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Abstract 
A large number of recombinant plasmids for the yeast Saccharomyces cerevisiae have been constructed and accumulated 
over the past four decades. It is desirable to apply the recombinant plasmid resources to Saccharomyces sensu stricto species 
group, which contains an increasing number of natural isolate and industrial strains. The application to the group encounters 
a difficulty. Natural isolates and industrial strains are exclusively prototrophic and polyploid, whereas direct application of 
most conventional plasmid resources imposes a prerequisite in host yeast strains of an auxotrophic mutation (i.e., leu2) that 
is rescued by a selection gene (e.g., LEU2) on the recombinant plasmids. To solve the difficulty, we aimed to generate leu2 
mutants from yeast strains belonging to the yeast Saccharomyces sensu stricto species group by DNA editing. First, we 
modified an all-in-one type CRISPR-Cas9 plasmid pML104 by adding an antibiotic-resistance gene and designing guide 
sequences to target the LEU2 gene and to enable wide application in this yeast group. Then, the resulting CRISPR-Cas9 
plasmids were exploited to seven strains belonging to five species of the group, including natural isolate, industrial, and 
allopolyploid strains. Colonies having the designed mutations in the gene appeared successfully by introducing the plasmids 
and assisting oligonucleotides to the strains. Most of the plasmids and resultant leu2− mutants produced in this study will 
be deposited in several repository organizations.

Key points
• All-in-one type CRISPR-Cas9 plasmids targeting LEU2 gene were designed for broad application to Saccharomyces sensu 

stricto group species strains
• Application of the plasmids generated leu2 mutants from strains including natural isolates, industrial, and allopolyploid strains
• The easy conversion to leu2 mutants permits free access to recombinant plasmids having a LEU2 gene

Keywords  Genome editing · Guide RNA · Industrial yeast · Yeast isolates from natural sources · Prototroph · Template DNA

Introduction

The yeast Saccharomyces sensu stricto complex group com-
prises eight “pure” species (e.g., S. cerevisiae, S. paradoxus, 
S. kudriavzevii, S. eubayanus) and interspecific hybrid spe-
cies such as S. bayanus and S. pastorianus (Borneman and 
Pretorius 2015), as schematically shown in Fig. 1A. A large 
number of strains belonging to the yeast group play impor-
tant roles in the production of foods and beverages in addi-
tion to other biotechnological applications (Replansky et al. 
2008; Sicard and Legras 2011; Steensels et al. 2014). This 
number is increasing owing to the employment of new iso-
lates from nature (Hisatomi and Toyomura 2021; Minnaar 
and den Haan 2023). The species in the group indicate inti-
mate relationships with each other, that is, haploid cells can 
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mate with the opposite mating-type cells belonging to the 
other species in the group, and the resulting hybrid cells are 
viable (Toyomura and Hisatomi 2021). However, the yeast 
group exhibits a large variation in their genomic sequences 
between species. Synonymous codon similarity % of S. 
mikatae, S. kudriavzevii, and S. bayanus to S. cerevisiae is 
as low as 55% on average (Cliften et al. 2003), which could 
ensure the durability of the yeast group in nature and genera-
tion of valiant strains for industry.

Since the reliable yeast transformation method was 
developed (Beggs 1978; Hinnen et al. 1978), every gene 
of the whole S. cerevisiae genome was cloned into vari-
ous Escherichia coli-yeast shuttle vectors and integrative 
vectors for laboratory strains. For instance, Makanae et al. 
(2013) developed a series of overexpression plasmids, 
each of which carries a different protein-coding gene from 
S. cerevisiae. Various recombinant plasmid resources have 
been deposited in biological resource centers, and the plas-
mids are distributed on demand. Therefore, it is desirable 
to apply these plasmid resources to industrial and natural 
yeast strains for molecular breeding.

Most recombinant plasmids prepared for S. cerevisiae 
contain one of several nutrient synthesis genes (e.g., LEU2, 
URA3, and TRP1) as the transformant selection marker gene. 
The corresponding auxotrophic laboratory mutant strains (e.g., 
leu2, ura3, and trp1) are chosen as the host strain (Akada 
2002; Gnugge and Rudolf 2017; Sikorski and Hieter 1989). 

