolic improvement falls into three categories. First,
enhancements in the productivity or yield of the desired product are usually achieved by
the overexpression of genes that code for a particular protein that helps produce the desired
product. Second, byproducts’ production is reduced by removing genes (or genes) that code
for a rate-limiting enzyme [8]. The metabolic flow of a pathway can be redirected by the
deleting genes involved in the accumulation and production of non-productive reactions.
Third, increasing the precursor supply and improving product efflux are performed to
increase the yield.

This review discusses the technological advancement for fatty acid (FA) production in
yeast and other microbes, ranging from classical techniques such as random mutagenesis to
cutting-edge technologies such as CRISPR and synthetic biology. We also discuss different
sources of FA production and gene manipulation techniques such as recombinant DNA
technology, synthetic biology, and CRISPR–Cas, with a particular focus on S. cerevisiae.

2. Microbes as Cell Factories in Metabolic Engineering

The sustainable production of biomolecules requires the engineering of microbial cell
factories using metabolic engineering principles. They can convert inexpensive feedstocks
into chemicals and fuels [9]. The traditional ways to produce these chemicals and fuels
have not been able to meet the required demand. Due to economic and ecological goals,
microbial production of these chemicals and fuels is growing. However, the efficiency of
these microbes to produce these chemicals and fuels is low, which has shifted the focus
on engineering microbial-based cells into fully-fledged microbial factories, leading to an
alternative approach that has the potential to remove the bottlenecks linked with the other
production routes.

Preferably, a microbial cell factory should possess specific characteristics that enable
it to produce desired products from the desired feedstock. There are three main features
such as (i) enough basic knowledge of the microbe, modeling of media cultures, and
bioprocesses, and (ii) the information of dietary requirements. Typically, microbes that can
feed on simpler carbon and nitrogen sources are preferred; (iii) resistance to various stresses
is crucial since it can affect the overall productivity. Other factors, such as tolerance to harsh
conditions, such as high temperature and pH in the fermenter, are also considered [10].
Ideally, the selection of microbial chassis for the biosynthesis of FAs is performed based
on their extensive engineering capacity to produce oleochemicals at a high titer [11].
In addition, the engineering strategies in these microorganisms should enhance the supply
of metabolic precursors for FAs, such as acetyl-CoA and redox cofactor NADPH.

Moreover, heterogeneous enzymes should also be implemented to functionalize fatty
acyl-CoAs into desired derivatives [12]. Currently, model organisms such as E. coli and
S. cerevisiae are mostly being utilized as microbial chassis for the synthesis of FAs and are
discussed in detail in the reviews [13–15]. However, many other promising organisms
are also being explored. For instance, Rhodococcus opacus, a chemolithotrophic oleaginous
bacterium, has recently been engineered by the deletion of acyl-coenzyme synthetases
and the increased exprssion of three lipase enzymes which had lipase-specific foldase to
produce 50.2 gL−1 of Free fatty acids (FFAs) [16].

Robustness is a major requirement while selecting microbes as a cell factory. How-
ever, additional challenges are faced during the production of novel compounds using
engineered pathways [17]. Classical studies aiming to solve toxicity rely on physiological
or cytological effects that lack understanding of the molecular mechanisms of interaction
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between the microbe and the toxic compounds [18,19]. However, technological advance-
ments have shifted the focus of toxicological assessment to mechanism-centered analysis at
the genome-wide level [20]. More recent techniques to deal with toxicity have relied on al-
tering the membrane’s permeability, a concept often called membrane engineering [21]. For
instance, the plasma membrane’s oleic acid can be increased through rat elongase 2 gene
overexpression, resulting in the increased tolerance of S. cerevisiae to ethanol, propanol,
and butanol.

With the development of next-generation DNA assembly and synthesis tools, microbes’
development and characterization as chassis has been in focus. However, not all microbes
can be cloned. For instance, more than 99% of the environmental microbes cannot be
cultured and studied using the current technologies [22]. Further, foreign genes in a host
organism are sometimes expressed weakly or not and are often called “silent” or “cryptic”
gene clusters. Other limiting factors include codon optimization between organisms,
inadequate precursors and cofactors, and toxicity [23].

3. The Importance of FA Production by Microbes

FAs are essential components of cellular processes and are involved in cell signaling
and building the phospholipid bilayer of the cell membrane [24]. Generally, FAs are classi-
fied into FFAs, fatty alcohols, alka(e)nes, and fatty acid esters [25]. In terms of branching,
most natural FAs contain an unbranched chain that ranges from C3 to C28. At the same
time, they are classified based on chain lengths into short (≤6), medium (7–12), long (13–20),
and very-long-chain FAs (>20) [26]. Industrially, FAs and their derivatives have great im-
portance for producing industrial products such as detergents, soaps, lubricants, cosmetics,
and pharmaceutical products [27]. FA-derived components are called oleochemicals. They
are also used to produce transportation fuels such as biodiesel [28].

Oleochemicals are primarily derived from plant-based and animal fat sources, which
have increasingly concerned sustainability and adverse effects on the environment [29].
Because of environmental sustainability issues such as deforestation associated with the
plantations of new oil-based crops, plant sources are not encouraged. However, non-edible
oil plants such as jatropha tree (Jatropha curcas), karanja (Pongamia pinnata), and mahua
(Madhuca indica) are much more cost-effective as compared to edible oil crops since they can
be easily harvested in lands where edible oil crops cannot grow [30]. Some other sources
include animal fats, which come as a byproduct of the meat industry and are the cheapest
sources. For example, in 2007, the average international prices for poultry fat, yellow
grease, and waste cooking oil used for biodiesel production were 256, 374, and about
200 USD/t, respectively, which are 2.5–3.5 times lower as compared to virgin vegetable
oils which is 500–800 USD/t [31]. Additionally, to obtain valuable derivatives such as fatty
acid alkyl esters (FAAEs)from animal and plant-based fats, the transesterification step is
required, making the process expensive.

Recent concerns regarding climate change and crude oil depilation have increased
the attention to cleaner biofuels’ production using carbohydrates as a feed source [32,33].
With these concerns growing, alternative sources for cleaner and greener biofuels are being
explored. For example, the production of algal biofuels has been a hot topic. Particularly,
microalgae strains such as Chlamydomonas reinhardtii and Microchloropsis gaditana, which
can produce lipids up to 60% of its dry weight biomass, have been intensively studied
due to their high oleogenic capability [34]. Bioengineering efforts in algae for biofuels
have focused mainly on the increased expression of acetyl-CoA carboxylase involved in
FA synthesisand blocking starch biosynthesis. Although the overexpression of acetyl-
CoA carboxylase in C. cryptica and Navicula saprophila did not show any increased oil
production [35], the overexpression of glucose-6-phosphate in P. tricornutum enhanced the
production of NADPH, resulting in the increased production of lipids up to 55.7% of its
dry weight [36]. Despite successful bioengineering efforts, reviewed elsewhere [37], there
are many limitations, and the future of algal fuels is uncertain [38,39]. Algae utilize a lot
of water, and larger-scale biofuel production would require water at as large a scale as
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agriculture. They not only require large surfaces that make it expensive but may face issues
such as contamination and maintenance of culture conditions [40]. Moreover, there are
certain risks such as harm to the ecosystem structure that may lead to harmful algal blooms
and the chance of lateral transfer of genes from algae to other organisms associated with
the wide range culturing of genetically modified microalgae [41].

FA production in microbes serves as an excellent alternative for the production of
biofulels. Initial studies of the microbial production of FAs took place in the 20th century
when evidence of similarities between microbial oil and FAs was found in animals and
plants [42]. Moreover, confirmation about the storage capabilities of FAs by microbes was
also established around that time [43]. Microbes that could accumulate 20% FAs of the total
biomass were termed “oleaginous” [44].

Recent advancements in the field of metabolic engineering have made it possible to
industrially synthesize hydrocarbons in microbes. Linear hydrocarbons such as alkanes,
alkenes, and esters, particularly hydrocarbons for diesel and jet fuels, can be synthesized
by microorganisms using the FA biosynthetic pathway [45,46]. They use low-cost sub-
strates and offer significant advantages in cost and sustainability [47]. Moreover, microbes’
metabolic diversity offers a great range of substrates that can be utilized to produce biofuels.
Microbial production of FAs does not need the chemical trans-esterification step required
to produce FFAs from vegetables and animal sources.

