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Numerous important pharmaceuticals and nutraceuticals originate from plant specialized
metabolites, most of which are synthesized via complex biosynthetic pathways. The elucidation
of these pathways is critical for the applicable uses of these compounds. Although the rapid
progress of the omics technology has revolutionized the identification of candidate genes
involved in these pathways, the functional characterization of these genes remains a major
bottleneck. Baker’s yeast Saccharomyces cerevisiae) has been used as a microbial platform
for characterizing newly discovered metabolic genes in plant specialized metabolism. Using
yeast for the investigation of numerous plant enzymes is a streamlined process because of
yeast'’s efficient transformation, limited endogenous specialized metabolism, partially sharing
its primary metabolism with plants, and its capability of post-translational modification. Despite
these advantages, reconstructing complex plant biosynthetic pathways in yeast can be time
intensive. Since its discovery, CRISPR/Cas9 has greatly stimulated metabolic engineering in
yeast. Yeast is a popular system for genome editing due to its efficient homology-directed
repair mechanism, which allows precise integration of heterologous genes into its genome.
One practical use of CRISPR/Cas9 in yeast is multiplex genome editing aimed at reconstructing
complex metabolic pathways. This system has the capability of integrating multiple genes of
interest in a single transformation, simplifying the reconstruction of complex pathways. As
plant specialized metabolites usually have complex multigene biosynthetic pathways, the
multiplex CRISPR/Cas9 system in yeast is suited well for functional genomics research in
plant specialized metabolism. Here, we review the most advanced methods to achieve efficient
multiplex CRISPR/Cas9 editing in yeast. We will also discuss how this powerful tool has been
applied to benefit the study of plant specialized metabolism.

Keywords: CRISPR/Cas9, genome editing, multiplex gene integration, Saccharomyces cerevisiae, plant
specialized metabolites

INTRODUCTION

Plant specialized metabolites (or secondary metabolites) play important roles in enhancing
human health and wellness as sources of pharmaceuticals, nutraceuticals, flavors, and fragrances.
However, these specialized metabolites and their biosynthetic enzymes are usually available at
miniscule levels in plants, making studies of their biosynthesis difficult. The emergence of
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molecular cloning techniques, next-generation sequencing, omics
technology, and synthetic biology in recent decades has
accelerated the discovery of specialized metabolic pathways in
plants (Siddiqui et al, 2012; Pyne et al, 2019). One of the
most powerful tools to study these biosynthetic pathways is
the heterologous expression of candidate genes in
microorganisms. Escherichia coli and Saccharomyces cerevisiae
are the two major workhorses for microbial pathway
reconstruction. While the more fully studied E. coli system
has been useful to study soluble enzymes, expression of
membrane-bound enzymes, such as cytochrome P450s in E. coli,
is difficult (Leonard and Koffas, 2007). As cytochrome P450s
have been discovered to be the major enzyme family driving
the chemical diversity of specialized metabolites (Chapple, 1998;
Bathe and Tissier, 2019), S. cerevisiae with a developed
endomembrane system has benefited studies of specialized
metabolic pathways, including multiple cytochrome P450s.
Several key features of yeast exemplify its practicality (Siddiqui
etal, 2012; Pyne et al,, 2019). Firstly, efficient yeast transformation
techniques simplify the day-to-day uses of yeast. Secondly, yeast
has limited endogenous specialized metabolism pathways, which
minimizes competition with introduced pathways. Thirdly, yeast
partially shares primary metabolism pathways with plants, which
means heterologous plant specialized metabolism pathways can
be easily plugged into the existing pool of yeast primary
metabolite precursors, albeit some flux enhancement may
be required. Fourthly, it is relatively safe to work with
non-pathogenic yeast, known as one of the generally recognized
as safe microbes. Finally, yeast can also carry out some post-
translational modifications.

Despite all these advantages, reconstructing complex
specialized pathways in yeast is still hindered by two major
factors. First, there are a limited number of selection markers
for yeast transformation. Selection markers can be recycled,
but this is time consuming. Secondly, due to plasmid instability
and imbalance, it is often difficult to achieve consistent
levels of recombinant proteins in individual cells, which
can lead to different degrees of toxicity and metabolic burden
in each yeast cell (Da Silva and Srikrishnan, 2012). Thus,
the integration of heterologous genes into the yeast genome
is preferred for stable expression. Gene integration techniques
in yeast, such as in vivo homologous recombination and
pre-CRISPR endonucleases-based systems (e.g., I-Scel, HO
endonuclease, ZFNs, and TALENs), have been extensively
developed. These techniques have been reviewed in several
excellent articles (Da Silva and Srikrishnan, 2012; David
and Siewers, 2015; Yang and Blenner, 2020). However, these
integration techniques are relatively laborious as they require
selection markers, and there is limited availability of efficient
integration sites.

In the past decade, the emergence of endonuclease-based
techniques, especially clustered regularly interspaced short
palindromic repeats (CRISPR) and its associated protein 9
(Cas9), has revolutionized the field of genome editing. This
elegant and simple technique has been applied in various
organisms, such as human cells, zebrafish, plants, and S. cerevisiae
(Doudna and Charpentier, 2014). The simplicity, efficiency, and

flexibility of CRISPR/Cas9 have allowed for the expansion
of its application to include multiple simultaneous genome-
editing events, termed “multiplexing” (Mali et al., 2013). There
are some excellent reviews on CRISPR/Cas9 in yeast (Jakocitinas
et al., 2016; Stovicek et al., 2017; Deaner and Alper, 2019;
Meng et al., 2020), including some articles focusing on multiplex
genome editing (Adiego-Pérez et al., 2019; Malci et al., 2020).
Thus, this review will focus on the most up-to-date advances
in multiplex genome editing in S. cerevisiae with an emphasis
on building the complex pathways of plant specialized
metabolites. Specifically, this review focuses on the emergence
of CRISPR/Cas9, multiplex gene integration in yeast, current
developments in multiplex gene integration using other Cas
protein (Casl2a), a brief discussion of other applications of
multiplex gene editing, and future perspective of using CRISPR/
Cas9 multiplex genome editing for studying plant
specialized metabolism.

CRISPR/Cas9 DEVELOPMENT

CRISPR-Cas genome editing is derived from the adaptive
immune response of archaea and bacteria and consists of
CRISPR genomic sequences and Cas genes (Jansen et al., 2002).
CRISPR genomic sequences were first discovered in the genome
of E. coli by Ishino et al. (1987), who found repeating palindromic
sequences separated by small, evenly sized, and unique spacer
sequences (Ishino et al, 1987). In 2002, CRISPR sequences
were shown to be transcribed into CRISPR RNA (crRNA)
and the Cas genes associated with them were predicted to
have nuclease and helicase activity (Jansen et al., 2002; Tang
et al,, 2002). By 2005, the spacer sequences were determined
to be viral sequences (Mojica et al, 2005). In 2007, the
CRISPR-Cas adaptive immune response was demonstrated to
protect Streptococcus thermophilus from invading viruses
(Barrangou et al., 2007).