However, industrial and natural isolate strains generally lack 
any auxotrophic mutation (prototrophic yeasts) and are mostly 
diploid and allopolyploid. Therefore, it is difficult to develop 
auxotrophic mutants suitable for transformation with the con-
ventional recombinant plasmids in such strains. It is possible 
to add an antibiotic-resistance gene for yeast to the plasmids, 
but the modification of many substrate plasmids is laborious 
and time-consuming.

Genome editing of host cell chromosomes is an attrac-
tive solution method (Jinek et al. 2012; Raschmanova et al. 
2018; Sakuma and Woltjen 2014; Yang and Blenner 2020) 
to overcome the difficulties in industrial and natural isolate 
yeast strains. As a convenient and accurate genome edit-
ing methodology, the CRISPR-Cas9 system is popular now. 
A short target sequence (20 nucleotides) in a single-guide 
RNA (sgRNA) is sufficient for the CRISPR-Cas9 system to 
generate a double-strand break (DSB) at the target sequence 
followed by a protospacer adjacent motif (PAM) (Jinek et al. 
2012; Ran et al. 2013). In S. cerevisiae strains, the appli-
cation of CRISPR-Cas9 plasmids containing an sgRNA 
gene results in the formation of mutations at the target 
locus. Furthermore, a template DNA that covers the target 
sequence but has some mutations improves the mutant ratio 
in DNA editing experiments (DiCarlo et al. 2013; Laughery 
et al. 2015; Raschmanova et al. 2018). Zhang et al. (2014) 
reported a Cas9 plasmid harboring a neurothricin-resistance 
gene and a series of sgRNA-expressing plasmids to target 

Fig. 1   Simple way to convert 
Saccharomyces sensu stricto 
strains accessible to conven-
tional recombinant plasmid 
resources. A Phylogenetic 
relationships between Sac-
charomyces sensu stricto group 
species. A phylogram drawn by 
Borneman and Pretorius (2015) 
was adopted with simplifica-
tion. “Pure” species names are 
located at the center, whereas 
alloploid species names are 
shown on the right side. Allow 
marks show from which species 
the ancestor(s) of an alloploid 
species obtained genomes. 
Rectangles highlight the species 
employed for DNA editing 
experiments in this study. B 
Aims of this study Yeast strains including 

those from nature and 
industry
(polyploid, prototroph)

S. cerevisiae
S. paradoxus
S. cariocanus
S. mikatae

S. kudriavzevii

S. arboricolus

S. eubayanus

S. uvarum S. bayanus

S. pastorianus

S. spp VIN7
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(B)
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URA3, TRP1, LEU2, and HIS3, respectively. Successive 
transformation of an industrial S. cerevisiae strain with the 
Cas9 plasmid and then with one of the sgRNA-expressing 
plasmids resulted in formation of auxotrophic mutants 
depending on the guide RNA sequence. Laughery et al. 
(2015) constructed Cas9 plasmids (pML104 and pML107) 
containing an sgRNA-expression cassette gene as well as the 
selection marker gene LEU2 and URA3, respectively. Plas-
mids simultaneously containing Cas9 and sgRNA genes are 
categorized as all-in-one type, which is convenient because 
a single transformation produces mutants.

We aimed to broaden the applicability of the plasmid 
resources for Saccharomyces sensu stricto complex group. 
In this study, we focused on LEU2 gene disruption for sev-
eral reasons. First, LEU2 has been frequently employed as 
the selection marker gene in yeast plasmid vectors in con-
ventional plasmid resources. Second, among the auxotrophic 
mutations apt to the conventional yeast vectors, leu2 mutants 
are the most difficult to achieve in polyploid strains by con-
ventional methods because there is no counter-selective 
characteristic against chemicals, whereas ura3 mutants are 
resistant to 5-fluoroorotic acid and trp1 mutants endure 
the killing action of 5-fluoroanthranilic acid (Akada 2002; 
Gnugge and Rudolf 2017; Kitamoto et al. 1990). Here, we 
show all-in-one type CRISPR-Cas9 plasmids with LEU2-
gene-targeting guide sequences for application as widely as 
possible to Saccharomyces sensu stricto species. Dissemina-
tion of the Cas9 plasmids to yeast strains belonging to five 
species in the group produced leu2 mutants at practically 
desirable frequencies.

Materials and methods

Microbial strains, plasmids, and culture conditions

Table 1 lists bacterial and yeast strains and plasmids used 
in this study.