Another aspect of using microbes is the potential for diversifying the substrate range.
This is usually performed by introducing new genes or a pathway enabling the host or-
ganism to utilize a new substrate. Recently, Gleizer et al. showed a proof-of-concept
study in Escherichia coli by utilizing CO2 as a substrate to produce all of its biomass [48].
In order to rewire the central carbon metabolism of the E. coli, the group co-expressed
formate dehydrogenase, phosphoribulokinase, and RubisCO. These three enzymes are
involved in CO2-fixing during the Calvin–Benson–Bassham cycle. However, the study did
not only rely on bioengineering, and adaptive laboratory evolution was also applied to
achieved autotrophic growth. This is very significant since the low-cost feed source for
producing highly valued products is highly demandable [48]. Similarly, several studies
utilizing CO2 as an abundant, low-cost feedstock for biochemical production have been
conducted [49–51]. Altogether, with great potential for FA production and ultimately
biofuels, microbes hold immense promise. Yeast, which is generally regarded as safe, is
being utilized to produce FA. With current metabolic engineering techniques, they can
synthesize FAs and produce enzymes utilized for the industrial production of biomolecules.
Recent technological advancements in DNA synthesis, assembly, genome editing, and
computational approaches have substantially improved FA production and the production
of other compounds in microbes. In E. coli and yeast, these advancements have led to the
production of artemisinic acid [52], resveratrol [53], FAs [25,54–58], and alkanes [45]. Re-
cently, by engineering synthetic metabolic pathways, the engineered strain of Rhodococcus
opacus was able to produce higher FAs as well as long-chain hydrocarbons as compared
to the wild-type [16]. However, FAs’ microbial production has not reached its full poten-
tial as they face problems such as low titer, low yield, slow growth, and low resistance
to complex media. Nevertheless, the increased understanding of regulatory networks,
the enhancement of gene editing technologies, and new sophisticated combinatorial ap-
proaches of metabolic engineering and synthetic biology can overcome the bottlenecks in
the production of microbial FAs.

4. Genetic Manipulations in FA Production

The majority of the genetic manipulations in microorganisms have targeted E. coli
to produce FAs. Plant-based, renewable feedstocks, for example biomass-derived carbo-
hydrates, have been utilized to produce FAs in E. coli. Steen et al. [25] synthesized fatty
esters (biodiesel), fatty alcohols, as well as waxes in engineered E. coli by expressing the
native E. coli thioesterase, tesA (a “leaderless” version of TesA), and also eliminated FadD
and FadE, the first two competing enzymes which are involved in b-oxidation. Similarly,
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about 11% more FAs were produced in an engineered E. coli than the control through the
over-expression of fabD from four different sources. The well-studied and characterized
E. coli fabD gene encodes malonyl CoA-acyl carrier protein transacylase, which catalyzes
malonyl-CoA to malonyl-ACP [59]. An increase in the amount of FFAs was observed in the
strains having the fabD gene from E. coli, Streptomyces avermitilis MA-4680, or Streptomyces
coelicolor A3(2). However, the strain carrying the fabD gene from Clostridium acetobutylicum
ATCC 824 was found to produce the same amount of FFAs as the control strain. Notably,
the overexpression of the fabD gene was performed by an optimized gene construct. The
fabD gene was cloned to form an operon with the TE gene, and hence achieving the over-
expression of the gene. The study suggested that FFA production improvements can be
brought through the overexpression of the fabD gene to increase malonyl-ACP activity [60].

Similarly, the level of an omega-hydroxy fatty acid, 3-hydroxy propionic acid pro-
duction, has shown an increased titer up to 1.8 gL−1 h−1, 1.4-fold higher than the wild
type. In the study, Chu et al. increased FA production by identifying and cloning
novel aldehyde dehydrogenase, GabD4 from Cupriavidus necator. Upon investigation,
GabD4_E209Q/E269Q showed the highest enzymatic activity. Metabolic enhancement in
E. coli through fatty acyl-ACP reductase from Synechococcus elongatus resulted in improve-
ment of both productivity and yield [61]. The endogenous E. coli AdhP plays a vital role in
reducing fatty aldehydes to fatty alcohols, and thus, the study established an encouraging
synthetic route for industrial microbial synthesis of fatty acid in method E. coli [62].

Although most of the work for the microbial production of FAs has been performed
using E. coli, other organisms have also been utilized. S. cerevisiae has also been a subject
of many genetic manipulations for metabolic engineered products, and FAs are not an
exception. In yeast, the majority of metabolic fluxes are involved in ethanol production
during the fermentation process. Therefore, most enhanced FA production strategies are
devised to redirect the fluxes to go through the ethanol pathway. To increase microbial
FA production, the main target is to increase the amount of acetyl-CoA, malonyl-CoA,
and fatty acyl-CoA. Thus, genetic manipulations for the enhanced synthesis of FAs often
target the genes involved in these molecules’ production. Since yeast (S. cerevisiae) does
not have enough cytosolic acetyl-CoA production, improving the supply of acetyl-CoA,
several genetic manipulations in S. cerevisiae have been conducted. One way to increase the
amount of acetyl-CoA production is to inactivate its consumption pathways. The glycolytic
flux was redirected towards acetyl-CoA by inactivating the genes for ethanol formation
and glycerol production. The inactivation was performed using the widely used marker-
based homologous recombination, the loxP–KanMX–loxP method [63]. The inactivation of
ADH1, ADH4, GPD1, and GPD2 genes resulted in the production of 100 mg/L FA-derived
advanced biofuel, n-butanol [64].

Similarly, in another study, citrate levels were increased by deleting IDH1 and IDH2
genes, which play a role in citrate turnover in the TCA cycle through the marker-based
homologous recombination. The strategy yielded a 3–4-fold increase in the citrate levels.
The excess of citrate was dealt with by the overexpression of a heterologous ATP-citrate
lyase (ACL), and hence a significant amount of FAs was recorded in the study [65]. More-
over, Zhou et al. reported 10.4 gL−1 of FFAs, a 20% increase compared to the previously
recorded amount, in engineered S. cerevisiae by optimizing a synthetic citrate lyase pathway.
This was done by expressing the ATP citrate lyase and malic enzyme [56]. Alongside
the optimization of the two genes, the upregulation of the native mitochondrial citrate
transporter and malate dehydrogenase was also performed in the study. Additionally, the
malate synthesis pathway was tweaked to increase the production of FAs. For instance, FA
production was increased from 460 to 780 mg/L, a 70% increase [66], by downregulating
malate synthase, cloning of ATP citrate lyase from Y. lipolytica, and eliminating the expres-
sion of cytoplasmic glycerol-3-phosphate dehydrogenase. Altogether, due to these genetic
manipulations, 0.8 g/L of FFAs in shake flasks was recorded.

Malonyl-CoA, another important precursor for the biosynthesis of FAs in S. cerevisiae,
is catalyzed by acetyl-CoA carboxylase (ACC) from acetyl-CoA. Increasing the supply of
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malonyl-CoA is vital for increasing FAs in yeast. The increased expression of the ACC1
gene (encodes ACC) and FAS gene yields a higher level of malonyl-CoA. In S. cerevisiae,
the overexpression of ACC1, FAS1, and FAS2 enhanced the titer of FAs [67]. Moreover,
heterogeneous expression of genes to obtain an increased supply of malonyl-CoA has
also been performed. For instance, FAS expression from Brevibacterium ammoniagenes
in S. cerevisiae resulted in producing 10,498 µg FAEE/g CDW of fatty acid ethyl ester, an
increase of about 6.2-fold compared to the wild type [68]. In another study, a more direct
approach to increasing the supply of malonyl-CoA was taken. AAE13, a plant malonyl-
CoA synthetase gene overexpression in S. cerevisiae, led to the increased accumulation of
lipid and resveratrol of 1.6-times and 2.4-times, respectively [69]. More recently, dCas9
and malonyl-CoA responsive intracellular biosensors were used to identify novel gene
expression fine-tuning set-ups to enhance the levels of acetyl-CoA and malonyl-CoA.
A total of 3194 gRNAs were used to target 168 selected genes, followed by screening
potential malonyl-CoA overproducers using fluorescence-activated sorting assay [70].

On the other hand, another way to increase the oleaginous microbes’ efficiency by
increasing NADPH supply is to reduce the acetyl groups (CH3–CO–) in the growing acyl
chain of FAs (–CH2– CH2–). In most oleaginous species, the malic enzyme provides most
of the NADPH for FA biosynthesis [71]. Additionally, the pentose phosphate pathway
(PPP) provides the additional NADPH required. In order to increase the production
of FAs, the enzyme involved has been manipulated. A study by Hao et al. [72] shows
the overexpression of the genes for glucose-6-phosphate dehydrogenase (G6PD) and 6-
phosphogluconate dehydrogenase (6PGD), the enzymes responsible for increasing the
supply of NADPH. Because of the overexpression of the genes, the engineered strain
produced 8.1 ± 0.5 g/L FAs, which is an increase of 1.7-times [72].

