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Abstract

The use of synthetic biology on yeasts has enhanced the production of  
commercially relevant chemicals, from biofuels to recombinant therapeutic proteins, 
to name just a few. Despite most of these advances had already been studied and 
described in Saccharomyces cerevisiae, during the last years the attention has turned 
to the use of alternative expression systems with a higher yield and quality such 
as non-conventional yeasts. Recently, there has been an increase in studies about 
non-conventional yeasts due to advantages based on their natural capacity to tolerate 
harsh conditions or the wide range of carbon sources they need during the generation 
of specific products. This chapter, therefore, aims to describe the current status of the 
most used non-conventional yeasts in metabolite production as well as the engineer-
ing behind them in order to optimize or regulate protein expression: Pichia pastoris, 
Kluyveromyces marxianus, Kluyveromyces lactis and Yarrowia lipolytica.

Keywords: non-conventional yeasts, bioengineering, synthetic biology, CRISPR-Cas9, 
Golden Gate cloning, TALENs

1. Introduction

Yeast is probably one of the oldest domesticated organisms, since it was used for 
beer brewing already in Sumer and Babylonia around 6000 BC [1]. Not surprisingly, 
yeast cells were among the first microorganisms seen after the invention of the micro-
scope in the seventeenth century, but their recognition as a living organisms did not 
come until two centuries later [2]. Yeasts, as such, do not form a single taxonomic or 
phylogenetic group in the kingdom fungi, rather, they occur in different subdivisions 
belonging to Ascomycota and Basidiomycota. Moreover, they are unicellular with bud-
ding and binary fission as the main asexual reproduction, and sexual spore production 
in stress conditions [3, 4].

Interestingly, yeast cells can exhibit a variety of cell sizes, shapes and colors. 
Even individual cells from a pure strain of a single species can display morphological 
heterogeneity. Moreover, yeast cell size varies widely from 2 up to 50 μm in length. 
Many yeast species are ellipsoidal or ovoid, but other cell shapes can be also observed 
as in Candida albicans and Yarrowia lipolytica which are mostly filamentous [1].
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With respect to their diversity, there are around 2000 accepted yeast species 
included in the Yeast Trust Database (theyeasts.org) [4]. They have been isolated 
from highly diverse environments such as insect guts, food products, soil, oceans and 
even ancient ice fields [1]. However, it seems that we have just scratched the tip of the 
iceberg. According to Fell’s estimation, what we have found represents only 1% of the 
species that might exist in nature [4].

Furthermore, yeasts as a whole are interesting because they are capable of metabo-
lizing a wide variety of carbon sources including glucose, fructose, lactose, xylose and 
arabinose [3]. Besides, the metabolic activity of some yeasts can be dependent on the 
sugar concentration present in the medium: fermentation in high sugar concentration 
and aerobic respiration in low sugar concentrations (Crabtree effect) which can be 
advantageous in some industrial processes [3, 5].

2. Industrial applications of yeasts

Industrially, yeasts possess many attractive features that confer them some 
benefits in relation to bacteria such as Escherichia coli. For instance, yeasts have the 
capacity to grow on a wide variety of carbon sources, perform post-translational 
modifications, and compartmentalize reactions in organelles, they also present high 
secretion capacity, and are less susceptible to infectious agents like bacteriophages [6].

For these reasons, natural yeasts have been used in a lot of industrial processes. For 
example, in the food industry, the alcoholic fermentation of S. cerevisiae is used for the 
production of bread, beer and wine [7]. Furthermore, other yeasts species take different 
roles in the elaboration of food products such as yoghurts, in which Torulopsis candida, 
and Kluyveromyces fragilis are used for the improvement of aroma, texture and addition 
of nutrients by fermenting lactose with hydrolysis of milk casein [8].

Another important application of S. cerevisiae is the production of biofuels such 
as bioethanol, which is a result of sugar fermentation under anaerobic conditions. S. 
cerevisiae catabolizes sugars by glycolysis until it produces pyruvate that is then con-
verted to acetaldehyde and carbon dioxide, which is reduced to ethanol by an alcohol 
dehydrogenase [9]. In addition, other yeast species also have the capacity to produce 
bioethanol. In fact, Kluyveromyces marxianus, Dekkera bruxellensis and Scheffersomyces 
stipitis are capable of producing bioethanol by fermentation of polyfructan substrates, 
hexoses and lignocelluloses substrates respectively [9]. Some yeasts are able to natu-
rally produce bioethanol using lignocellulose resources (cheap, abundant and renew-
able) making them of great interest in second-generation biofuels, thus providing a 
clear advantage over first-generation biofuels that employ large cultivated areas [9–11].

On the other hand, despite S. cerevisiae has been widely studied and its industrial 
applications being countless, other yeast species, known as non-conventional yeasts 
(NCYs1) are becoming more popular in industrial applications. Several NCYs have 
diverse advantages compared to S. cerevisiae, mainly they are more suitable for a big 
number of biotechnological processes since they present natural tolerance to stresses 
like extreme pH, temperatures and osmolarity conditions [12]. Some of the most 
studied NCY species that are capable to withstand harsh conditions are Yarrowia 
lipolytica, Hanensula polymorpha, Pichia pastoris and Kluyveromyces lactis [13]. In fact, 
K. lactis is widely used in the cheese industry, replacing the conventional rennet, due 

1 Currently, there is not an accepted definition of NCYs, but many scientists consider NCYs as “non-

Saccharomyces” yeasts [7].
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to its ability to produce lactic acid from lactose. On the other hand, Y. lipolytica is used 
for the production of biosurfactants, carotenoids and lipids and K. marxianus for the 
production of bioethanol, aroma compounds and biosurfactants [6, 12].