Since these initial discoveries, diverse CRISPR-Cas types
have been identified but the type II CRISPR system is the
most heavily utilized for heterologous gene editing and will
be the focus in this review (Makarova et al., 2020). Early
studies of the CRISPR immune response of S. thermophilus
demonstrated that the Cas9 protein uses its catalytic HNH
and RuvC-like domains to cleave invading viral DNA
(Sapranauskas et al., 2011). At the same time, the requirement
of trans-activating crRNA (tracrRNA) for the maturation
of crRNA in the Streptococcus pyogenes CRISPR immune
response was demonstrated (Deltcheva et al., 2011). The
tractrRNA DNA sequence is located upstream of the CRISPR
locus in the bacterial genome. The tracrRNA sequence is
complementary to the repeating portion of the crRNA, and
when transcribed the tracrRNA and crRNA form a tracrRNA-
crRNA duplex. In 2012, the Cas9 protein of S. pyogenes
(Cas9) was shown to interact with tracrRNA-crRNA duplexes
and induce double-stranded breaks (DSBs) in DNA
complementary to the spacer sequence, known as the
protospacer (Jinek et al., 2012). For recombinant systems,
the protospacer sequence represents the target site for gene
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editing. Also, the tracrRNA-crRNA duplex can be fused in
recombinant systems to a single functional transcript, thereby
simplifying the heterologous CRISPR-Cas to two components,
the single-guide RNA (gRNA) and Cas9 (Figure 1). The
gRNA is composed of a 20-nt spacer RNA and scaffold
RNA. The scaffold RNA is a fusion of the tracrRNA and
the structural repeating portion of the crRNA. A caveat to
this system is that a specific sequence called the protospacer
adjacent motif (PAM) is required for gRNA recognition of
the protospacer (Jinek et al., 2012). The PAM sequence for
Cas9 is 5'-NGG-3', while different Cas proteins has different
PAM sequences. When binding to a gRNA, Cas9 undergoes
a conformational change which forms a channel between
the two lobes of the protein (Jinek et al., 2014). This creates
room for the binding of the spacer RNA to the target DNA
protospacer sequence upstream of the PAM site. After the
spacer RNA binds to the target DNA, the HNH domain
cleaves the DNA strand complementary to the spacer sequence,
and the RuvC-like domain cleaves the opposite strand. The
cleavages by HNH and RuvC both occur 3-bp upstream of
the PAM creating a blunt DSB (Figure 1; Jinek et al., 2012).
The first demonstration of CRISPR/Cas9 genome editing
in S. cerevisiae followed soon (DiCarlo et al., 2013). Due
to highly efficient homology-directed repair (HDR) in
S. cerevisiae, especially when DSBs are induced, CRISPR/
Cas9 is a perfect approach for genomic integrations of foreign
genes in yeast (Storici et al., 2003; Shao and Zhao, 2009;

SgRNA || —— scaffold RNA

spacer RNA
PAM Cas9 protein

GOl

donor DNA

Homologous repaired DSB

FIGURE 1 | Schematic diagram of the CRISPR/Cas9 mechanism in yeast.
The single gRNA (sgRNA) contains two components: scaffold RNA (tracrRNA
and structural part of crRNA) and a 20-nt spacer RNA. (1) After the Cas9
protein binds to the sgRNA, Cas9 binds to the target sites in the genomic
DNA and undergoes conformational change to cut both strands of the target
site 3-bp upstream of the PAM site (red triangle). PAM site is shown in step 2.
(2) After a double-stranded break (DSB) is induced, the preferable homology-
directed repair (HDR) mechanism repairs the DSB using donor DNA. The
donor DNA contains 5' and 3" homology arms and a gene of interest (GOI).
The GOI can be non-functional for gene deletion purposes. Note that
although the PAM site is emphasized in the second step (green bars), the
PAM site is required for Cas9-gRNA complex to recognize the target sites in
the first step. (3) After HDR, the DSB is repaired and the GOl is integrated.

Gardner and Jaspersen, 2014). The foreign genes can
be transformed as donor DNA, which is a linear DNA
fragment that consists of the gene cassette with homology
arms at its 5' and 3' ends. The homology arms are DNA
sequences that are homologous to the 5' and 3' regions of
the DSB sites in the yeast genome (Figure 1). Therefore,
by transforming the Cas9 and gRNA expression cassettes,
and donor DNA, heterologous gene integration can
be achieved.

CRISPR/Cas9 MULTIPLEX GENE
EDITING

As soon as CRISPR/Cas9 genome editing was discovered,
the idea of simultaneously editing multiple target sites in
the genome (multiplex genome editing) was demonstrated
in human and mammalian cells (Cong et al., 2013; Mali
et al, 2013). In yeast, the first multiplex genome editing
was successfully demonstrated soon after the first application
of CRISPR/Cas9 genome editing in yeast (Ryan et al., 2014).
Thereafter, various methods have been employed to increase
the efficiency of multiplex CRISPR genome editing. Here,
these methods will be classified based on their gRNA
expression systems. In general, there are three common
approaches to express gRNA cassettes for multiplex gene
editing: (i) expression of multiple gRNAs in a single gRNA
cassette with RNA cleaving mechanisms; (ii) expression of
multiple gRNAs in multiple gRNA cassettes; and (iii) editing
of multiple, pre-defined sequences in the genome by a single
gRNA. The studies reviewed here are summarized in Table 1.
Unless indicated otherwise, all the plasmids and/or strains
are available on request.

Multiple gRNAs in a Single gRNA Cassette
With RNA Cleaving Mechanisms

The first strategy of expressing multiple gRNAs for targeting
multiple loci is achieved by exploiting RNA cleaving
mechanisms from either yeast or other organisms. Using
this elegant strategy, multiple gRNAs can be expressed in
a single transcript under a single promoter and terminator.
Signal sequences are added between each gRNA and can
be recognized by RNA cleaving mechanisms thereby producing
multiple gRNAs. The multiple gRNAs then bind to multiple
target sites simultaneously. Four RNA cleaving mechanisms
will be discussed here and included HDV ribozymes, CRISPR
direct repeats, Csy4, and tRNA arrays.

Hepatitis Delta Virus Ribozyme

The first demonstration of multiplex genome editing in yeast
was demonstrated by Ryan et al. using a plasmid containing
a Cas9-expressing cassette and a gRNA cassette containing the
self-cleavable hepatitis delta virus (HDV) ribozyme attached
to the 5' end of each gRNA (Ryan et al, 2014). The HDV
ribozyme cleaves the 5' end of its sequence (Figure 2A). The
extra nucleotides from the HDV ribozyme attached to the
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TABLE 1 | Summary of studies that were reviewed in this manuscript.