5. Recent Advancements of Technologies in Metabolic Engineering

With the recent advancements in the field of metabolic engineering and other bio-
logical tools, it has become easier to manipulate organisms for the desired purposes. The
construction of living cells using scalable genetic parts can be performed in the modern age
by using various genome editing tools, DNA assembly and chemical DNA synthesis tools
to introduce the desired functional properties required in microbes [73]. Beyond classical
techniques of random perturbations, many other technologies have been utilized for stain
improvements. For instance, transposons have been used in metabolic engineering to
improve many species [74,75]. In S. cerevisiae, transposon insertion mutagenesis has been
utilized for enhanced FA production. In the study, five open reading frames (ORFs), SNF2,
IRA2, PRE9, PHO90, and SPT21, through transposon-based insertion, were found to be
associated with increased lipid content [76]. Although these ORFs are not directly related
with storage of lipid biosynthesis, however, it has been speculated that they may have
a role in carbon fluxes towards the storage of lipids. However, the major problem with
transposons is random targeting that can be problematic and hard to predict, making them
an unpopular choice. Apart from DNA targeting technologies, transcription regulatory
technologies have also been utilized. For instance, RNA interference and antisense RNA
approaches have been used for this purpose [77,78]. Using RNAi, Takeno et al. improved
the FA content of M. alpine. They were able to silence the 12-desaturase gene involved
in FA synthesis and obtain a higher amount of FAs. More importantly, the RNAi-based
silencing did not compromise the FA composition [79].

On the other hand, targeted nucleases that induce double-stranded breaks are of
particular interest. These nucleases can create a double-stranded cut, which is repaired by
the cell either through a non-homology end-joining repair (NHEJ) or if a repair fragment
is available; the path of homology-directed repair (HDR) is taken, which is helpful for
the insertion of genes in the genome (Figure 1a). Transcription activator-like effector
nuclease (TALEN) has been studied intensively for its activity and specificity [80,81].
TALEN consists of the fusion of two fused DNA binding domains linked to the N-terminal
end of the nonspecific FokI nuclease domain that cuts the DNA, requiring two DNA
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binding domains [82]. TALEN-based metabolic engineering of Yarrowia lipolytica has
been applied to produce medium-chain FAs by introducing point mutations identified
through computer-aided engineering in the ketoacyl synthase domain of FAS. The domain
is directly linked with chain length specificity [83]. Furthermore, innovative gene-editing
technology, the clustered regulatory short palindromic repeats (CRISPR), is much more
convenient. CRISPR works through a guide RNA (gRNA) that is specific for each target
site and Cas (CRISPR-associated) protein [84]. The gene-editing technology is relatively
more straightforward, cost-effective, seamless, and can achieve marker-free genome edits.
Targeting a new gene only requires the redesigning of gRNA.
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Although CRISPR/Cas9 is widely applied in metabolic engineering, other CRISPR
proteins are also being utilized. For instance, CRISPR Cas12 (also called Cpf1), which offers
certain advantages compared to Cas9, has also been utilized for genome engineering [85].
The CRISPR–Cpf1 system can recognize T-rich PAMs (TTTN) as compared to the purine-
rich PAMs (NGG) of Cas9, thus extending the target range, and it can create a double-
stranded cut in a staggered manner, which is helpful for precise gene editing [86]. Cas12
has a lesser number of off-target effects [87], and it also has dual endoribonuclease and
endonuclease activities, which makes it an alternative choice compared to Cas9 [88].

CRISPR-based editing of microbial genes has been applied in bacteria [89] and
yeast [90,91]. Moreover, simultaneous targeting of several genes is possible with CRISPR [92],
as reviewed elsewhere [93]. Multiple targeting is of great importance for metabolic engi-
neering since most pathways involve multiple gene networks working in a coordinated
manner; targeting a single gene may not improve the desired product. Multiplex targeting
with CRISPR can solve the problem as several gRNA targets are chosen, and they can
be directed towards the desired target at the same time. In S. cerevisiae, many CRISPR-
mediated genetic manipulations have been conducted to produce desired bioproducts. For
instance, it has been applied for the engineering of marker-free xylose-fermenting yeast [94].
In another study, five genes were simultaneously knocked out in the mevalonate pathway,
which resulted in a 41-fold increase in the amount of mevalonate [95]. More specifically,
CRISPR-base metabolic improvements of FAs have been applied. For instance, CRISPR-
based deletion of FA activation genes by Ferreira et al. resulted in a 40-fold increase in the
FFA production in S. cerevisiae compared to the wild type, deleting genes resposible for the
synthesis of storage lipids, FA oxidation, and the conversion of FFAs to fatty acyl-CoA [96]
In the study, FAA1 and FAA4, the acyl-CoA synthetase-encoding genes responsible for
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the deregulation of fatty acid biosynthesis, were removed as a result, and the modified
strain was able to produce 35 mg·gDCW−1 of FFAs, about 10-fold more as compared to the
control strain. Similarly, POX1, which encodes fatty acyl-CoA oxidase, was also deleted in
the previously modified strain to prevent FFA and acyl-CoA degradation. The deletion
resulted in a 58% increase in the production of FFAs, to 53 mg·gDCW−1. Furthermore,
the deletion of PAH1, LPP1 and DPP1 resulted in an increase in FFAs to 102 mg·gDCW−1,
a 98% increase. Phosphatidic acid (PA) is characterized as an important signaling molecule
for the regulation of lipid metabolism, but its dephosphorylation results in the formation
of diacylglycerols. High levels of PA are linked with the upregulation of the fatty acid
biosynthesis machinery. The deletion of genes PAH1, LPP1, and DPP1 involved in the
dephosphorylation of PA resulted in a 98% increase in total FFAs, 102 mg·gDCW−1 [96].
Similarly, Hyoung et al. applied CRISPR-based engineering in S. cerevisiae to disrupt the
isocitrate dehydrogenase gene of the TCA cycle and, at the same time, HDR-based inser-
tion of the ATP-citrate lyase gene [97]. CRISPR-based engineering achieved ~a 2 times
increase in FA production than the non-CRISPR engineered species reported earlier by
Tang et al [65].

Moreover, CRISPR can also be repurposed for gene activation and silencing without
inducing a double-stranded break [98]. Catalytically dead Cas9 (dCas9) and dCas12a [99]
can be used by regulating the expression of a particular gene without inducing a double-
stranded break. For example, a 36% increase in the titer of the medium-chain FAs was
achieved via CRISPR-mediated interference by repressing the fermentative pathways [100].
In short, the catalytically inactive Cas proteins are incapable of any cleavage activity and
can be fused with other functional domains such as transcriptional activator and repressor
domains to achieve gene regulatory functions (Figure 1b). Moreover, the nuclease deficient
variants of Cas can also be used for targeting several genes simultaneously [70].

Another CRISPR tool is base editing, which is achieved through the fusion of dCas9
with base editors [101]. Two types of base editors are primarily used: adenine and cyti-
dine base editors. These editors are capable of specific nucleotide conversations. This is
considered very valuable since it does not require the DSB of DNA and thus eliminates
the requirements of repair fragments [102]. Recent advancement in gene-editing tech-
nologies, specifically CRISPR, has shown great potential due to its more straightforward
design, efficiency, and specificity. There are still many problems, such as the problem of
off-target effects, that need to be solved to explore the full potential of CRISPR in metabolic
engineering [103].

Although DNA manipulating techniques have played a significant role in advancing
metabolic engineering, many problems such as low titer, yield, and tolerance still await
enhancement. Traditional DNA manipulation techniques are tedious, time-consuming, and
require several restriction digestions, such as ligation-based cloning. On the other hand,
synthetic biology provides more sophisticated de novo synthesis and assembly methods
of desired DNA that can be used for the reconstruction of desired pathways for different
metabolic engineering applications. Furthermore, metabolite sensors are useful tool for
metabolic engineering applications. They can be used both for high-throughput screening
of high-producers and also for pathway regulation in response to specific metabolic stimuli.
These biosensors sense the signals and give an output, which can be fluorescent molecules
or regulatory switches. They can be transcription factor (TF)-based, RNA-based, and
enzyme-coupled biosensors. In S. cerevisiae, fatty acid biosensors have been reported [104].
The bacterial FadR transcriptional repressors were used for the construction of fatty acid
sensors. The same group, bacterial constructed xylose biosensors using XylR repressors,
can control protein expression upon the detection of xylose [105]. Similarly, a synthetic
sensor for the malonyl-CoA in S. cerevisiae has been reported [106]. The biosensor was
constructed using a codon-optimized FapR and a synthetic promoter, and was combined
with a genomic cDNA library to enhance the synthesis of 3-hydroxypropionic acid in
S. cerevisiae.



Biology 2021, 10, 632 9 of 19

With the advancements in synthetic biology tools, the applications of metabolic engi-
neering can be extended, and the bottlenecks such as product tolerance and low supply of
key precursors can be solved. For instance, synthetic biology has been used to enhance
FA-derived biofuels in E. coli [107] and improve tolerance in S. cerevisiae [108].

6. Yeast and Production of FAs Using Metabolic Engineering

Yeast is an important organism that has been used extensively as a model organism
for molecular biology studies. It is the first eukaryotic organism whose genome has been
sequenced [109]. Compared to molds and algae and tolerance towards harsh conditions
in industrial production, its high growth rate contributes to the popularity of oleaginous
yeast as an ideal organism for producing FAs and next-generation biofuels [110].