Furthermore, some of the most interesting features of NCYs are their capacity to 
accumulate metabolites, synthesize and secrete recombinant proteins and enzymes 
[12]. For instance, yeasts like Y. lipolytica and K. lactis are able to secrete high titers of 
proteins extracellularly better than S. cerevisiae [13]. Moreover, some useful industrial 
enzymes like amylases, cellulases, proteases and lipases, have been reported to be 
produced by several strains of the NCY Aureobasidium pullulans [14]. These interest-
ing properties have led to a proliferation of studies in NCYs aiming to improve their 
performance in the production of important metabolites and proteins. Hence, this 
review focuses on providing a clear description and analysis of the use of synthetic 
biology tools and strategies at the expression level that helps enhance four of the 
most popular NCYs: P. pastoris, K. marxianus, K. lactis and Y. lipolytica into valuable 
biofactories.

3. Use of synthetic biology in NCYs

Synthetic biology relies on the premise that a biological system can be built using a 
collection of previously described parts and subsystems [6]. This is achieved by stan-
dardization and modularization of useful biological parts, mechanisms and systems, 
or redesign the existing ones to provide new and better qualities [15]. Therefore, it 
is capable to define building blocks at various levels such as expression, protein and 
pathway levels [15]. The ability to control the dynamics at each level is important in 
order to establish unique and robust expression and production platforms for bio-
manufacturing [6]. For example, in synthetic biology-inspired therapies, the regula-
tion of gene expression is important to determine the amount of the therapeutic and 
allows for accurate control over the design of synthetic cells [16].

Furthermore, with the emergence of modern genome editing tools, the synthetic 
biological capabilities to rewire and engineer organisms for production purposes have 
enabled the application of engineering efforts in non-conventional yeast of interest to 
industrial biotechnology [6].

This section will focus on the description of synthetic biology tools at the expres-
sion level, covering the engineering of genetic parts which include promoter, termina-
tor and signal peptide, as well as codon optimization. In addition, available genome 
editing tools like CRISPR-Cas and cloning methods such as Golden Gate are also 
discussed. Their applications will be described in detail, later on, in Section 4.

3.1 Engineering of genetic parts

Codon optimization. The degeneracy of the genetic code means that several 
amino acids can be encoded by more than one codon (e.g. Leu = CUU, CUC, CUA, 
CUG), thus a random codon usage would be expected for those amino acids [17]. 
However, the expression of the same gene is different depending on the organism, 
because of the availability of host’s tRNA pool. This is known as codon bias and is 
thought to affect the translation efficiency [18]. As a result, codon optimization is an 
important strategy when considering the expression of heterologous proteins.

Promoters. Selecting an adequate promoter is an important step since it can affect 
the level of expression of the desired protein. There can be constitutive or inducible 
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promoters, the latter more advantageous since they allow researchers to separate cell 
growth from the production of the desired protein. This avoids potential toxic effects 
due to a constitutive expression of heterologous proteins [19]. In addition, having 
a variety of promoters available is desired to fine-tune and optimize pathways that 
involve the de-expression of several proteins [20].

Terminators. It not only plays a critical role in transcription but is also able 
to influence mRNA stability and lifetime. This provides a new level of regulating 
protein expression; however, the impact of terminators is sometimes underestimated 
compared to promoters [21, 22]. In S. cerevisiae expression vectors, some endogenous 
terminators such as TCYC1 and TADH1 are commonly used. Nevertheless, it has been 
demonstrated that S. cerevisiae terminators can show a high degree of transferability 
across other non-conventional yeasts [23].

Signal peptides. If a protein of interest is desired to be secreted, it is only required 
to add a secretion signal peptide at the N-terminus of the nascent polypeptide [24]. 
However, selecting an appropriate signal peptide is crucial since the protein quality 
and yield may vary widely depending on the heterologous protein being expressed 
[25]. Therefore, screening and characterizing many signal peptide sequences is a good 
approach to have adequate expression levels of different proteins.

3.2 Cloning methods and genome editing tools

Golden Gate. Golden Gate cloning method uses type II restriction enzymes (BsaI 
and BpiI) to precisely assemble multiple genetic parts by simultaneous restriction 
and ligation steps. These restriction enzymes cut outside their recognition sequences 
leaving 4-letter overhangs which can be freely designed; hence this method offers 
important benefits as it is cheaper than other advanced techniques, it does not require 
long flanking DNA and it allows scar-less cloning [26].

TALEN. Transcription-activator-like effector (TALE) nuclease is a genome edit-
ing tool based on type II effector proteins from bacterial plant pathogens of the genus 
Xanthomonas fused with the non-specific nuclease domain of the restriction endo-
nuclease FokI [27]. These TALENs are designed such that they bind separate targets in 
opposition to each other with an appropriate spacer between them allowing the FokI 
nucleases to cause a double-strand break (DSB) and subsequently allowing the editing of 
the genome [28]. This genome editing tool has many advantages such as easy assembly, 
availability of powerful resources, cross-species flexibility and a high rate of success [27].