Maximum # Total size of Genes/pathways
Name Type of editing Max # edited loci heterologous . Editing efficiency . References
. genes integrated integrated
genes integrated
CRISPRm (HDV Deletion 3(1) 1 ~1.5 kb 20% (85%) Cellobiose Ryan et al., 2014
ribozyme) (integration) utilization
HI-CRISPR (Direct  Deletion 3 - 100 bp 30-85% - Bao et al., 2015
repeats)
Csy4 Deletion 4 - 120 bp 96% - Ferreira et al., 2018
GTR-CRISPR Deletion 8 - 120 bp 87% - Zhang et al., 2019
(tRNA)
Mans et al. Deletion 6 (2) 6 ~15 kb 65% (95%) Acetyl-CoA Mans et al., 2015
(integration) biosynthesis
Modular gRNA Deletion 3@ 11 ~24 kb 64% (4.2%) Muconic acid Horwitz et al., 2015
(integration) biosynthesis
Jakocianas et al. Deletion 4 - ~500 bp 100% - Jakocianas et al.,
2015b
CasEMBLR Integration 3 3 ~18 kb 31% p-carotene Jakocianas et al.,
biosynthesis 2015a
CrEdit Integration 3 3 ~18 kb 84% p-carotene Ronda et al., 2015
biosynthesis
EasyClone- Integration 3 6 ~15 kb 70% Acetyl-CoA Jessop-Fabre et al.,
MarkerFree biosynthesis 2016
Di-CRISPR (delta Integration 18 (and 10) & sites 2(3) 16 kb (24 kb) 95% (85%) Butadienol Shi et al., 2016
integration) biosynthesis and
xylose utilization
CRITGI Integration 12 Ty sites 1 ~5 kb 75% Pyruvate Hanasaki and
decarboxylase Masumoto, 2019
biosynthesis
CMGE Integration 10 rDNA sites 1 ~1.5kb 46% GFP expression Wang et al., 2018
mCAL Integration 3 3 ~4 kb 100% HIS3, CDC11, Finnigan and
and SHS1 Thorner, 2016
Wicket Integration 3;6;9; 12 3 ~18 kb 95%; 50%; 50%; ﬁjcarotenel Hou et al., 2018
10% biosynthesis
Landing pads Integration 4 1 ~2 kb 80% Norcoclaurine Bourgeois et al.,
biosynthesis 2018
SGM-CRISPR Integration 6 6 ~15 kb 40% Klaumohdel Baek et al., 2021
biosynthesis
PCR & Go Integration 5 5 ~6 kb 70% Alstaxanthnj Qiet al., 2021
biosynthesis
Promiscuous gRNA  Deletion 2 - 120 bp 100% - Ferreira et al., 2017

"Type of editing refers to if the study showed gene deletion (donor DNA is non-functional DNA) or gene integration (donor DNA is functional heterologous DNA).

gRNA do not affect genome-editing efficiency and interestingly
the gRNAs modified by the HDV ribozyme significantly improved
the efficiency of genome editing. It was shown that the attachment
of the HDV ribozyme produces more gRNA transcripts compared
to the control system without it (Ryan et al., 2014). This system
can knock out a maximum of three loci simultaneously using
120-bp donor DNA with an efficiency around 20 and 80% in
diploid and haploid yeast, respectively (Ryan et al., 2014). This
approach has been applied to investigate and reconstruct various
plant specialized metabolisms, such as tropane alkaloids
(Srinivasan and Smolke, 2019, 2020), noscapine (Hafner et al.,
2021), and cyanogenic glycosides (Kotopka and Smolke, 2019).

Direct Repeats for crRNA Processing

The homology-integrated CRISPR (HI-CRISPR) system separated
the expression of tracrRNA and crRNAs rather than combining
them in a single gRNA (Bao et al.,, 2015). The Cas9, tracrRNA,
and crRNA (including the 20-nt spacer sequence) cassettes

were expressed in one plasmid (available in Addgene). The
crRNA cassette contained multiple crRNAs, with each being
flanked with direct repeat sequences which mimicked the
natural direct repeats of the S. pyogenes CRISPR array. After
transcription, these repeats were cleaved by the endogenous
yeast RNase III and unknown nucleases, resulting in expression
of multiple crRNAs from one cassette (Figure 2B). The crRNAs
combined with tracrRNAs to form functional gRNAs. This
study successfully disrupted up to three different loci in one
transformation using 100-bp donor DNA with efficiencies
varying from 30 to 85%, depending on the loci targeted.

Heterologous Endoribonuclease (Csy4)

A couple of years before utilizing CRISPR/Cas9 for genome
editing, the Doudna lab had characterized an endoribonuclease
that cleaves direct repeats from pre-crRNA to produce mature
crRNAs in Pseudomonas aeruginosa (Haurwitz et al., 2010).
This endoribonuclease is called Csy4 and has been tested
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FIGURE 2 | Schematic diagram of multiplex gene editing using multiple gRNAs in a single gRNA cassette with RNA cleaving mechanisms. (A) HDV ribozyme self-
cleaving mechanism by Ryan et al. After transcription, the HDV ribozyme cuts at its 5' end (red triangles) to produce multiple gRNAs. (B) HI-CRISPR by Bao et al.
utilized the direct repeats (DR) from S. pyogenes. When it is expressed in yeast, the DR will be cleaved (red triangles) by unknown yeast endogenous nucleases and/
or RNases, producing multiple gRNAs. Note that the tracrRNA will bind to the structural part of the crRNA before cleaving. (C) Csy4 endoribonuclease from
Pseudomonas aeruginosa can be utilized by providing recognition sites between gRNAs. Csy4 and Cas9 were integrated into the yeast genome. Upon transcription,
Csy4 recognizes and cleaves the recognition sites. (D) Yeast endogenous tRNA can be provided in between the gRNAs. Either fully assembled plasmids or linear
plasmids with gRNA fragments can be transformed. The linear plasmid can be assembled in vivo using yeast DNA assembly. Upon transcription, the tRNAs are

cleaved, resulting in multiple gRNAs (red triangles).

for its functionality to process multiple crRNAs at the same
time in various organisms (Qi et al., 2012). The application
of Csy4 processing for multiplex genome editing in yeast
was first demonstrated by Ferreira et al. (2018). The authors
first integrated both Cas9 and Csy4 expression cassettes
into the yeast genome. They also built a plasmid containing
one gRNA cassette with 28-nt Csy4 recognition sites between
each gRNA (Figure 2C). Unlike HDV cleavage, but like

the HI-CRISPR system, the Csy4 recognition sites are abolished
after cleavage. This results in multiple gRNAs without any
additional RNA structures. This approach successfully
demonstrated quadruple gene disruptions using 120-bp donor
DNA with 96% efficiency. The study also showed that
utilization of Csy4 recognition sites in the absence of Csy4
still resulted in 50% efficiency for double-gene deletions
(Ferreira et al., 2018). This may suggest that Cas9 might
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have some flexibility to recognize at least the first two
gRNAs in a single long transcript and correctly cleave both
genomic DNA targets, albeit with a lower efficiency (Ferreira
et al., 2018). The study from Ryan et al. also supports this
suggestion as Cas9 can still recognize gRNAs that have
additional HDV structures on their 5' ends (Ryan et al,
2014). Alternatively, the endogenous yeast RNase III and
nucleases may cleave the Csy4 direct repeats in a similar
way to how S. pyogenes direct repeats are cleaved in the
HI-CRISPR system (Bao et al., 2015). In another independent
study, Csy4 processing capability was also demonstrated to
express 12 gRNAs simultaneously for CRISPR interference
(CRISPRi; McCarty et al., 2019).