A large breadth of genetic information is available about the yeast genome. Various
specific databases are available, containing genetics, proteomics, and interactomics infor-
mation (Table 1). The information has been handy in considering which genes should be
selected as a target for metabolic enhancement. Winzeler et al., in 1999, performed splen-
did work on a project popularly called The Saccharomyces Genome Deletion Project [111].
During the project, 6925 Saccharomyces cerevisiae strains were constructed, knocking out
almost 96% of the yeast genome. The project provided unique knowledge of over 6000 gene
disruption mutants and proved to be of great importance for future metabolic engineers.
Apart from metabolic engineering uses, yeast has also become a reliable model organism for
studying various fundamental studies such as the cell cycle [112], numerous cancers [113],
and viruses [114]. Generally, there two methods of designing yeast strains: one involves
the introduction of foreign genes to modify its metabolic pathways that can face regulatory
issues, and the other without inducing any DNA edits or only introducing genetic material
limited to the genus Saccharomyces, which is often called self-cloning [115]. Since these
genetic perturbations may also occur naturally by breeding and self-cloning that’s why in
several countries, they are acceptable.

Table 1. Yeast-related online databases and their web links.

Database Website

Saccharomyces Genome database http://genome-www.stanford.edu/ (accessed on 25 June 2021)

Yeast deletion project http://www-sequence.stanford.edu/group/yeast_deletion_project/
deletions3.html (accessed on 25 June 2021)

Transcriptional regulatory code of yeast http://younglab.wi.mit.edu/regulatory_code/ (accessed on 25 June 2021)

Yeast GFP fusion localization database https://yeastgfp.yeastgenome.org/ (accessed on 25 June 2021)

General repository of interaction datasheets https://thebiogrid.org/ (accessed on 25 June 2021)

Yeast search for transcriptional regulators and
consensus tracking http://yeastract.com/ (accessed on 25 June 2021)

Cold Spring Harbor laboratory https://reactome.org/ (accessed on 25 June 2021)

In yeast, FA biosynthesis starts with converting acetyl-CoA to malonyl-CoA through
the enzyme acetyl-CoA carboxylase in the cytosol. The precursors, malonyl-CoA, and
acetyl-CoA are condensed by FA synthases (FASs) to FAs using malonyl-CoA as the exten-
der unit. Each elongation of two-carbon units in FA biosynthesis requires two NADPH. FAs
in the cytosol of S. cerevisiae are catalyzed by the type I FAS system and have two functional
subunits: the α-subunit and β-subunit encoded by FAS2 and FAS1, respectively [116,117].
Although type II FAS is also responsible for FAs, most FAs in S. cerevisiae are synthesized
by the type I FAS system. Principally, there are two ways of generating acetyl-CoA in
yeast cells. First, CoA is generated from the glycolysis of fermentable sugars through
the pyruvate–acetaldehyde–acetate pathway through cytoplasmic acetyl-CoA synthases
activity. The second source for acetyl-CoA synthesis in S. cerevisiae is the excess of citrate
(Figure 2). This excess amount of citrate is transported with the help of citrate transport

http://genome-www.stanford.edu/
http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.html
http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.html
http://younglab.wi.mit.edu/regulatory_code/
https://yeastgfp.yeastgenome.org/
https://thebiogrid.org/
http://yeastract.com/
https://reactome.org/
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protein [118]. Citrate is finally catalyzed by ATP-citrate lyase, an enzyme present in all
oil-producing microorganisms [119].
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Figure 2. Genetic perturbations in S. cerevisiae for enhanced production of FAs. These genetic
perturbations result in higher levels of FAs in S. cerevisiae. Once there is an excess of citrate in
the cytosol, the gene responsible for converting citrate to acetyl-CoA, ACL (shown in red in the
cytosol), is inserted into S. cerevisiae. These genetic perturbations result in higher levels of FAs in
yeast. The strengthened steps involved in enhanced FA production are indicated in blue, and the
blocked steps are indicated in red color.

The possible way for the metabolic improvement of acetyl-CoA production, as pro-
posed by [120], is first to increase the amount of citrate accumulated in the tricarboxylic
acid cycle (TCA cycle), and then transport the excess of citrate in order to generate cy-
tosol acetyl-CoA. This is a promising pathway to provide precursors for FA biosynthesis.
Another aspect of the improved production of FAs in S. cerevisiae is citrate catabolism.
During the TCA cycle, citrate catabolism is performed by an enzyme of mitochondrial
origin, isocitrate dehydrogenase. The enzyme is coded by two distinct genes, IDH1 and
IDH2 [121]. The accumulation of citrate is directly linked to its consumption and hence to
the enzyme activity, i.e., if the enzyme activity is high, there is less accumulation of citrate
and less chance of producing a high amount of acetyl-CoA. To achieve high production,
the enzyme activity needs to be reduced. This is performed by disturbing the genes IDH1
and IDH2 separately, and then the effect on citrate accumulation is measured compared
to the wild-type strains. The double gene disturbance resultantly yielded a 4 to 5-fold
enhancement in citrate level in the media. This suggested that since two genes and those
genes code, the enzyme that catalyzes citrate was disturbed in the process, resulting in the
net increase in citrate accumulation in the media [65].
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Furthermore, the production of a surplus amount of citrate is not only required; in-
stead, the accumulated citrate should also be converted into cytosolic acetyl-CoA. This
is performed by the enzyme ATP-citrate lyase (ACL). Several studies regarding the ef-
fect of ACL on the cytoplasmic acetyl-CoA generation or FA accumulation have been
conducted [122,123]. These studies established a relationship between ACL action and
acetyl-CoA precursor synthesis for FA production. However, despite being present in
various organisms, including human cells, animal cells, plant cells, and in certain species
of yeasts, the enzyme is absent in the Saccharomycotina. Therefore, an obvious target for
improving acetyl-CoA production and eventually increasing FA synthesis is the insertion
of genes that code for the enzymes responsible for catalyzing the accumulated citrate to
acetyl-CoA in the cytosol [65]. Similarly, in another study, pyruvate was directed towards
endogenous cytosolic acetyl-CoA biosynthesis by deleting IDH1 and expressing ACL from
Aspergillus nidulans for production mevalonate [124]. This strategy of directing flux through
the ACL pathway by increasing citrated supply and the expression of active ACL can be
applied to synthesize acetyl-CoA-derived molecules such as FAs.

7. The Expectations in FAs Produced by Metabolic Engineering in Yeast

The production of both small and large molecules has been performed in yeast for
many years. These include alcohols, hydrocarbons, and proteins. Yeast, like E. coli
also holds certain advantages. It grows fast and utilizes cheap carbon sources, and
it has very well-established genetics, thanks to the amount of work performed on its
genome [125]. Moreover, its robustness and tolerance to the harsh conditions experienced
during industrial-scale cultivations have made it an attractive choice for the production of
biomolecules.

In recent years, sequencing and assembly technologies have significantly improved,
and their cost has dropped exponentially. Moreover, these technological improvements
have resulted in a surge of vast amounts of data about biosynthetic genes (BSGs) and
pathways responsible for producing natural products [126,127]. A notable example of
omics-based BSG discovery is the identification of over 33,000 putative bacterial gene
clusters during the analysis of 1154 diverse bacterial genomes [128]. In another study,
Xiaoyu Tang et al. discovered a bacterial gene cluster for thiotetronic acid antibiotics,
a class of compounds that blocks FA synthesis in Salinispora strains [129]. Furthermore,
in P. pastoris, transcriptomic data were utilized to mine and characterize novel methanol
inducible promoters by [130]. In E. coli, similar efforts have been made to discover burden-
specific promoters using transcriptomic data and to generate a metabolic-burden responsive
feedback circuit for controlling the expression of genes [131]. With such an amount of
information about gene and metabolic pathways and the introduction of fast-paced and
cheaper technologies, manipulating metabolic pathways to produce the desired products
has become much more accessible and rapid than ever before.

However, there are still many hurdles, such as poor predictive models due to the
inherent non-linearity of biological systems, the lack of widely applicable and scalable part
libraries, and low-throughput characterization techniques.

Non-conventional yeasts are also gaining much attention and are being characterized
due to their beneficial traits, such as tolerance towards high temperatures and pentose
sugar conversion. Although these non-conventional yeasts lack genetic tools compared to
S. cerevisiae, efforts are being made to use their beneficial traits [132,133]. For instance, non-
conventional yeast such as Kluyveromyces marxianus has been studied due to its thermotol-
erance [134] and K. marxianus and Ogataea for their resistance towards hydrolysate-derived
inhibitors [135]. Another non-conventional yeast, Y. lipolytica, is of particular importance
due to its oleaginous properties and is becoming a competitor of S. cerevisiae due to the
rapid development of its assembly tools using synthetic biology and CRISPR–Cas [136–141].
In Y. lipolytica an increase titer of the lipid has been achieved through the inter-convertsion
of excess NADH into NADPH [142], reducing glycogen storage [143], and engineering
longer-chain FAs into it [144]. Due the recent developments of genetics based tools for
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non-conventional yeast, it is expected that non-conventional yeasts could be extensively
engineered for the synthesis of biomolecules.