CRISPR-Cas9. This tool revolutionized the field of gene editing, since it is capable 
of creating a DSB in a specific DNA site by just using a single-guide RNA (sgRNA) 
complementary to the targeted region and an endonuclease (Cas9). This makes 
CRISPR-Cas9 a better genome editing tool compared to TALENs, which require labo-
rious protein engineering steps for each new editing target. This editing tool has been 
successfully used for knock-out of a gene, but it can be adapted for other applications 
such as regulating transcription and facilitating metabolic engineering [29, 30].

4. Engineering non-conventional yeasts (NCYs)

This section will discuss the application of synthetic biology tools and strategies 
in four of the most popular NCYs: P. pastoris, K. marxianus, K. lactis and Y. lipolytica, 
yeasts that have been selected for several reasons. First, they naturally present 
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interesting characteristics with potential benefits in industrial applications such as the 
use of “waste products” as substrates, thermotolerance, high capacity to store lipids 
and the capacity to efficiently secrete desired compounds (Figure 1).

Figure 1. 
Description of the non-conventional yeasts (NCYs): P. pastoris, K. marxianus, K. lactis and Y. lipolytica and 
the synthetic biology tools and strategies applied to each of them. Descriptions of the same color represent a specific 
yeast. Example: All text in red belongs to Y. lipolytica. *K. marxianus is classified as Crabtree-negative, although 
some reports consider this species as Crabtree-positive due to strain variability.
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Second, they have their genomes sequenced and available at the National Center 
for Biotechnology Information (NCBI) website [31] and several metabolomic and 
transcriptomic studies have been reported [32–37]. This information is key when 
searching for new sources of BioBricks, since novel genetic parts or metabolites can be 
discovered under different contexts such as carbon sources or stress conditions. Third, 
information about regulatory associations between transcription factors (TFs) and tar-
get genes in these four species is available at the N. C. Yeastract database [38]. Last but 
not least, all the referred species have genome-scale metabolic models reported in the 
literature [39–42], allowing researchers to predict metabolic fluxes, and subsequently, 
optimize the production of relevant compounds in these microorganisms.

4.1 Pichia pastoris

Pichia pastoris2 was initially developed by Phillips Petroleum Company for the pro-
duction of single-cell protein for feedstock, but it was then repurposed as a promising 
expression system for the production of recombinant proteins [44] due to its many 
advantages such as high cell density cultivation, an efficient secretory capacity with a 
low background of endogenous proteins, the absence of protease secretion, the pres-
ence of alternative constitutive and inducible promoters and the ability to perform 
post-translational modifications to proteins [24, 45].

P. pastoris is a Crabtree-negative yeast that is able to utilize a variety of carbon 
sources including glucose, glycerol, fructose, sorbitol, methanol, alanine and cadav-
erine [43, 44]. As a matter of fact, it has the ability to use methanol as a sole carbon 
source (methylotrophic) due to several adaptations such as the expression of enzymes 
involved in methanol metabolism (e.g. alcohol oxidase) and the proliferation of 
peroxisomes (reaching over 80% of the cell volume) [44].

For these reasons, P. pastoris has become an industrially important microorganism. 
This is evidenced by the over 300 industrial processes that have been licensed and 
more than 70 commercial products that are currently on the market [46]. The use of 
synthetic biology tools in this yeast has led to a whole new level of potential industrial 
applications for this yeast. Some examples of the application of synthetic biology 
strategies in P. pastoris are provided below.

Codon Optimization. A clear application of this strategy in this yeast is the het-
erologous expression of enzymes such as phytases which are important enzymes that 
once included in animal feed can help not only increase the absorption of phosphorus 
in monogastric animals (e.g. pigs and horses) but at the same time reduce phosphorus 
levels in manure, thus finding a cheaper and more efficient way of producing this 
enzyme is desired. For instance, Xiong et al. compared the expression of a recom-
binant Aspergillus niger phytase in P. pastoris before and after codon optimization of 
both the phytase gene and the S. cerevisiae signal sequence α mating factor (α-MF). 
They obtained a phytase activity of 865 Units/ml, resulting in a 14.5-fold increase 
in the production/activity of phytase in comparison with the non-optimized gene 
and signal sequence [47]. The following year the same group applied this strategy 
to express a Peniophora lycii phytate enzyme achieving a phytase activity of 10,540 
Units/ml and a 13.6-fold yield increase compared with the non-optimized gene and 
signal sequence [48]. In the last years, heterologous expression of other industrially 

2 Although initially named Pichia pastoris in the 1950s, it was then reclassified into the genus Komagataella 

in 1995, splitting up into the two species K. pastoris and K. phaffii [43]. Here, we still use the name P. 

pastoris for simplicity.
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relevant proteins has been enhanced using this method, including but not limited to 
keratinases, endoinulinases, α-amylases, lipases, xylanases, fibases, pectinases, IFN-ω 
and hydroxynitrile lyases [49–57].