Yeast Endogenous tRNA Array

Utilizing the endogenous tRNA-processing mechanism for single
transcript expression of multiple gRNAs was first demonstrated
in rice (Xie et al, 2015). Zhang et al. showed that the tRNA
array can also be successfully used to express multiple gRNAs
in yeast (Zhang et al,, 2019). The system is called GTR-CRISPR
(gRNA-tRNA array for CRISPR/Cas9). GTR-CRISPR used a plasmid
that contained a Cas9 expression cassette and a gRNA cassette
with tRNAg;, sequences between each gRNA. The tRNA sequences
were then cleaved during endogenous yeast tRNA processing,
resulting in the release of multiple gRNAs from a single transcript
(Figure 2D). The authors tested two different arrays to disrupt
eight genes at the same time. One array used a single promoter
to express all gRNAs, while the other array used two promoters
to express eight gRNAs (four gRNAs each). The latter approach
resulted in an incredible octuple gene deletion with 87% efficiency,
compared to 35.5% efficiency for the former arrangement (Zhang
et al,, 2019). This tRNA array system has been utilized to integrate
the pyruvate dehydrogenase complex (PDH) into the yeast genome
(Zhang et al,, 2020).

Although these RNA cleavage mechanism approaches are
valuable, they have a major limitation. The efficiency of multiplex
genome editing using this approach is determined by the lowest
expression and cleavage efficiency of its gRNAs. One common
issue observed from these studies was that the more downstream
a gRNA or crRNA is in the transcript, the less efficient it will
be (Ryan et al,, 2014; Bao et al,, 2015; Ferreira et al., 2018; Zhang
etal, 2019). As multiplex gene integration requires multiple factors
to be efficient (discussed below), the compounding effects of the
inefficiencies of RNA cleavage mechanisms can significantly restrict
the application of these approaches for multiplex gene integration.
Therefore, the application of these approaches is more widespread
for multiple gene disruption (e.g., for disrupting endogenous
competing pathways) rather than multiple gene integrations for
pathway building.

Expression of Multi-Cassettes gRNAs

The second strategy of expressing multiple gRNAs simultaneously
is to express each gRNA with its own cassette. This approach
has been simplified by the development of molecular cloning
techniques, such as Golden Gate, Gibson Assembly, USER,
and in vivo DNA assembler (Deaner and Alper, 2019).

Readers can refer to a work by Chao et al., who reviewed
the current development of molecular cloning and DNA assembly
techniques (Chao et al., 2015). These techniques allow the
creation of a large plasmid with relatively quick and
straightforward steps. The examples that will be discussed below
use multiple gRNA cassettes in one plasmid, while Cas9 is
expressed separately either by integration into the genome or
using a separate plasmid. Thus, these examples will be categorized
into two groups: (i) integrated Cas9 expression and (ii) plasmid-
based Cas9 expression.

Integrated Cas9 Expression
In the first category, a Cas9 expression cassette is integrated
into the yeast genome, while gRNA cassette(s) are expressed
in a plasmid (Figure 3A). The integration of the Cas9 cassette
into the genome has some benefits, such as more stable Cas9
expression, maximizing the availability of selection markers
for gRNA-expressing plasmids, and reducing the size of the
plasmid, thereby, increasing the transformation efficiency
(Stovicek et al., 2017). However, the Cas9 cassette in the genome
needs to be removed after genome editing. Mans et al. developed
a comprehensive toolbox to simplify CRISPR/Cas9 gene editing
in yeast (Mans et al, 2015). This toolbox includes (i) the
Yeastriction Web tool," which can help with gRNA design to
minimize off-target edits and maximize efficiency; (ii) a set
of gRNA expressing plasmids, which includes eight single-
gRNA cassette plasmids and eight double-gRNA cassette plasmids
with eight different selectable markers (URA3, amdSYM, hphNT1,
kanMX, LEU2, natNT2, HIS3, and TRP1); and (iii) a collection
of various haploid, diploid, and auxotrophic CEN.PK strains,
into which the Cas9 cassette, under the TEFI promoter, has
been integrated. Both plasmids and yeast strains were deposited
at Euroscarf. The authors showed that using three plasmids,
each of which contained two gRNA cassettes, could
simultaneously delete six genes with 65% efficiency. Furthermore,
they deleted two acetyl-CoA synthetase genes, ACSI, and ACS2,
which are important for cytosolic acetyl-CoA synthesis in yeast.
Without these genes, the yeast is not viable unless other sources
of acetyl-CoA are supplied. Therefore, they also simultaneously
integrated six genes that are part of the E. faecalis pyruvate
dehydrogenase complex as donor DNAs, to provide the yeast
with an alternative acetyl-CoA biosynthesis pathway. All six
genes were designed to be assembled in vivo into the ACS2
locus, while the ACSI locus was deleted by providing only a
120-bp non-functional donor DNA. Although the efficiency
cannot be calculated because failed integrations will not appear
as colonies, the study successfully deleted two genes and
introduced six heterologous genes (~15 kb) into one locus of
the yeast genome in one transformation (Mans et al., 2015).
Similarly, Horwitz et al. also integrated a Cas9 cassette into
the yeast genome (Horwitz et al, 2015). They expressed Cas9
under the medium-strength promoter, FBAI, as opposed to the
high-strength promoter, TEFI. More importantly, they used different
gRNA plasmid delivery methods. Instead of constructing various

'http://yeastriction.tnw.tudelft.nl/
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FIGURE 3 | Schematic diagram of multiplex gene editing using multi-cassette gRNA expression. Each gRNA is expressed in one cassette. The gRNA plasmid can
be pre-assembled or transformed as linear fragments. The linear fragments can be assembled in vivo by yeast endogenous homologous recombination. (A) Cas9
was integrated into the genome to reduce the amount of DNA to be transformed during transformation. (B) Cas9 plasmid was pre-transformed into the yeast cells.
The studies also demonstrated that donor DNAs can be transformed as separate parts rather than pre-assembled donor DNAs.

plasmids with either one or two gRNAs, Horwitz et al. transformed
the yeast cells with one linear plasmid and one, two, or three
linear gRNA cassette(s), and then relied upon in vivo DNA
assembly to circularize the plasmid for gRNA expression
(Figure 3A). Interestingly, while Mans et al. attempted this approach
and had a very low efficiency, Horwitz et al. showed that triple
gene deletions can be achieved with 64% efficiency (Horwitz
et al., 2015; Mans et al, 2015). The differences between these
two studies are the length of the flanking homology sequences
for in vivo assembly. Horwitz et al. used 500-bp flanking homology
sequences (Horwitz et al., 2015), whereas Mans et al. used only
50-bp flanking homology sequences (Mans et al., 2015). Ultimately,
Horwitz et al. also demonstrated the capability of this system to
integrate 11 genes (~24-kb) in the muconic acid biosynthetic
pathway into three loci of the competing pathway. Although the
efficiency was low (4.2%), it shows the ability to delete competing
pathways and integrate heterologous pathways simultaneously
(Walter et al., 2016).