As new metabolic engineering, synthetic biology, and genome-editing tools and tech-
nologies become available, it will become quicker and cheaper to engineer yeast strains.
Altogether, combinatorial approaches utilizing traditional and modern tools (see Figure 3)
to produce FAs need to be taken to achieve high titer rates, enhanced production, and
improved tolerance in microbes. With new tools and technologies for precise modification
of genes and pathways and increased system-level understanding of cellular pathways,
the bottlenecks in FA production, such as robustness and low supply of precursors, would
be solved. For example, to address the issue of imbalance in the metabolic network faced
while achieving an increase in the supply of precursors such as malonyl-CoA through
the activation or deactivation of the specific enzymes and metabolic pathways, Qiu and
his colleagues constructed a malonyl-CoA repressive biosensor in yeast by the fusion of
transcriptional activation domain with FapR. The biosensor achieved an 82% repression
ratio when the malonyl-CoA was at a high level [145]. Principally, these biosensors sense
the signals (malonyl-CoA in this case) and give an output signal that can fluoresce, reg-
ulatory switches, or antibiotic resistance. Their application in yeast has been reviewed
elsewhere [146]. Furthermore, such a biosensor in yeast for acetyl-CoA has also been
developed [147].
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Classical metabolic engineering methods were based on random modifications through
different mutagens such as UV and certain mutagenic chemicals, followed by screening the
modified strains for overproduction. Molecular biology techniques such as recombinant
DNA technology rely on restriction enzymes and different cloning methods to enhance
strains for the overproduction of a particular molecule. Targeted gene-editing technologies
such as different CRISPR–Cas proteins with various functions have made the process of
targeted gene editing fast, efficient, and cost-effective. The CRISPR-Cas tool kit has been
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expanding ever since its discovery. Modifications such as the fusion of Cas proteins with
other effector domains and abolishing the activity of the catalytic domain of Cas proteins
are also being applied to achieve desired metabolic engineering goals. System and synthetic
biology have been used to create genome-scale metabolic models and predict and construct
indigenous and novel/non-natural pathways.

8. Conclusions

Metabolic engineering has been able to engineer microbes for chemical production
and continues to do so. Yeast S. cerevisiae has remained an important player in the field; like
many others, it has produced diverse chemicals, including FAs, which are the critical start-
ing materials for biodiesel production. This has only been possible due to the tremendous
amount of work that has been performed on studying the yeast genome. The introduc-
tion of non-native pathways into microorganisms and manipulating them to produce the
desired product has shown promising results because of the continuous advancements
in gene manipulation and analysis techniques. Precise gene-editing technologies such as
CRISPR/Cas9 are proving a handful in this regard. FA production in yeast has also been
enhanced through several gene insertions and mutations. However, there are still many
problems, such as tolerance to the end product, which at high concentrations is usually
toxic, thus affecting the cell growth; solving it is not a straightforward task. The compara-
tive cost of yeast-based FAs with animal and plant sources is another limiting factor. With
significant technological advancements in the field and an exponential reduction in the
cost of sequencing and other such technologies, the field is hoping to offer much more in
terms of chemical synthesis from low-cost feedstock and with improving resistance against
fermenter conditions. CRISPR/Cas-based genome engineering in yeast has been applied,
and it has been extensively used since its discovery for gene manipulations for metabolic
engineering applications. Several CRISPR techniques such as base editing, CRISPR inactiva-
tion, and silencing have been applied in yeast. More efficient Cas proteins and engineered
variants such as Cas12, Cas13, dCpf1, and dCas9-Fok1 have broader applications, such
as multiplex targeting, transcriptional regulation, and less off-target effects, which prove
more valuable for genetic manipulation in yeast for FA production. Moreover, synthetic
biology has the potentials to play a significant role in the synthesis of non-native products
in yeast utilizing cheap feedstock, and thus in the future, it could solve the problem of
global warming associated with fossil fuels and prove cost-effective.
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Abbreviations

TCA tricarboxylic acid cycle
PDC pyruvate decarboxylase
PDH pyruvate dehydrogenase
IDH1, IDH2 isocitrate dehydrogenase
ACL ATP-citrate lyase
ACS acetyl-CoA synthase

References
1. Stephanopoulos, G. Metabolic Fluxes and Metabolic Engineering. Metab. Eng. 1999. [CrossRef] [PubMed]
2. Cohen, S.N.; Chang, A.C.Y.; Boyer, H.W.; Helling, R.B. Construction of biologically functional bacterial plasmids in vitro. Proc. Natl.

Acad. Sci. USA 1973. [CrossRef] [PubMed]
3. Chang, C.N.; Key, M.; Bochner, B.; Heyneker, H.; Gray, G. High-level secretion of human growth hormone by Escherichia coli. Gene

1987, 55, 189–196. [CrossRef]
4. Barnett, J.A. A history of research on yeasts 7: Enzymic adaptation and regulation. Yeast 2004, 21, 703–746. [CrossRef]
5. Stephanopoulos, G.; Vallino, J.J. Network rigidity and metabolic engineering in metabolite overproduction. Science 1991.

[CrossRef] [PubMed]
6. Bailey, J.E. Toward a science of metabolic engineering. Science 1991. [CrossRef]
7. Libis, V.; Delépine, B.; Faulon, J.L. Expanding Biosensing Abilities through Computer-Aided Design of Metabolic Pathways. ACS

Synth. Biol. 2016. [CrossRef]
8. Datsenko, K.A.; Wanner, B.L. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products. Proc. Natl.

Acad. Sci. USA 2000, 97, 6640–6645. [CrossRef]
9. Keasling, J.D. Manufacturing molecules through metabolic engineering. Science 2010, 330, 1355–1358. [CrossRef] [PubMed]
10. Calero, P.; Nikel, P.I. Chasing bacterial chassis for metabolic engineering: A perspective review from classical to non-traditional

microorganisms. Microb. Biotechnol. 2019, 12, 98–124. [CrossRef]
11. Jin, M.; Slininger, P.J.; Dien, B.S.; Waghmode, S.; Moser, B.R.; Orjuela, A.; Sousa, L.d.C.; Balan, V. Microbial lipid-based

lignocellulosic biorefinery: Feasibility and challenges. Trends Biotechnol. 2015, 33, 43–54. [CrossRef] [PubMed]
12. Marella, E.R.; Holkenbrink, C.; Siewers, V.; Borodina, I. Engineering microbial fatty acid metabolism for biofuels and biochemicals.

Curr. Opin. Biotechnol. 2018, 50, 39–46. [CrossRef] [PubMed]
13. Yang, D.; Park, S.Y.; Park, Y.S.; Eun, H.; Lee, S.Y. Metabolic Engineering of Escherichia coli for Natural Product Biosynthesis. Trends

Biotechnol. 2020, 38, 745–765. [CrossRef] [PubMed]
14. Hu, Y.; Zhu, Z.; Nielsen, J.; Siewers, V. Engineering Saccharomyces cerevisiae cells for production of fatty acid-derived biofuels and

chemicals. Open Biol. 2019. [CrossRef]
15. Kim, S.K.; Park, Y.C. Biosynthesis of ω-hydroxy fatty acids and related chemicals from natural fatty acids by recombinant

Escherichia coli. Appl. Microbiol. Biotechnol. 2019. [CrossRef]
16. Kim, H.M.; Chae, T.U.; Choi, S.Y.; Kim, W.J.; Lee, S.Y. Engineering of an oleaginous bacterium for the production of fatty acids

and fuels. Nat. Chem. Biol. 2019. [CrossRef]
17. Nicolaou, S.A.; Gaida, S.M.; Papoutsakis, E.T. A comparative view of metabolite and substrate stress and tolerance in microbial

bioprocessing: From biofuels and chemicals, to biocatalysis and bioremediation. Metab. Eng. 2010. [CrossRef]
18. Pinkart, H.C.; White, D.C. Phospholipid biosynthesis and solvent tolerance in Pseudomonas putida strains. J. Bacteriol. 1997.

[CrossRef] [PubMed]
19. Sikkema, J.; De Bont, J.A.M.; Poolman, B. Mechanisms of membrane toxicity of hydrocarbons. Microbiol. Rev. 1995, 59, 201–222.