Promoters. Since all gene promoters of the methanol utilization (MUT) pathway 
are strongly repressed by carbon sources such as glucose, they can be a useful tool for 
the induced expression of heterologous proteins [58]. In fact, most of the heterolo-
gous expression of proteins in P. pastoris is carried out using one of those promoters, 
PAOX1 [59]. In addition, other orthologous MUT promoters from related species have 
been evaluated in this species such as Hansenula polymorpha PFMD which showed a 3.5-
fold higher expression compared to the strongest endogenous MUT promoters [58].

On the other hand, using methanol (a flammable and toxic compound) in a 
large-scale fermentation process can be potentially dangerous [60]. For this reason, 
researchers have tried to find alternatives to overcome this limitation using different 
approaches such as employing orthologous promoters from related methylotrophic 
yeasts [58] or even engineering cis- and trans-acting elements in the PAOX1 [60]. 
For instance, using a trans-acting approach, Wang et al. developed a methanol-free 
method for protein expression using the PAOX1 promoter. They developed a strain that 
overexpressed the transcription activator Mit1 and repressed glucose- or glycerol-
dependent transcriptional repressors Mig1, Mig2 and Nrg1. Then they evaluated the 
performance of both the methanol-free system and the wild-type system under their 
respective optimal culture conditions. Although the expression level of the recom-
binant insulin precursor protein in the methanol-free system was only 58.6% of the 
wild-type, they claim that it can be further improved by overexpressing unfolded 
protein response activators, protein foldases or chaperons [60].

Terminators. Knowledge about terminators is rather limited in P. pastoris, 
although in recent years it has been gaining more attention. In 2020 Ito et al. devel-
oped a terminator catalog of 72 sequences including synthetic, endogenous and het-
erogenous (S. cerevisiae) terminators with a 17-fold range of expression when using 
red fluorescent protein and Aspergillus aculeatus β-glucosidase as reporter proteins. 
Moreover, interesting results were found from this study including independence of 
terminator activity from the upstream gene and high degree of transferability of S. 
cerevisiae terminators to P. pastoris [61].

Signal Peptides. The S. cerevisiae signal sequence α-MF is widely used for secreted 
expression of recombinant proteins in P. pastoris [62], where a peptidic pre-region 
leads the translocation from the cytoplasm to the ER lumen. Additionally, it has a 
peptidic pro-region which facilitates the proper transit of target polypeptides from the 
ER to the Golgi apparatus; unfortunately, this pro-region tends to aggregate in the ER, 
impeding a proper secretion of the target protein [63]. Several strategies can be applied 
to overcome this issue such as codon optimization or directed evolution of the signal 
sequence α-MF [63]. Lately, new endogenous signal peptides could outperform signal 
sequence α-MF. For instance, in 2019 Duan and collaborators were able to identify four 
endogenous signal peptides (Dan4, Gas1, Msb2 and Fre2) in P. pastoris. All of them 
showed more than fourfold enhancement of total β-galactosidase activity over the 
signal sequence α-MF, with being Gas1 the one that showed the best results (230-fold 
increase). Moreover, Msb2 signal peptide had a better performance in the expression 
of β-galactosidase, yEGFP and cephalosporin C acylase; therefore, it could be consid-
ered as a more effective signal for heterologous protein secretion in P. pastoris [62].

Golden Gate. Prielhofer et al. developed GoldenPiCS a modular cloning system 
that facilitates the engineering of P. pastoris by generating episomal plasmids with up 
to 8 expression units. The main feature of this method is that researchers can easily 
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exchange genetic parts and quickly create and test new variants. The feasibility of 
this method was demonstrated with the optimization of a CRISPR-Cas9 system for 
P. pastoris using different combinations of humanized Cas9 and sgRNA on one single 
episomal plasmid [26].

In a more recent study, Cheng et al. used the Golden Gate cloning method to 
develop a versatile and easy way of assembling eukaryotic gene exons into both pro-
karyotic and eukaryotic plasmids in a one-step reaction [64]. Thus, this new approach 
enables researches to rapidly identify the optimal expression host for the production 
of specific proteins, overcoming some disadvantages of traditional methods to obtain 
intron-free eukaryotic genes (e.g. whole-gene synthesis or reverse transcription 
methods) which are time-consuming, expensive and complicated to operate [64].

CRISPR-Cas9. In P. pastoris exogenous cassettes with long homology arms are 
integrated ectopically and homologous recombination (HR) occurs only at variable 
frequencies of <0.1 to 30% [29]. However, high efficiency for gene insertion by HR 
can be achieved by deleting the protein Ku70 which is involved in nonhomologous 
end-joining (NHEJ) repair [65]. Weninger et al. used this strategy to develop integra-
tion cassettes of CRISPR-Cas9 marker-free with close to 100% efficiency [66]. Yang 
et al. developed a high-efficiency CRISPR-Cas system in P. pastoris synthetizing Cas9 
(codon-optimized for Homo sapiens) and the sgRNA on different plasmids. They 
validated the editing efficiency in gene deletion of six genes, reaching or exceeding 
75% of efficiency for each target gene. This system eliminates the episomal sgRNA 
plasmid through sub-culture to allow editing of another gene with a consistent single 
gene editing efficiency [65]. However, it was demonstrated that this system per-
formed poorly when editing multiple genes. Finally, even though huge progress has 
been made to improve CRISPR-Cas9 efficiency in P. pastoris, it is still lower than other 
yeasts such as S. cerevisiae and Kluyveromyces lactis [65].