Plasmid-Based Cas9 Expression

Instead of integrating the Cas9 cassette into the yeast genome,
the Cas9 cassette and gRNA cassette(s) can be expressed from
two different plasmids (Figure 3B). This approach has a major
benefit over the integration of Cas9 because the removal of
a Cas9 expression plasmid is more straightforward, e.g., using
counter selection method. However, the transformation efficiency
may decrease due to the large size of DNA required to
be delivered if all plasmids are transformed at the same time.
Therefore, some of the examples below pre-transformed the

Cas9-expressing plasmid before the transformation of the gRNA-
expressing plasmid. A collaboration between the groups in the
Novo Nordisk Foundation for Biosustainability developed four
analogous studies using this system with the main differences
being the cloning strategies of gRNA plasmids and donor DNAs
(Jakocitinas et al., 2015a,b; Ronda et al., 2015; Jessop-Fabre
et al, 2016). In all four studies, the Cas9 expression cassette
was expressed in one plasmid and was pre-transformed into
a yeast strain. The constructed yeast strain was then transformed
with the gRNA cassette(s)-containing plasmid.

Jakocitinas et al. built the foundation of their system by
systematically selecting target sites using the CRISPy Web tool,”
verifying off-target effects, and utilizing USER cloning to
assemble the gRNA cassette(s) plasmid (Jakocitinas et al., 2015b).
Using this approach, they successfully generated a collection
of 31 mutant strains with one to five endogenous genes being
disrupted. These five genes were chosen as single deletions of
these genes resulted in a higher metabolite flux toward the
mevalonate (MVA) pathway. The screening of the 31 mutant
strains resulted in a yeast strain with a titer of more than
10 pM MVA (Jakocitinas et al., 2015b). The following study
combined this system and yeast in vivo DNA assembly to
bypass the requirements for donor DNA cloning (Jakocitinas
et al., 2015a). In this approach, called CasEMBLR, up to three
donor DNAs, containing five parts each (two flanking homology
sequences, promoter, gene, and terminator), were transformed
with the gRNA-expressing plasmid into yeast cells. The study
demonstrated simultaneous integration of three genes in the

*http://staff.biosustain.dtu.dk/laeb/crispy/
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f-carotene biosynthetic pathway (~18 kb) into the yeast genome
with 31% efficiency (Jakocitinas et al., 2015b).

The last two studies utilized EasyClone for their target sites.
EasyClone consists of a set of standardized plasmids that
combines USER cloning and Cre-LoxP-based marker recycling
system to enable iterative integration of heterologous genes
(Jensen et al., 2014). This method uses previously characterized
target sites in the genome with high efficiency, low effects on
cell growth, and high expression (Jensen et al, 2014). The
following studies used and modified EasyClone target sites
and plasmids for CRISPR/Cas9 genome editing (Ronda et al.,
2015; Jessop-Fabre et al, 2016). In both studies, the Cas9-
expressing plasmid was also pre-transformed into yeast cells.
Ronda et al. used three characterized target sites from EasyClone
to integrate three genes (~18 kb) for f-carotene biosynthesis
into the yeast genome with 85% efficiency (Ronda et al., 2015).
In the next study, Jessop-Fabre et al. evaluated 11 previously
characterized EasyClone target sites for their efficiencies in
CRISPR/Cas9 editing (Jessop-Fabre et al., 2016). All plasmids
for EasyClone-based CRISPR/Cas9 editing are available at
Addgene. They found that the target sites had a 95-100%
targeting efficiency. The practicality of this system for multiplex
CRISPR/Cas9 editing was successfully demonstrated by
integrating either three (one gene in each locus) or six (two
genes in each locus) genes in three different acetyl-CoA synthesis
pathways from different species into the yeast genome with
60-70% efliciency. Interestingly, targeting different loci in the
same chromosome decreases the editing efficiency. By comparing
these three different pathways, 3-hydroxypropionic acid
production in yeast was optimized (Jessop-Fabre et al., 2016).

Expression of multiple gRNAs in multiple gRNA cassettes
for multiplex genome editing has one major advantage compared
to the RNA cleaving approach for producing multiple gRNAs
from one cassette. This benefit is that the expression of each
gRNA is more comparable, which re-directs the rate-limiting
steps toward other factors (e.g., yeast transformation efficiency
or overall gRNA expression) instead of the lowest gRNA
expression. Consequently, more studies utilize this approach
for multiplex heterologous gene integrations (Bond and Tang,
2019; Yee et al,, 2019). However, one key limitation persists
that is the finite amount of gRNA that can be expressed. This
is because the more gRNAs expressed by a plasmid, the larger
the plasmid will be, which decreases the transformation efficiency.
Additionally, multiple gRNAs might still compete for the yeast
endogenous RNA transcription machinery and limit the
expression of gRNAs transcripts.

Editing of Multiple Pre-defined Sequences
in the Genome by a Single gRNA

So far, the maximum loci that have been demonstrated for
simultaneous integration using multiple gRNAs are three (Horwitz
et al., 2015). To improve the number of loci for deletions and
possibly to increase the number of genes for integrations, other
approaches have been developed. In the following approaches,
pre-defined target sequences were identified and/or synthetically
integrated in the yeast genome. The sequences, which can
be endogenous or synthetic, must be found or pre-integrated

in multiple sites in the yeast genome. Since multiple loci can
be targeted using a single gRNA, it greatly simplifies the
integration of the heterologous genes. Several studies have
successfully used this approach to integrate multiple genes in
multiple loci. These studies can be divided into two categories
using either endogenous target sequences or synthetic
target sequences.