[CrossRef] [PubMed]
20. Dos Santos, S.C.; Teixeira, M.C.; Cabrito, T.R.; Sá-Correia, I. Yeast toxicogenomics: Genome-wide responses to chemical stresses

with impact in environmental health, pharmacology, and biotechnology. Front. Genet. 2012. [CrossRef]
21. Dunlop, M.J. Engineering microbes for tolerance to next-generation biofuels. Biotechnol. Biofuels 2011. [CrossRef] [PubMed]
22. Daniel, R. The metagenomics of soil. Nat. Rev. Microbiol. 2005. [CrossRef] [PubMed]
23. Luo, Y.; Enghiad, B.; Zhao, H. New tools for reconstruction and heterologous expression of natural product biosynthetic gene

clusters. Nat. Prod. Rep. 2016. [CrossRef] [PubMed]
24. Trotter, P.J. The genetics of fatty acid metabolism in Saccharomyces cerevisiae. Annu. Rev. Nutr. 2001. [CrossRef] [PubMed]
25. Steen, E.J.; Kang, Y.; Bokinsky, G.; Hu, Z.; Schirmer, A.; McClure, A.; Del Cardayre, S.B.; Keasling, J.D. Microbial production of

fatty-acid-derived fuels and chemicals from plant biomass. Nature 2010. [CrossRef] [PubMed]
26. Schönfeld, P.; Wojtczak, L. Short- and medium-chain fatty acids in energy metabolism: The cellular perspective. J. Lipid Res. 2016.

[CrossRef] [PubMed]
27. Rupilius, W.; Ahmad, S. The Changing World of Oleochemicals. Palm Oil Dev. 2013, 44, 21–28.
28. Pfleger, B.F.; Gossing, M.; Nielsen, J. Metabolic engineering strategies for microbial synthesis of oleochemicals. Metab. Eng. 2015.

[CrossRef]
29. Fargione, J.; Hill, J.; Tilman, D.; Polasky, S.; Hawthorne, P. Land clearing and the biofuel carbon debt. Science 2008. [CrossRef]

http://doi.org/10.1006/mben.1998.0101
http://www.ncbi.nlm.nih.gov/pubmed/10935750
http://doi.org/10.1073/pnas.70.11.3240
http://www.ncbi.nlm.nih.gov/pubmed/4594039
http://doi.org/10.1016/0378-1119(87)90279-4
http://doi.org/10.1002/yea.1113
http://doi.org/10.1126/science.1904627
http://www.ncbi.nlm.nih.gov/pubmed/1904627
http://doi.org/10.1126/science.2047876
http://doi.org/10.1021/acssynbio.5b00225
http://doi.org/10.1073/pnas.120163297
http://doi.org/10.1126/science.1193990
http://www.ncbi.nlm.nih.gov/pubmed/21127247
http://doi.org/10.1111/1751-7915.13292
http://doi.org/10.1016/j.tibtech.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25483049
http://doi.org/10.1016/j.copbio.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29101852
http://doi.org/10.1016/j.tibtech.2019.11.007
http://www.ncbi.nlm.nih.gov/pubmed/31924345
http://doi.org/10.1098/rsob.190049
http://doi.org/10.1007/s00253-018-9503-6
http://doi.org/10.1038/s41589-019-0295-5
http://doi.org/10.1016/j.ymben.2010.03.004
http://doi.org/10.1128/jb.179.13.4219-4226.1997
http://www.ncbi.nlm.nih.gov/pubmed/9209036
http://doi.org/10.1128/mr.59.2.201-222.1995
http://www.ncbi.nlm.nih.gov/pubmed/7603409
http://doi.org/10.3389/fgene.2012.00063
http://doi.org/10.1186/1754-6834-4-32
http://www.ncbi.nlm.nih.gov/pubmed/21936941
http://doi.org/10.1038/nrmicro1160
http://www.ncbi.nlm.nih.gov/pubmed/15931165
http://doi.org/10.1039/C5NP00085H
http://www.ncbi.nlm.nih.gov/pubmed/26647833
http://doi.org/10.1146/annurev.nutr.21.1.97
http://www.ncbi.nlm.nih.gov/pubmed/11375431
http://doi.org/10.1038/nature08721
http://www.ncbi.nlm.nih.gov/pubmed/20111002
http://doi.org/10.1194/jlr.R067629
http://www.ncbi.nlm.nih.gov/pubmed/27080715
http://doi.org/10.1016/j.ymben.2015.01.009
http://doi.org/10.1126/science.1152747


Biology 2021, 10, 632 15 of 19

30. Gui, M.M.; Lee, K.T.; Bhatia, S. Feasibility of edible oil vs. non-edible oil vs. waste edible oil as biodiesel feedstock. Energy 2008.
[CrossRef]

31. Balat, M. Potential alternatives to edible oils for biodiesel production—A review of current work. Energy Convers. Manag. 2011.
[CrossRef]

32. Demirbas, A. Political, economic and environmental impacts of biofuels: A review. Appl. Energy 2009. [CrossRef]
33. Fortman, J.L.; Chhabra, S.; Mukhopadhyay, A.; Chou, H.; Lee, T.S.; Steen, E.; Keasling, J.D. Biofuel alternatives to ethanol:

Pumping the microbial well. Trends Biotechnol. 2008. [CrossRef] [PubMed]
34. Ajjawi, I.; Verruto, J.; Aqui, M.; Soriaga, L.B.; Coppersmith, J.; Kwok, K.; Peach, L.; Orchard, E.; Kalb, R.; Xu, W.; et al. Lipid

production in Nannochloropsis gaditana is doubled by decreasing expression of a single transcriptional regulator. Nat. Biotechnol.
2017. [CrossRef]

35. Dunahay, T.G.; Jarvis, E.E.; Dais, S.S.; Roessler, P.G. Manipulation of microalgal lipid production using genetic engineering.
Appl. Biochem. Biotechnol. Part A Enzym. Eng. Biotechnol. 1996. [CrossRef]

36. Xue, J.; Balamurugan, S.; Li, D.W.; Liu, Y.H.; Zeng, H.; Wang, L.; Yang, W.D.; Liu, J.S.; Li, H.Y. Glucose-6-phosphate dehydrogenase
as a target for highly efficient fatty acid biosynthesis in microalgae by enhancing NADPH supply. Metab. Eng. 2017. [CrossRef]

37. Gutiérrez, S.; Lauersen, K.J. Gene delivery technologies with applications in microalgal genetic engineering. Biology 2021, 10, 265.
[CrossRef] [PubMed]

38. Wijffels, R.H.; Barbosa, M.J. An outlook on microalgal biofuels. Science 2010. [CrossRef]
39. Sills, D.L.; Paramita, V.; Franke, M.J.; Johnson, M.C.; Akabas, T.M.; Greene, C.H.; Tester, J.W. Quantitative uncertainty analysis of

life cycle assessment for algal biofuel production. Environ. Sci. Technol. 2013. [CrossRef]
40. Hannon, M.; Gimpel, J.; Tran, M.; Rasala, B.; Mayfield, S. Biofuels from algae: Challenges and potential. Biofuels 2010. [CrossRef]
41. Beacham, T.A.; Sweet, J.B.; Allen, M.J. Large scale cultivation of genetically modified microalgae: A new era for environmental

risk assessment. Algal Res. 2017. [CrossRef]
42. Woodbine, M. Microbial fat: Microorganisms as potential fat producers. Prog. Ind. Microbiol. 1959, 1, 181–245.
43. Shaw, R. The polyunsaturated fatty acids of microorganisms. In Advances in Lipid Research; Elsevier: Amsterdam, The Netherlands,

1966; Volume 4, pp. 107–174. ISBN 0065-2849.
44. Ratledge, C. Resources conservation by novel biological processes. I—Grow fats from wastes. Chem. Soc.Rev. 1979, 8, 283–296.

[CrossRef]
45. Schirmer, A.; Rude, M.A.; Li, X.; Popova, E.; Del Cardayre, S.B. Microbial biosynthesis of alkanes. Science 2010. [CrossRef]

[PubMed]
46. Lennen, R.M.; Braden, D.J.; West, R.M.; Dumesic, J.A.; Pfleger, B.F. A process for microbial hydrocarbon synthesis: Overproduction

of fatty acids in Escherichia coli and catalytic conversion to alkanes. Biotechnol. Bioeng. 2010, 106, 193–202. [CrossRef] [PubMed]
47. Liao, J.C.; Mi, L.; Pontrelli, S.; Luo, S. Fuelling the future: Microbial engineering for the production of sustainable biofuels.

Nat. Rev. Microbiol. 2016. [CrossRef] [PubMed]
48. Gleizer, S.; Ben-Nissan, R.; Bar-On, Y.M.; Antonovsky, N.; Noor, E.; Zohar, Y.; Jona, G.; Krieger, E.; Shamshoum, M.; Bar-Even, A.;

et al. Conversion of Escherichia coli to Generate All Biomass Carbon from CO2. Cell 2019. [CrossRef]
49. Li, H.; Opgenorth, P.H.; Wernick, D.G.; Rogers, S.; Wu, T.Y.; Higashide, W.; Malati, P.; Huo, Y.X.; Cho, K.M.; Liao, J.C. Integrated

electromicrobial conversion of CO2 to higher alcohols. Science 2012. [CrossRef]
50. Müller, J.E.N.; Meyer, F.; Litsanov, B.; Kiefer, P.; Potthoff, E.; Heux, S.; Quax, W.J.; Wendisch, V.F.; Brautaset, T.; Portais, J.C.; et al.