4.2 Kluyveromyces marxianus

K. marxianus is phylogenetically related to S. cerevisiae and more closely related 
to K. lactis. It is a hemiascomycetous yeast that can exist as stable haploid or diploid 
cells and is able to spontaneously switch its mating type (homothallic) [67, 68]. 
K. marxianus strains have been isolated from a great variety of habitats including 
dairy products, soil, sugarcane bagasse, insects and fruits. Therefore, this yeast 
presents a high metabolic diversity and a significant degree of intraspecific poly-
morphism [68–71], in point of fact, several industrially relevant compounds have 
been found to be naturally produced by K. marxianus including pectinase, aroma 
compounds, inulinase, lipase and lactase [69, 72]. Furthermore, some strains have 
been described to exhibit multi-stress resistance [68].

K. marxianus is classified as facultative fermentative and Crabtree negative, 
although some reports consider this species as Crabtree positive due to strain variabil-
ity [69, 73]. K. marxianus cannot naturally grow under strictly anaerobic conditions 
[69], but it can be genetically modified to grow under such conditions. However, 
growth rates are still lower than anaerobic growth in S. cerevisiae [74]. K. marxianus 
is capable of using non-conventional sugars such as xylose, arabinose and inulin as 
carbon sources [40]. In addition, this yeast has the ability to use lactose which cannot 
be accomplished by S. cerevisiae and can grow at higher temperatures with a wider 
range of substrates than K. lactis [67, 69].

All these features make K. marxianus a promising biofactory, having a wide 
range of applications such as host for the production of heterologous proteins; 
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alternative to baker’s yeast; bioremediation of textile dyes, cheese whey and 
copper; biomass for animal feeding; probiotics and high-temperature bioethanol 
production [67, 69, 72, 73, 75]. For instance, Nonklang et al. found remarkable 
differences in high-temperature ethanol production between S. cerevisiae and 
K. marxianus as K. marxianus DMKU3-1042 was the fastest to convert glucose to 
ethanol at 45°C whereas none of the S. cerevisiae strains were able to grow at this 
temperature [67].

In the last years, some progress in synthetic biology has been accomplished in this 
species; however, it is still limited compared to other NCYs such as P. pastoris since K. 
marxianus still lacks efficient genetic tools, there are also limited auxotrophic markers 
and very few constitutive and inducible promotes have been described [21]. Despite 
that, some examples and applications are discussed below.

Codon Optimization. This strategy is currently used to improve the expression 
of recombinant proteins in K. marxianus, especially vaccines. For instance, codon 
optimization has been used for the heterologous expression of the porcine circovirus 
type 2 (PCV2) Cap protein in K. marxianus as an alternative to produce PCV2 virus-
like particle vaccines to treat porcine circovirus disease and help reduce economical 
losses in the swine industry. Duan et al. reported in their experiment higher yields 
compared with E. coli and P. pastoris as host vectors [76]. Other examples where codon 
optimization has been applied to K. marxianus include heterologous expression of 
single-chain antibodies, overproduction of inulinase, expression of the dengue virus 
type 1 nonstructural protein 1 and porcine parvovirus-like particles [77–80].

Promoters. In the last years, several promoters have been identified for this spe-
cies which can be induced by heat, xylose, lactose or inulin [22]. In addition, several 
strong endogenous promoters of genes such as purine-cytosine permease, inulinase, 
enolase and glyceraldehyde 3-phosphate have been characterized [21, 69]. More 
recently, Kumar et al. identified two new strong promoters (PIMTCP1 and PIMTCP2) 
which are more efficient at different temperatures and carbon sources than previously 
known promoters in this species [21].

Interestingly, the relative strength of promoters can change depending on the 
carbon source provided [81]. For instance, Kumar et al. showed that the K. marxianus 
inulinase promoter has relatively higher activity in the presence of xylose than dex-
trose [21]. In addition to finding new promoters, already described promoters have 
been also engineered to improve their features. For example, Zhou et al. improved 
the expression of lignocellulolytic enzymes in K. marxianus by a mutation inside the 
inulinase promoter and a deletion of an A-T-rich region inside the 5’UTR [82].

Notably, if thermotolerance of this yeast is to be exploited when expressing het-
erologous proteins, it is not enough to only focus on utilizing thermostable proteins 
but also identifying thermotolerant promoters because promoter activity tends to 
decrease with elevated temperature as it was demonstrated by Yang et al. [81]. Despite 
the fact that lower promoter activity is observed when increasing the temperature, 
K. marxianus promoters have been found to be stronger than their corresponding 
promoters from S. cerevisiae at such temperatures. In fact, the K. marxianus constitu-
tive promoter PPGK has been shown to retain relatively strong activity with an increase 
in temperature [81].

Terminators. Only a limited number of terminators have been examined in K. 
marxianus including terminators from S. cerevisiae such as TCYC1, TPGK1 and TADH1 
[21, 22]. Additionally, new recently described K. marxianus terminators have wid-
ened the range of regulation of protein expression in this species. For instance, in a 
recent study researchers found an increase in EGFP expression (fourfold increase 
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of mRNA level) in K. marxianus when using the endogenous terminators TIMTT1 or 
TIMTT2 instead of S. cerevisiae TCYC1 [21].