Yeast Endogenous Target Sequences

Some endogenous sequences can be found in multiple sites in
the yeast genome. One such endogenous sequence is the delta
(8) site of Ty (transposons of yeast) elements. Like other
retrotransposons, Ty can replicate and insert itself in other sites
of the yeast genome (Krastanova et al, 2005). Ty is composed
of two genes, which are flanked by identical sequences called
long terminal repeats (LTRs). There is at least five known Tys
(Tyl to Ty5), and they are scattered throughout the genome. The
d sites refer to the LTRs of Tyl and Ty2. There are approximately
40 copies of Tyl and Ty2 LTRs in haploid yeast (Krastanova
et al, 2005). Tyl and Ty2 LTR sequences have been utilized
since the 1990s for the integration of multiple gene copies in
yeast (Da Silva and Srikrishnan, 2012; Malci et al., 2020). However,
this approach shows poor efliciencies, especially for integrating
larger genes (Shi et al, 2016). Inspired by conventional & site
integration, Shi et al. designed a CRISPR/Cas9 system to target
these O sites, called delta integration-based CRISPR (Di-CRISPR;
Shi et al,, 2016). It exploits HI-CRISPR (Bao et al., 2015) plasmids
to separately express crRNA, tracrRNA, and Cas9, although only
one crRNA is expressed in Di-CRISPR. The crRNA was designed
to target a characterized & site sequence (Figure 4A). Using this
system, the authors demonstrated an astounding 24-kb cassette
integration into the & sites with up to 18 copies of each gene
being found in the genome. The 24-kb donor DNA cassette
contained seven genes: three xylose utilization genes, three (R,R)-
2,3-butadienol (BDO) biosynthetic genes, and a GFP reporter
gene. The resulting strain can utilize xylose as its sole carbon
source and produce BDO (Shi et al., 2016). The same group has
extended the application of Di-CRISPR for developing automated
system to study genotype—phenotype mapping and industrial traits
optimization (Si et al., 2017). Recently, another study adopted a
similar approach and successfully integrated 25 copies of the BDO
biosynthetic pathway and a GFP cassette into 9 sites, albeit with
a much shorter donor DNA of 4-kb (Huang and Geng, 2020).
In another study, Ty elements, instead of & sites, were targeted
for multicopy multiplex genome integration (Hanasaki and
Masumoto, 2019). This system, called CRISPR/transposon gene
integration, used two plasmids, a Cas9-gRNA expressing plasmid
and a donor DNA plasmid. Interestingly, the donor DNA plasmid
contains a Tyl genome sequence, which will be cleaved together
with the Tyl sequences in the genome, by Cas9-gRNA complex.
This causes the donor DNA plasmid to be linearized in vivo and
integrated into the Tyl sequences. Using this approach, the authors
demonstrated the integration of 12 copies of the donor DNA
(~5-kb). Additionally, the expression of the genes in the donor
DNA can be tuned by exploiting the existence of amino
acid markers in the donor DNA plasmid (Hanasaki and
Masumoto, 2019).
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Another endogenous sequence, ribosomal DNA (rDNA),
has also been utilized as a target for multicopy gene integration
(Wang et al., 2018). rDNA is located at the RDNI locus.
The RDNI locus is a 1-2 Mb section in chromosome XII
of yeast and contains 100-200 copies of a 9.1 kb repeat.
Each repeat has regions that encode rRNAs and non-coding
regions (Venema and Tollervey, 1999). Wang et al. targeted
one of the non-coding regions called the non-transcribed
spacers 1 (NTSI) for their system (Wang et al., 2018). In
this system, the Cas9 expression cassette was pre-integrated
into the genome before the transformation of gRNA plasmid

and donor DNA fragment (Figure 4B). Although it has
been shown that cleaving multiple targets in the same
chromosome may disrupt genome stability and reduce the
efficiency of CRISPR/Cas9 (Jessop-Fabre et al., 2016), the
authors demonstrated the successful integration of up to
10 copies of a GFP donor DNA cassette with 45% efficiency,
and the resulting strain maintained stable copy numbers
after 55 generations (Wang et al., 2018). In one study, the
CRISPR-based sequential integration of four genes into both
d sites and rDNA successfully increased the production of
isobutanol in yeast (Park and Hahn, 2019).
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Synthetic Target Sequences

Designing an efficient gRNA is one of the most essential factors
for successful CRISPR/Cas9 gene editing (DiCarlo et al., 2013).
Therefore, the laborious step of testing multiple gRNAs for efficiently
integrating heterologous genes in each locus is required. This
difficulty is compounded when targeting multiple loci. Moreover,
targeting endogenous yeast sequences may have some unintended
off-target effects, especially if the targets are not yet tested (Apel
et al, 2017). The following studies have developed yeast strains
to alleviate these problems by integrating artificial/synthetic gRNA
target sequences, which are designed to avoid any potential off-target
DSBs, at characterized loci with significant gene expression. The
idea of introducing synthetic sequences for a unique target site
was first demonstrated by Lee et al. for investigating the effect
of a linearized plasmid on integration efficiency (Lee et al., 2015).
They termed this synthetic sequence a “landing pad” Although
this study did not attempt to develop a multiplex genome-editing
system, the term and concept of a “landing pad” have been used
in the following five studies.

In the first study, Finnigan and Thorner generated unique
23 bp synthetic sequences, each of which contained a 20-nt
target sequence and 3-bp PAM sequence (Finnigan and Thorner,
2016). Each sequence was integrated into two locations that
flanked a gene of interest in the genome (Figure 4C). Thus,
expression of the gRNA and Cas9 cuts both synthetic sequences
and can be used to substitute the gene of interest with donor
DNA fragments. Additionally, they integrated the Cas9 expression
cassette, which is also flanked by the synthetic sequence, into
the genome. Depending on the design of the synthetic sequences,
the editing could result in different final yeast strains (Figure 4C).
If the synthetic sequences for the Cas9 cassette and the genes
of interest are identical, the final strain will not only contain
the substituted genes but also remove the Cas9 cassette in the
genome. Otherwise, the final strain could contain the substituted
genes but still retain the Cas9 cassette in the genome. Using
this system, the authors demonstrated the successful substitution
of three genes, with and without the removal of the Cas9
cassette (Finnigan and Thorner, 2016).

The next study from Hou et al. expanded the landing pad
concept by synthesizing and integrating an artificial sequence
containing a 50-bp 5' homology arm, 20-nt target sequence,
3-bp PAM sequence, and 50-bp 3' homology arm, which they
called a “wicket” (Hou et al, 2018). Wicket is a wooden
structure in cricket, composed of three stumps (i.e., signifying
a left homology arm, central gRNA target sequences, and a
right homology arm). Therefore, only one gRNA cassette and
one set of universal homology sequence for all donor DNAs
are required for editing multiple loci. They also pre-integrated
the Cas9 cassette into the genome and constructed yeast strains
containing 3, 6, 9, or 12 wickets in various intergenic regions
(Figure 4D). To evaluate this system, they used three genes
in the P-carotene biosynthetic pathway as donor DNAs. In
the process called “pre-assembled integration,” they used one
donor DNA containing the 5' and 3' homology arms with all
three genes cassettes in the middle. Using this process, the
efficiency was between 50 and 100% for strains with 3, 6, and
9 wickets, while the efficiency for 12 wickets was very low.

Alternatively, in the process called “cocktail integration,” they
used three donor DNAs containing the same 5' and 3' homology
arms with only one gene cassette in the middle of each donor
DNA. Cocktail integration was intended to control the copy
numbers of each donor DNA cassette in the genome. Using
this approach, a variety of strains with different amounts of
B-carotene were generated, although the efficiency was much
lower compared to the pre-assembled donor DNA. Interestingly,
they found some tandem duplication events between the donor
DNA cassettes in both processes, which caused some strains
with three wickets to have up to 20 copies of the donor DNA
cassette (Hou et al., 2018).