Engineering Escherichia coli for methanol conversion. Metab. Eng. 2015. [CrossRef]
51. Siegel, J.B.; Smith, A.L.; Poust, S.; Wargacki, A.J.; Bar-Even, A.; Louw, C.; Shen, B.W.; Eiben, C.B.; Tran, H.M.; Noor, E.; et al.

Computational protein design enables a novel one-carbon assimilation pathway. Proc. Natl. Acad. Sci. USA 2015. [CrossRef]
52. Paddon, C.J.; Westfall, P.J.; Pitera, D.J.; Benjamin, K.; Fisher, K.; McPhee, D.; Leavell, M.D.; Tai, A.; Main, A.; Eng, D.; et al.

High-level semi-synthetic production of the potent antimalarial artemisinin. Nature 2013. [CrossRef]
53. Li, M.; Kildegaard, K.R.; Chen, Y.; Rodriguez, A.; Borodina, I.; Nielsen, J. De novo production of resveratrol from glucose or

ethanol by engineered Saccharomyces cerevisiae. Metab. Eng. 2015. [CrossRef] [PubMed]
54. Nawabi, P.; Bauer, S.; Kyrpides, N.; Lykidis, A. Engineering Escherichia coli for biodiesel production utilizing a bacterial fatty acid

methyltransferase. Appl. Environ. Microbiol. 2011. [CrossRef]
55. Liu, W.; Mao, W.; Zhang, C.; Liu, L.; Zhang, Z.; Guo, C.; Lin, J. Effective and economic microbial lipid biosynthesis for biodiesel

production by two-phase whole-cell biocatalytic process. J. Clean. Prod. 2021. [CrossRef]
56. Zhou, Y.J.; Buijs, N.A.; Zhu, Z.; Qin, J.; Siewers, V.; Nielsen, J. Production of fatty acid-derived oleochemicals and biofuels by

synthetic yeast cell factories. Nat. Commun. 2016. [CrossRef] [PubMed]
57. Blitzblau, H.G.; Consiglio, A.L.; Teixeira, P.; Crabtree, D.V.; Chen, S.; Konzock, O.; Chifamba, G.; Su, A.; Kamineni, A.; MacEwen,

K.; et al. Production of 10-methyl branched fatty acids in yeast. Biotechnol. Biofuels 2021. [CrossRef] [PubMed]
58. Van Der Hooft, J.J.J.; Mohimani, H.; Bauermeister, A.; Dorrestein, P.C.; Duncan, K.R.; Medema, M.H. Linking genomics and

metabolomics to chart specialized metabolic diversity. Chem. Soc. Rev. 2020. [CrossRef] [PubMed]
59. Joshi, V.C. Mechanism of malonyl-coenzyme A-acyl-carrier protein transacylase. Biochem. J. 1972. [CrossRef] [PubMed]
60. Zhang, X.; Agrawal, A.; San, K.Y. Improving fatty acid production in escherichia coli through the overexpression of malonyl

coA-Acyl carrier protein transacylase. Biotechnol. Prog. 2012. [CrossRef] [PubMed]

http://doi.org/10.1016/j.energy.2008.06.002
http://doi.org/10.1016/j.enconman.2010.10.011
http://doi.org/10.1016/j.apenergy.2009.04.036
http://doi.org/10.1016/j.tibtech.2008.03.008
http://www.ncbi.nlm.nih.gov/pubmed/18471913
http://doi.org/10.1038/nbt.3865
http://doi.org/10.1007/BF02941703
http://doi.org/10.1016/j.ymben.2017.04.008
http://doi.org/10.3390/biology10040265
http://www.ncbi.nlm.nih.gov/pubmed/33810286
http://doi.org/10.1126/science.1189003
http://doi.org/10.1021/es3029236
http://doi.org/10.4155/bfs.10.44
http://doi.org/10.1016/j.algal.2017.04.028
http://doi.org/10.1039/cs9790800283
http://doi.org/10.1126/science.1187936
http://www.ncbi.nlm.nih.gov/pubmed/20671186
http://doi.org/10.1002/bit.22660
http://www.ncbi.nlm.nih.gov/pubmed/20073090
http://doi.org/10.1038/nrmicro.2016.32
http://www.ncbi.nlm.nih.gov/pubmed/27026253
http://doi.org/10.1016/j.cell.2019.11.009
http://doi.org/10.1126/science.1217643
http://doi.org/10.1016/j.ymben.2014.12.008
http://doi.org/10.1073/pnas.1500545112
http://doi.org/10.1038/nature12051
http://doi.org/10.1016/j.ymben.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26344106
http://doi.org/10.1128/AEM.05046-11
http://doi.org/10.1016/j.jclepro.2021.126798
http://doi.org/10.1038/ncomms11709
http://www.ncbi.nlm.nih.gov/pubmed/27222209
http://doi.org/10.1186/s13068-020-01863-0
http://www.ncbi.nlm.nih.gov/pubmed/33413611
http://doi.org/10.1039/D0CS00162G
http://www.ncbi.nlm.nih.gov/pubmed/32393943
http://doi.org/10.1042/bj1280043Pb
http://www.ncbi.nlm.nih.gov/pubmed/4563767
http://doi.org/10.1002/btpr.716
http://www.ncbi.nlm.nih.gov/pubmed/22038854


Biology 2021, 10, 632 16 of 19

61. Chu, H.S.; Kim, Y.S.; Lee, C.M.; Lee, J.H.; Jung, W.S.; Ahn, J.H.; Song, S.H.; Choi, I.S.; Cho, K.M. Metabolic engineering of
3-hydroxypropionic acid biosynthesis in Escherichia coli. Biotechnol. Bioeng. 2015. [CrossRef]

62. Liu, R.; Zhu, F.; Lu, L.; Fu, A.; Lu, J.; Deng, Z.; Liu, T. Metabolic engineering of fatty acyl-ACP reductase-dependent pathway to
improve fatty alcohol production in Escherichia coli. Metab. Eng. 2014. [CrossRef] [PubMed]

63. Hegemann, J.H.; Gldener, U.; Köhler, G.J. Gene disruption in the budding yeast Saccharomyces cerevisiae. Methods Mol. Biol. 2006.
[CrossRef]

64. Lian, J.; Si, T.; Nair, N.U.; Zhao, H. Design and construction of acetyl-CoA overproducing Saccharomyces cerevisiae strains.
In Proceedings of the Food, Pharmaceutical and Bioengineering Division 2014—Core Programming Area at the 2014 AIChE
Annual Meeting, Atlanta, GA, USA, 16–21 November 2014.

65. Tang, X.; Feng, H.; Chen, W.N. Metabolic engineering for enhanced fatty acids synthesis in Saccharomyces cerevisiae. Metab. Eng.
2013. [CrossRef]

66. Ghosh, A.; Ando, D.; Gin, J.; Runguphan, W.; Denby, C.; Wang, G.; Baidoo, E.E.K.; Shymansky, C.; Keasling, J.D.; Martín, H.G.
13C metabolic flux analysis for systematic metabolic engineering of S. cerevisiae for overproduction of fatty acids. Front. Bioeng.
Biotechnol. 2016. [CrossRef] [PubMed]

67. Runguphan, W.; Keasling, J.D. Metabolic engineering of Saccharomyces cerevisiae for production of fatty acid-derived biofuels and
chemicals. Metab. Eng. 2014. [CrossRef] [PubMed]

68. Eriksen, D.T.; HamediRad, M.; Yuan, Y.; Zhao, H. Orthogonal Fatty Acid Biosynthetic Pathway Improves Fatty Acid Ethyl Ester
Production in Saccharomyces cerevisiae. ACS Synth. Biol. 2015. [CrossRef] [PubMed]

69. Wang, Y.; Chen, H.; Yu, O. A plant malonyl-CoA synthetase enhances lipid content and polyketide yield in yeast cells. Appl.
Microbiol. Biotechnol. 2014. [CrossRef]

70. Ferreira, R.; Skrekas, C.; Hedin, A.; Sánchez, B.J.; Siewers, V.; Nielsen, J.; David, F. Model-Assisted Fine-Tuning of Central Carbon
Metabolism in Yeast through dCas9-Based Regulation. ACS Synth. Biol. 2019. [CrossRef]

71. Ratledge, C.; Wynn, J.P. The biochemistry and molecular biology of lipid accumulation in oleaginous microorganisms. Adv. Appl.
Microbiol. 2002, 51, 1–52.