Signal Peptides. Research about signal peptides in this species is still limited since 
only a few signal sequences have been characterized and employed in heterologous 
protein expression on K. marxianus including signal sequences from K. marxianus 
Inu1, P. pastoris Pho1, S. cerevisiae α-MF and K. marxianus α-MF [21]. Moreover, some 
experiments of signal sequence engineering conducted to improve its activity have been 
reported, for instance, Yarimizu et al. developed a synthetic signal sequence in the yeast 
K. marxianus by redesigning the hydrophobic core of Gaussia princeps secretory lucifer-
ase signal sequence. The hydrophobic sequence was replaced by a repeat of 16 methio-
nine residues, resulting in 20-fold higher activity than that from the wild type [83].

CRISPR-Cas9. Cernak et al. first used a CRISPR-Cas9 system to inactivate genes 
responsible for spontaneous mating-type switching (common phenomenon in K. 
marxianus), enabling the production of stable heterothallic haploid strains which can 
mate. As a result, they combined three complex traits found in different strains (abil-
ity to take up exogenous DNA, thermotolerance capacity and higher lipid production) 
into single K. marxianus clones [71].

Li et al. developed a one-step multigene integration system based on CRISPR-
Cas9, which is capable of integrating up to three cassettes in a single, targeted 
genomic locus in K. marxianus. It consists of the CRISPR plasmid (expression of the 
sgRNA and Cas9) and the homology donor plasmid (700 bp up- and down-stream 
homology to the targeted site). This system has been proven to have an efficiency 
comparable to single-gene integration and it can be performed within 4 days from 
transformation to confirmation [84].

In 2022 Bever et al. developed a highly efficient CRISPR-Cas9 system in K. marxia-
nus that allows editing of multiple genes which can be used in both NHEJ-functional 
and -deficient strains showing nearly 100% efficiency of gene disruption in those two 
strains, whereas 100% efficiency of donor integration was observed only in NHEJ-
deficient strains. In addition, this system achieved a dual integration efficiency of 
25.5% in an NHEJ-deficient strain [85].

4.3 Kluyveromyces lactis

Kluyveromyces lactis is an NCY known for its capacity to assimilate lactose and 
convert it into lactic acid. K. lactis is a respiratory Crabtree-negative yeast highly used 
in industries due to its ability to secrete the protein β-galactosidase, used for making 
lactose-free products [23]. Moreover, this yeast is also capable to produce methionol, 
which is a flavor-active compound important in the overall aroma of soy sauce and 
cheese [7].

Some advantages of working with K. lactis yeasts are the capacity of produc-
ing heterologous proteins in simple growth medium, complete knowledge of their 
genome and more importantly, they can be easily genetically manipulated [75]. Due 
to its similarity in biosynthetic capacities to S. cerevisiae, K. lactis toolkits for heterolo-
gous gene expression are mostly the same. However, K. lactis presents many attributes 
that make it more suitable for protein expression and extracellular secretion than S. 
cerevisiae [13]. In fact, K. lactis uses an inducible promoter PLAC4 which is commer-
cially available due to its capacity to secrete recombinant proteins in the culture fluid 
under lactose presence, a very useful feature for protein purification [13].

Promoters. In general, the promoters used for heterologous protein production 
strategies in K. lactis are the same as S. cerevisiae, PGAL1 or PPGK, which, due to their 
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high level of transferability, have shown the potential of promoter engineering in S. 
cerevisiae to be applied in the K. lactis expression system [6]. However, other engi-
neering strategies involving K. lactis promoters have also been developed. For exam-
ple, Sakhtah et al. have recently developed a novel auto-inducible promoter system 
in K. lactis. For this, portions of two promoters, the constitutive PGAP1 and the carbon 
source-sensitive PICL1, were combined to form a hybrid promoter called P350 [86]. 
This novel promoter is induced by the depletion of glucose or glycerol in the medium, 
making it auto-inducible as the carbon sources are consumed by the growing cells. 
The development of this hybrid promoter promises to be useful for the implementa-
tion of one-step protein expression methods for small- and large-scale bioprocesses 
[86]. Moreover, another hybrid promoter approach used in K. lactis involves the 
combination of core promoter elements of Trichoderma reesei PCBH1 and K. lactis PLAC4, 
which showed an increase in protein production in this yeast [13].

CRISPR-Cas9. For the implementation of CRISPR-Cas9 in K. lactis, Horwitz et al. 
adapted an S. cerevisiae system by exchanging the 2 μ element with the K. lactis spe-
cific pKD1 vector-stabilizing element and the constitutive promoter PFBA1 at a GAL80 
site [87–89]. Moreover, sgRNA expression was driven by the typical PSNR52 pol III 
promoter and a TSUP4 terminator, and the deletion of the KU80 gene was performed 
to reduce NHEJ [6, 29, 87–89]. The implementation of this system resulted in the suc-
cessful integration of three donor six-gene-DNA parts into three separate loci (DIT1, 
ADH1 and NDT80) with a triple integration efficiency of 2.1% [6, 29, 87, 88]. Despite 
this low efficiency, the speed and ability to screen strains reduced the design-built-
test cycle for this non-conventional yeast, and further improvements in targeting this 
efficiency could enhance genome editing for wild-type or industrial strains [6].