The study by Bourgeois et al. attempted to build a yeast strain
that can be used to compare and optimize the copy number of
heterologous gene integration. To achieve this, they meticulously
evaluated 10 synthetic landing pads (with 280-bp 5' and 3' homology
arms and a 23-nt synthetic target sequence) and 16 genomic loci
for their integration efficiency and gene expression levels (Bourgeois
et al,, 2018). After the rigorous characterization, they ranked and
picked four synthetic landing pads and 10 genomic loci to be used.
The four landing pads were integrated into one, two, three, and
four genomic loci, respectively (Figure 5A). As a result, this yeast
strain can be utilized for integrating fixed copies of genes in one
transformation. They successfully demonstrated the utility of these
strains by comparing 10 different norcoclaurine synthases (NCSs),
each of which had one, two, three, or four copies, resulting in
40 strains being generated and evaluated in a relatively short
time. Based on these strains, they unambiguously determined the
best NCS and the optimum copy number to produce the highest
titer of (S)-norcoclaurine (Bourgeois et al., 2018).

Recently, Baek et al. also characterized synthetic sequences
(consisting of a 20-nt target sequence and 3-bp PAM sequence)
and genomic loci, albeit on a smaller scale (two synthetic sequences
and 12 intergenic loci) than Bourgeois et al. (Bourgeois et al,
2018; Baek et al,, 2021). The authors integrated the most efficient
synthetic sequence into one to six intergenic loci with the highest
integration efficiency, resulting in six different strains with one
to six copies of the synthetic sequence in the genome (Figure 5B).
To simplify the cloning process for the donor DNA, six
corresponding plasmids were generated. Using the strain containing
six synthetic targets, this platform successfully integrated six genes
for kauniolide biosynthesis (~15 kb) into six different loci with
40% efficiency (Baek et al, 2021). So far, this is the highest
number of unique gene cassettes to be integrated into unique
loci in yeast (Table 1). Although Shi et al. managed to remarkably
edit 18 loci of & sites, each locus contained the same cassette
(Shi et al., 2016). Similarly, Horwitz et al. astoundingly integrated
11 gene cassettes, but these cassettes were integrated into three
different loci (Horwitz et al.,, 2015).

In another study, Qi et al. utilized the highly efficient genomic
loci from Apel et al. and built a yeast strain containing eight
well-defined cassettes in eight different loci (Apel et al., 2017; Qi
et al,, 2021). Each cassette contained a unique set of promoters
and terminators with a synthetic linker in the middle, resulting
in a strain with eight promoter-linker-terminator cassettes in the
genome (Figure 5C). Since each linker had different sequences,
unique gRNA cassettes were required to target each site, much
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(continued)

FIGURE 5 | tested and selected various landing pads sequences. Like
wickets, the landing pads contain a 23-bp synthetic target flanked by 280-
bp &' and 3' synthetic homology arms. Four unique landing pads (orange,
dark blue, light green, and red boxes) were integrated into 10 characterized
loci in the yeast genome. Each landing pad had a different copy number in
the genome; i.e., landing pad 1 has one, and landing pad 2 has two. Note
that four different plasmids were created, each of which targeted a different
landing pad. Only one landing pad gRNA (red) was shown in the yeast cell.
(B) Baek et al. generated and integrated a 23-bp synthetic sequence (red
boxes) into one to six characterized loci in the yeast genome. Six yeast strains
were constructed, each of which had from one to six synthetic sequence(s).
Therefore, up to six genes could be integrated simultaneously. (C) Qi et al.
created a system called PCR & Go. Up to eight 23-bp synthetic sequences
flanked with unique sets of promoters and terminators were integrated into
the yeast genome. The gRNA plasmid contains multiple gRNA cassettes
instead of a single gRNA. However, donor DNA preparation can be simplified
as unique sets of promoters and terminators had already been integrated into
the genome.

like using multiple gRNA cassettes to target multiple sites. However,
because the Cas9 cassette, promoters, and terminators were
pre-integrated into the genome, the transformation only required
plasmid(s) with gRNA cassettes and donor DNA genes (without
promoters and terminators). This platform successfully integrated
five genes in the astaxanthin biosynthetic pathway into five different
loci with 69% efficiency (Qi et al,, 2021).

The utilization of pre-defined endogenous or synthetic target
sequences has dramatically increased the maximum number of
genes that can be integrated into unique loci. This is largely
because the total amount of DNA transformed into yeast can
be reduced due to either shorter gRNA (typically only one is
required) plasmids (Finnigan and Thorner, 2016; Shi et al., 2016;
Bourgeois et al., 2018; Baek et al., 2021) or shorter donor DNAs
(Qi et al, 2021). Nevertheless, this approach has two major
limitations. First, the targets are pre-determined and therefore
cannot be used to disrupt endogenous competing pathways. Second,
constructing the base strain requires additional effort for the
characterization ~ and  integration of the  pre-defined
synthetic sequences.

Another study that does not completely fit into these three
multiplex categories but contains interesting ideas was carried
out by Ferreira et al. They attempted to use off-target effects to
knock-out multiple genes simultaneously (Ferreira et al., 2017).
The authors built a bioinformatics tool to predict the promiscuity
of gRNA sequences and used promiscuous gRNA to target multiple
genes at once. Using one promiscuous gRNA, the double knockout
of FAAI and FAA4 was achieved with 100% efficiency (Ferreira
et al, 2017). Despite this ingenious approach, there is a major
drawback in the limited availability of promiscuous sequences.
As one may expect, most of the promiscuous gRNA sequences
are within the same gene families, transposons, or paralogs.

MULTIPLEX GENOME EDITING USING
Cas12a

Cas9 is the first and most popular Cas protein for genome-
editing purposes in yeast (Jinek et al., 2012; Malc1 et al., 2020).
However, another Cas protein, called Cas12a (previously Cpfl),
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has started to gain attentions for genome editing, including
multiplex gene editing in yeast. There are three important
differences between Cas9 and Casl2a: (i) Casl2a recognizes
a 5'-(T)TTV-3' PAM sequence, and it cleaves the sequences
downstream of the PAM instead of upstream like Cas9; (ii)
Casl2a only needs crRNA to function as an endonuclease,
instead of the crRNA and tracrRNA used by Cas9; (iii) Casl2a
has an inherent capability to process pre-crRNA, whereas Cas9
requires host RNase activity for pre-crRNA processing. As
shown by Bao et al. for multiplex CRISPR/Cas9 (see above),
pre-crRNA processing can be useful for expressing multiple
gRNAs in one cassette (Bao et al, 2015). Therefore, Casl2a
has huge potential to be used for an efficient multiplex genome-
editing system. For a more comprehensive comparison between
Cas9 and Casl2a, the readers can refer to a recent review
(Paul and Montoya, 2020).