72. Hao, G.; Chen, H.; Gu, Z.; Zhang, H.; Chen, W.; Chen, Y.Q. Metabolic engineering of Mortierella alpina for enhanced arachidonic
acid production through the NADPH-supplying strategy. Appl. Environ. Microbiol. 2016. [CrossRef]

73. Jullesson, D.; David, F.; Pfleger, B.; Nielsen, J. Impact of synthetic biology and metabolic engineering on industrial production of
fine chemicals. Biotechnol. Adv. 2015, 33, 1395–1402. [CrossRef] [PubMed]

74. Martínez-García, E.; Aparicio, T.; De Lorenzo, V.; Nikel, P.I. Engineering gram-negative microbial cell factories using transposon
vectors. Methods Mol. Biol. 2017. [CrossRef]

75. Sharpe, P.L.; DiCosimo, D.; Bosak, M.D.; Knoke, K.; Tao, L.; Cheng, Q.; Ye, R.W. Use of transposon promoter-probe vectors in
the metabolic engineering of the obligate methanotroph Methylomonas sp. strain 16a for enhanced C40 carotenoid synthesis.
Appl. Environ. Microbiol. 2007. [CrossRef]

76. Kamisaka, Y.; Noda, N.; Tomita, N.; Kimura, K.; Kodaki, T.; Hosaka, K. Identification of genes affecting lipid content using
transposon mutagenesis in Saccharomyces cerevisiae. Biosci. Biotechnol. Biochem. 2006. [CrossRef] [PubMed]

77. Lee, J.J.; Crook, N.; Sun, J.; Alper, H.S. Improvement of lactic acid production in Saccharomyces cerevisiae by a deletion of ssb1.
J. Ind. Microbiol. Biotechnol. 2016. [CrossRef]

78. Yang, Y.; Lin, Y.; Li, L.; Linhardt, R.J.; Yan, Y. Regulating malonyl-CoA metabolism via synthetic antisense RNAs for enhanced
biosynthesis of natural products. Metab. Eng. 2015. [CrossRef]

79. Takeno, S.; Sakuradani, E.; Tomi, A.; Inohara-Ochiai, M.; Kawashima, H.; Ashikari, T.; Shimizu, S. Improvement of the fatty acid
composition of an oil-producing filamentous fungus, Mortierella alpina 1S-4, through RNA interference with ∆12-desaturase
gene expression. Appl. Environ. Microbiol. 2005. [CrossRef] [PubMed]

80. Moscou, M.J.; Bogdanove, A.J. A simple cipher governs DNA recognition by TAL effectors. Science 2009. [CrossRef]
81. Boch, J.; Scholze, H.; Schornack, S.; Landgraf, A.; Hahn, S.; Kay, S.; Lahaye, T.; Nickstadt, A.; Bonas, U. Breaking the code of DNA

binding specificity of TAL-type III effectors. Science 2009. [CrossRef]
82. Christian, M.; Cermak, T.; Doyle, E.L.; Schmidt, C.; Zhang, F.; Hummel, A.; Bogdanove, A.J.; Voytas, D.F. Targeting DNA

double-strand breaks with TAL effector nucleases. Genetics 2010. [CrossRef]
83. Rigouin, C.; Gueroult, M.; Croux, C.; Dubois, G.; Borsenberger, V.; Barbe, S.; Marty, A.; Daboussi, F.; André, I.; Bordes, F.

Production of Medium Chain Fatty Acids by Yarrowia lipolytica: Combining Molecular Design and TALEN to Engineer the Fatty
Acid Synthase. ACS Synth. Biol. 2017. [CrossRef] [PubMed]

84. Doudna, J.A.; Charpentier, E. The new frontier of genome engineering with CRISPR-Cas9. Science 2014. [CrossRef] [PubMed]
85. Shmakov, S.; Abudayyeh, O.O.; Makarova, K.S.; Wolf, Y.I.; Gootenberg, J.S.; Semenova, E.; Minakhin, L.; Joung, J.; Konermann, S.;

Severinov, K.; et al. Discovery and Functional Characterization of Diverse Class 2 CRISPR-Cas Systems. Mol. Cell 2015. [CrossRef]
[PubMed]

86. Yamano, T.; Zetsche, B.; Makarova, K.S.; Nishimasu, H.; Nakane, T.; Hirano, H.; Fedorova, I.; Koonin, E.V.; Li, Y.; Slaymaker, I.M.;
et al. Crystal Structure of Cpf1 in Complex with Guide RNA and Target DNA. Cell 2016, 165, 949–962. [CrossRef] [PubMed]

87. Been, K.W.; Kim, D.; Kim, J.; Kim, J.-S.; Hur, J.K.; Yoon, S. Genome-wide analysis reveals specificities of Cpf1 endonucleases in
human cells. Nat. Biotechnol. 2016, 34, 863–868. [CrossRef]

http://doi.org/10.1002/bit.25444
http://doi.org/10.1016/j.ymben.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24333607
http://doi.org/10.1385/1-59259-958-3:129
http://doi.org/10.1016/j.ymben.2013.01.003
http://doi.org/10.3389/fbioe.2016.00076
http://www.ncbi.nlm.nih.gov/pubmed/27761435
http://doi.org/10.1016/j.ymben.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23899824
http://doi.org/10.1021/sb500319p
http://www.ncbi.nlm.nih.gov/pubmed/25594225
http://doi.org/10.1007/s00253-014-5612-z
http://doi.org/10.1021/acssynbio.9b00258
http://doi.org/10.1128/AEM.00572-16
http://doi.org/10.1016/j.biotechadv.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25728067
http://doi.org/10.1007/978-1-4939-6472-7_18
http://doi.org/10.1128/AEM.01332-06
http://doi.org/10.1271/bbb.70.646
http://www.ncbi.nlm.nih.gov/pubmed/16556980
http://doi.org/10.1007/s10295-015-1713-7
http://doi.org/10.1016/j.ymben.2015.03.018
http://doi.org/10.1128/AEM.71.9.5124-5128.2005
http://www.ncbi.nlm.nih.gov/pubmed/16151095
http://doi.org/10.1126/science.1178817
http://doi.org/10.1126/science.1178811
http://doi.org/10.1534/genetics.110.120717
http://doi.org/10.1021/acssynbio.7b00034
http://www.ncbi.nlm.nih.gov/pubmed/28585817
http://doi.org/10.1126/science.1258096
http://www.ncbi.nlm.nih.gov/pubmed/25430774
http://doi.org/10.1016/j.molcel.2015.10.008
http://www.ncbi.nlm.nih.gov/pubmed/26593719
http://doi.org/10.1016/j.cell.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27114038
http://doi.org/10.1038/nbt.3609


Biology 2021, 10, 632 17 of 19

88. Fonfara, I.; Richter, H.; BratoviÄ, M.; Le Rhun, A.; Charpentier, E. The CRISPR-associated DNA-cleaving enzyme Cpf1 also
processes precursor CRISPR RNA. Nature 2016. [CrossRef]

89. Oh, J.H.; Van Pijkeren, J.P. CRISPR-Cas9-assisted recombineering in Lactobacillus reuteri. Nucleic Acids Res. 2014. [CrossRef]
90. Zhang, M.M.; Wong, F.T.; Wang, Y.; Luo, S.; Lim, Y.H.; Heng, E.; Yeo, W.L.; Cobb, R.E.; Enghiad, B.; Ang, E.L.; et al. CRISPR-Cas9

strategy for activation of silent Streptomyces biosynthetic gene clusters. Nat. Chem. Biol. 2017. [CrossRef]
91. Mans, R.; van Rossum, H.M.; Wijsman, M.; Backx, A.; Kuijpers, N.G.A.; van den Broek, M.; Daran-Lapujade, P.; Pronk, J.T.; van

Maris, A.J.A.; Daran, J.M.G. CRISPR/Cas9: A molecular Swiss army knife for simultaneous introduction of multiple genetic
modifications in Saccharomyces cerevisiae. FEMS Yeast Res. 2015. [CrossRef] [PubMed]

92. Reis, A.C.; Halper, S.M.; Vezeau, G.E.; Cetnar, D.P.; Hossain, A.; Clauer, P.R.; Salis, H.M. Simultaneous repression of multiple
bacterial genes using nonrepetitive extra-long sgRNA arrays. Nat. Biotechnol. 2019. [CrossRef]

93. Adiego-Pérez, B.; Randazzo, P.; Daran, J.M.; Verwaal, R.; Roubos, J.A.; Daran-Lapujade, P.; Van Der Oost, J. Multiplex genome
editing of microorganisms using CRISPR-Cas. FEMS Microbiol. Lett. 2019. [CrossRef]

94. Tsai, C.S.; Kong, I.I.; Lesmana, A.; Million, G.; Zhang, G.C.; Kim, S.R.; Jin, Y.S. Rapid and marker-free refactoring of xylose-
fermenting yeast strains with Cas9/CRISPR. Biotechnol. Bioeng. 2015. [CrossRef] [PubMed]
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