On the other hand, CRISPR-Cas9 genome editing was used by Burghardt et al. in 
order to increase the enzymatic production of the prebiotic fructo-oligosaccharides 
(FOS) in K. lactis. For this, the fructosyltransferase gene (FFT), needed for forward 
reactions, from Aspergillus terreus NIH2624 was integrated with a K. lactis GG799 pro-
duction host. Furthermore, a CRISPR-Cas9 system was used to delete a native inver-
tase gene, involved in reverse reactions. The results showed an increase in transferase 
activity by 66.9% when grown in a fed-batch process [90].

4.4 Yarrowia lipolytica

Yarrowia lipolytica belongs to the Ascomycota, Dipodascaceae family. It is naturally 
found in lipid and protein-rich substrates such as soil, sewage and oil-polluted 
environments due to their capacity to hydrolyse lipids, assimilate hydrocarbons and 
fatty acids and secrete extracellular proteases [91]. Y. lipolytica is a Crabtree-negative 
haploid, heterothallic yeast with mating types Mat A and Mat B, and low mating 
frequency in nature [92]. In a laboratory setting, cells appear spherical, ellipsoidal or 
elongated and arranged singly, in pairs or clustered in groups. Furthermore, colonies 
present a creamy texture and a convoluted pale white matte surface [91]. About 
the carbon sources, Y. lipolytica is capable to assimilate hydrophobic substrates like 
alkanes, alkenes, fatty acids, fatty acid methyl esters, triglycerides and hydrophilic 
substrates like glucose, fructose, some alcohols, many polyols and many organic acids 
[91]. Some important characteristics of this yeast are its efficient secretion pathway 
and lipid storage capacity, two qualities that have made it a research model for protein 
secretion and lipid metabolism [92]. Moreover, due to its lipogenic metabolism, Y. 
lipolytica has been studied for the biosynthesis of acetyl-CoA-derived molecules such 
as terpenes [93]. In the last years, because of its production capacity of industrial 
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interest compounds and the ability to grow at high cell densities, different synthetic 
biology tools have been developed and applied in Y. lipolytica [94]. As matter of 
fact, Wong and colleagues designed a collection of BioBricks for Y. lipolytica called 
YaliBricks, which contains compatible restriction enzyme sites that allows modular 
genetic engineering [95].

Promoters. In Yarrowia lipolytica, two important promoters have been isolated 
and characterized; the promoter from the XRP2 gene, which codes for an alkaline 
extracellular protease and the constitutive promoter from the TEF gene, which codes 
for translational elongation factor-1 [96]. Furthermore, recent studies are focusing on 
the development of hybrid promoters that could increase the strength of the avail-
able ones. Early approaches to promoter hybridization led to the characterization of 
upstream activating sequences (UASs), native to XPR2, which resulted in an increase 
on promoter activity when hybridized in several tandem repeats [97]. Madzak et al. 
engineered four hybrid promoters (named hp1d, hp2d, hp3d and hp4d) contain-
ing up to four copies of one of its upstream activation sequences (UAS1XPR2) fused 
upstream from a PLEU2 promoter [98]. The resulting promoters showed an increase 
in their strength depending on the number of tandem UAS1XPR2 elements, with hp4d 
being the strongest hybrid promoter and therefore used widely for heterologous gene 
expression in Y. lipolytica [94, 99]. On the other hand, Schwarts et al. constructed 
a synthetic hybrid promoter, using GAL1 UAS from S. cerevisiae and the TEF core 
promoter from Y. lipolytica, that achieved a slightly higher expression than PUAS1B8-

TEF, hybrid promoter that has been widely used [93]. Moreover, other native promot-
ers like PTDH1, PGPM1, PEXP1, PFBAINm, PGPAT, PGPD and PYAT have been characterized and 
used in expression of heterologous genes with promising results [94].

Terminators. The most commonly used terminators for expression of heter-
ologous genes in Y. lipolytica are derived from the native XPR2 and LIP2 genes [99]. 
Moreover, some S. cerevisiae terminators have shown a high degree of transferability 
in Y. lipolytica [100]. Indeed, synthetic terminators designed for S. cerevisiae have been 
used in Y. lipolytica with an increase of 60% in expression level over some wild-type 
terminators [56]. Additionally, these synthetic terminators are commonly smaller 
than the natural ones, conferring them an advantage for transcription units (TU) 
and vector design since they show low risk of undesired HR between TU or with the 
genome, contributing high stability to genetically modified strains [50]. However, 
despite these advances, the number of studies of terminators in Y. lipolytica, in com-
parison to promoters, is still scarce [96].

Golden Gate. Larroude and collaborators have developed a modular toolkit based 
on the Golden Gate strategy that allows assembly in one step of three transcript 
units together with integration into Y. lipolytica genome. This approach comes with a 
collection of six selective markers and sequences for random or specific integration, 
nine promoters of variable strength and five terminators [100]. In such manner, the 
heterologous production of β-carotene is possible with the expression of three genes 
involved in the carotenoid pathway after a single transformation [101], making Y. 
lipolytica a competitive biotechnological producer of β-carotene.