The first utilization of Casl2a for multiplex genome editing
was demonstrated in mammalian cells and the mouse brain
(Zetsche et al, 2017). In yeast, at least two studies have
demonstrated the utilization of Casl2a for multiplex genome
integration. The first study used one plasmid containing a
Casl2a cassette and crRNA array. They successfully integrated
three genes (~9 kb) for the p-carotene biosynthesis pathway
into three different loci with 91% efficiency (Verwaal et al,
2018). Similarly, the second study also used a one plasmid
system and resulted in the integration of four genes (~13 kb)
for B-carotene production into three different loci (two genes
in the same locus) with up to 32% efficiency. They also
integrated four genes (~7.5 kb) for the biosynthesis of the
sesquiterpene, patchoulol, into three different loci (FPPS and
PTS were linked) with 30% efficiency (Li et al., 2018). Although
studies for multiplex genome editing using Casl2a are still
rare, increasing understanding of Casl2a mechanism will
accelerate the applications of this system for multiplex genome
editing in yeast.

OTHER APPLICATIONS OF MULTIPLEX
CRISPR/Cas9

Other than gene integration, multiplex CRISPR/Cas9 can also
be used to optimize yeast strains via metabolic engineering
strategies, such as gene disruption for eliminating competing
pathways, gene downregulation for diminishing competing but
important pathways, and gene upregulation for boosting
endogenous yeast pathways (Siddiqui et al., 2012; Sander and
Joung, 2014; Pyne et al, 2019). As mentioned above, multiple
gene disruptions or gene deletions are usually implemented using
RNA-cleaving mechanisms (HDV, tRNA, Csy4, and HI-CRISPR)
due to their simplicity and high efficiencies in disrupting multiple
genes (Ryan et al,, 2014; Bao et al.,, 2015; Ferreira et al,, 2018;
Zhang et al, 2019). The systems for endogenous gene
downregulation and upregulation are less developed, but some
exciting progress has been demonstrated. CRISPR/Cas9-based
gene downregulation (CRISPR interference - CRISPRi) usually
exploits deactivated Cas9 (dCas9), which was generated by
mutating the nucleases domains of Cas9 (Qi et al, 2013).

dCas9 does not create DSBs in the target sites, but still tightly
binds to the target sites, this causes repression of gene expression
downstream of the target sites. This repression, which efficiency
can be increased by fusion of dCas9 with different repressive
chromatin modifier domains, is caused by the dCas9 sterically
hindering RNA polymerase binding (Gilbert et al.,, 2013; Qi
et al., 2013). Multiplex CRISPRIi in yeast has been successfully
demonstrated by simultaneously repressing seven yeast genes
to increase B-amyrin production (Ni et al., 2019). The septuple
site targeting efficiency was 40%, with the repression of each
gene being between 60 and 80% (Ni et al., 2019). CRISPR/
Cas9-based gene upregulation (CRISPR activation — CRISPRa)
has also been developed by fusion of the dCas9 protein with
strong transcriptional activator domains, such as VP64, p65AD,
Rta, or a combination of them (Farzadfard et al., 2013). Two
studies have demonstrated at least simultaneous double-gene
activation using either VP64 (Zalatan et al, 2015) or
V64-p65AD-Rta (Deaner et al., 2017) as the activator domains.
Moreover, both studies did not only show the double activations
but also show interference of other genes, which allows
simultaneous activation and repression in one transformation
(Zalatan et al., 2015; Deaner et al, 2017). Another study
combined CRISPRa, CRISPRI, and gene deletion using optimized
versions of dCas12a, dCas9, and Cas9, respectively, which they
called CRISPR-AID (Lian et al., 2017). CRISPR-AID integrated
the three nucleases into the genome and exploited the Csy4
system to process the gRNAs. Using this approach, upregulation
of HMGI, downregulation of ERGY, and deletion of ROXI
were achieved, and the f-carotene titer increased by 3-fold
(Lian et al, 2017). More complete reviews of CRISPRi and
CRISPRa are available elsewhere (Jensen, 2018).

PERSPECTIVES

The advancement of CRISPR/Cas9 from its discovery as a
bacterial immune system to multiplex genome-editing
applications has been revolutionary. Despite these remarkable
innovations, CRISPR/Cas9 multiplex gene integration has several
challenges that need to be addressed to improve the capacity
and efficiency of this technique. First, the gRNA design and
target loci selection steps need to be minimized. Designing
gRNAs is a crucial step for successful CRISPR/Cas9 gene
editing, including multiplex gene integration (DiCarlo et al,
2013; Adiego-Pérez et al,, 2019). Although the development
of various assisting tools for gRNA designs has been greatly
improved for various Cas proteins (Concordet and Haeussler,
2018; Labuhn et al, 2018; Labun et al, 2019; Liao et al,
2019), the in vivo efficiency of these gRNAs still has to
be scrutinized, and this is even more significant for multiplex
gene integration (Bourgeois et al., 2018). Moreover, the selection
of target loci also plays a significant role in the integration
efficiency. For example, Baek et al. found that certain target
sites in gene-sparse loci were highly ineflicient, which may
be due to limited chromatin accessibility (Baek et al., 2021).
Similar observations were also demonstrated elsewhere (Mans
et al, 2015; Bourgeois et al., 2018; Verkuijl and Rots, 2019).
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The characterization of efficient gRNAs and target loci, as well
as the installation of synthetic landing pads, would greatly
increase the capability and efficiency of multiplex gene integration
(Apel et al,, 2017; Bourgeois et al., 2018; Baek et al.,, 2021).
Second, HDR as the DSB repair mechanism in yeast needs
to be optimized. Baker’s yeast is known to prefer HDR over
non-homologous end joining (NHE]) for repairing DSBs. This
is demonstrated by expressing Cas9 and gRNA without donor
DNA in a cell which can cause toxicity in yeast. However,
some studies of multiplex gene integration showed that some
yeast colonies can still survive without donor DNAs, indicating
that NHE] operates to repair the DSBs (Baek et al., 2021).
This can cause an increase in false positive colonies and reduce
the efficiency of multiplex genes integration. Deletions of some
genes involved in the NHE]J pathway, such as POL4, DNL4,
and Ku70, were shown to reduce false positive rates and increase
the success of HDR (Lemos et al., 2018; Yan and Finnigan,
2018). Therefore, the deletion of the NHE] genes may increase
the capability and efficiency of multiplex genome integration
by reducing the number of background colonies, generated
by chromosome repairs by NHE]. Third, yeast transformation
efficiency needs to be improved. CRISPR/Cas9 multiplex gene
integration in yeast requires the introduction of a large amount
of foreign DNA (donor DNA cassettes, gRNA plasmids, and
Cas9 plasmids) to yeast cells. The more targets to be edited,
the more donor DNA and/or gRNA cassettes will be required.
Transformation techniques, such as electroporation or the
addition of amino acids, can be incorporated to improve the
transformation efficiency (Benatuil et al., 2010; Yu et al., 2019).
Finally, the development of CRISPR/Cas9 multiplex genome
integration in yeast can be improved by combining multiple
methods. For example, the combination of the pre-installed
target sites (Bourgeois et al, 2018; Baek et al, 2021) with
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