CRISPR-Cas9. The use of CRISPR-Cas9 in Y. lipolytica has been widely studied. In 
recent years, a system from Streptococcus pyogenes has been adapted, with a synthetic 
RNA polymerase III promoter and an optimized Cas9 to perform a marker-free gene 
disruption and integration in Y. lipolytica. In fact, five loci have been recently identi-
fied that could serve as hotspots for targeting marker-free gene integration [97]. This 
system resulted in a single-gene disruption and HR with a 90 and 70% of efficiency 
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respectively when Cas9 and the sgRNA were co-transformed using donor DNA [94]. 
In addition, systems like CRISPR interference (CRISPRi) and CRISPR activation 
(CRISPRa) have been developed for controlling gene expression in Y. lipolytica [99]. 
Here, a deactivated Cas9 (dCas9) is fused to transcriptional repressors or activators, 
allowing binding to sgRNA-complementary DNA without cleavage that could result in 
DSBs [91]. An implementation of the CRISPRa system was performed by Schwarts et al. 
in order to upregulate BGL1 and BGL2 (β-glucosidase genes that are transcriptionally 
silent), and allow Y. lipolytica strains to use cellobiose as a carbon source. For this, a VPR 
activator was identified and fused to dCas9 to enable gene activation [93, 96].

Other CRISPR-Cas9 strategies have been developed, for example, a paired sgRNA, 
consisting of two vectors, each containing Cas9 gene and a sgRNA cassette, was used in 
order to target areas upstream and downstream the start and stop codon, respectively, 
and allow a complete gene knockout via gene excision with a 20% of efficiency [94].

TALEN. Used to direct DNA DSBs to occur at a specific target site, was applied 
in Y. lipolytica to produce structure-based mutagenesis of a fatty acid synthase 
(FAS) domain, and allow the synthesis of fatty acids with shorter chain lengths 
[99]. Moreover, site-directed mutagenesis improved in efficiency when homologous 
exogenous DNA was added to the targeted site, resulting in HR-mediated repair in 
40% of clones [94].

5. Future perspectives

To date, only about 1% of the yeast species found in nature have had their genomes 
fully characterized. Thus, it is not surprising, with the accessibility of new sequencing 
technologies, the complete genome analysis of many newly discovered yeast species 
with unique characteristics will be available. This will greatly expand the catalog of 
genetic parts allowing a more sensitive fine-tuning of desired economically relevant 
compounds and the discovery of new genes of interest. In addition, new yeast host 
vectors with desirable characteristics such as faster growth rates, stress-tolerance, 
efficient secretion systems and desired metabolic pathways will be engineered and 
domesticated to facilitate their use in industrial applications.

Moreover, in silico simulations will play a crucial role in the efficient design 
of new synthetic yeast biofactories since more accurate predictions will be made. 
Nevertheless, there are still limitations that have to be overcome such as the absence 
of gene regulatory information, lack of accurate metabolic models at genomic scale 
[102], or missing experimental design and testing of potential NCY biofactories. For 
instance, CRISPR-Cas9 still performs poorly regarding the adequate sgRNA produc-
tion in NCYs. sgRNA expression is normally accomplished using RNA polymerase III 
(RNAP III) promoters (not well characterized in NCYs), implying more studies are 
needed for effective genetic engineering. Wagner and Alper suggest two approaches 
to overcome this issue: optimization of heterologous RNAP III promoters or the 
screening of native RNAP III promoters [6, 13] which are currently being tested in 
some NCYs such as Y. lipolytica [97].

Finally, a quite positive outcome of the use of NCYs as biofactories is the produc-
tion of industrially relevant compounds in an economical manner. Synthetic biology 
helps to search and engineer strains capable of utilizing cheaper substrates, includ-
ing “waste products” (e.g. whey and molasses), supporting a sustainable circular 
economy which in the future will certainly have a more relevant role.
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6. Conclusions

For several decades yeasts have proven to be of great importance for the development 
of modern society, contributing to industrial processes including food and pharmaceutics. 
In addition, the current application of synthetic biology techniques in these organisms 
has given them a greater potential to be used as substitutes for organisms commonly used 
in the industry, such as bacteria, given the benefits they present. The use of these tech-
niques in unconventional yeasts such as P. pastoris, K. marxianus, K. lactis and Y. lipolytica 
has increased very rapidly in recent years. For example, the genome editing technique 
CRISPR-Cas9 has been developed in these four species to improve the production of 
compounds, such as the prebiotic fructooligosaccharides in the case of K. lactis. Other 
techniques, despite being recently applied, have shown promising results in improving 
the expression of genes and the production of compounds of interest. This is the case of 
the use of TALENs in Y. lipolytica and Golden Gate in P. pastoris.

On the other hand, the engineering of genetic parts has also been developed in 
these unconventional yeasts. Codon optimization in P. pastoris and K. marxianus 
has allowed the production of heterologous enzymes such as phytases, important in 
animal feed, and recombinant proteins such as PCV2 Cap protein, which can be used 
in vaccines against porcine circovirus disease. Modifications of promoters and termi-
nators have also been investigated, with promoter studies being the most common, as 
shown by the recent literature existing on the four species described in this chapter. 
In sum, the advances shown here demonstrate the potential of non-conventional 
yeasts as alternatives to traditionally used organisms, or even for the discovery of new 
systems with potential industrial use, capable of improving the quality of people’s life.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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