Yeast strains were cultured in YPD medium (1% yeast 
extract, 2% polypeptone, 2% glucose) at 28  °C. E. coli 
strains were grown in LB medium (1% Bacto tryptone, 0.5% 
NaCl, 0.5% Bacto yeast extract) at 37 °C.

Yeast strains were cultured also on synthetic media. Syn-
thetic dextrose (SD) medium consists of 2% glucose and 
0.67% Bacto yeast nitrogen base without amino acids. Solid 
media for yeast were prepared by adding 2% agar. Syn-
thetic galactose solid medium is the same with the solid 
SD medium but contains galactose in place of glucose. To 
verify auxotrophic mutant phenotypes in recombinant yeasts, 
colonies were streaked onto solid SD medium and solid SD 
medium supplemented with 30 μg/ml leucine.

Plasmid construction

An outline of the plasmid structure is shown in Fig. 2.
To build all-in-one type CRISPR-Cas9 plasmids contain-

ing the Cas9 gene and a sgRNA expression cassette with 
a 20-bp guide sequence, we first constructed two vector 
plasmids as follows. The Cas9 gene and a part of the tar-
get-lacking sgRNA expression cassette were excised from 
pML104 (Laughery et al. 2015) as a 5.1-kbp EcoRI/XbaI 
DNA fragment. The 5.1-kbp EcoRI/XbaI DNA fragment was 
ligated with a high-copy-type yeast Agrobacterium-mediated 
transformation (AMT) vector pYAMTr2G (Kiyokawa et al. 
2023) cleaved by EcoRI and XbaI (7.0-kbp) and a low-
copy-type yeast AMT vector pYAMTrG (Kiyokawa et al. 
2023) linearized by EcoRI and XbaI (6.1-kbp), respectively. 
The resulting plasmids were named pYAMTr2GCas and 
pYAMTrGCas, respectively (Fig. 2A).

Second, a mini plasmid harboring the sgRNA expres-
sion cassette lacking a target sequence, which was obtained 
from pML104, was prepared as follows. The target-lack-
ing sgRNA expression cassette was obtained as a 0.9-kbp 
PvuII/XhoI DNA fragment from pML104. The 0.9-kbp 
PvuII/XhoI DNA containing the target-lacking sgRNA 
expression cassette was ligated with EcoRV/XhoI-cleaved 
pBluescript KS ( +) plasmid DNA (Short et al. 1988) to form 
a 3.9-kbp plasmid named pBSsgRNA (Fig. 2A).

Three 20-bp guide sequences were designed as described 
in “Guide sequence for CRISPR-Cas9-mediated genome 
editing.”

Each ds-oligonucleotide guide sequence was inserted into 
the sgRNA expression cassette of the pBSsgRNA plasmid 
as follows: The pBSsgRNA plasmid DNA was prepared 
using a dam− dcm− E. coli strain JM110 (Yanisch-Perron 
et al. 1985). The pBSsgRNA plasmid was digested with 
SwaI overnight at 25 °C and subsequently treated with BclI 
for 4 h at 50 °C. Each of the three sets of complementary 
oligonucleotide DNA (Table 3 (A1)) containing the 20-bp 
guide sequence (Table 2 (A)) was ligated with the 3.8-kbp 
SwaI/BclI-digested pBSsgRNA. The resulting three plasmids 
were named pBSsgScLEU2, pBSsgSeLEU2, and pBSsgSc-
SeLEU2, respectively.

Insertion of the full-length sgRNA expression cassette 
from each of the three pBSsgRNA derivatives into the two 
Cas9 plasmids was performed by in vivo fusion as fol-
lows. The Cas9-containing plasmids YAMTr2GCas and 
pYAMTrGCas were linearized by treatment with XbaI and 
NotI. The full-length sgRNA expression cassette with a 
20-bp guide sequence was taken as a 0.9-kbp PvuII/SphI 
DNA fragment from pBSsgScLEU2, pBSsgSeLEU2, 
and pBSsgSc-SeLEU2, respectively. The linearized 12.1-
kbp YAMTr2GCas and the 0.9-kbp PvuII/SphI fragment 
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possessing the sgRNA expression cassette were simulta-
neously introduced into an E. coli strain HB101 RedET 
expressing λ phage recombinase genes γ, β, and α. In the E. 
coli cells, the two DNAs were fused in vivo by homologous 
recombination at 129-bp and 42-bp overlapping sequences 
between each end of the two DNAs. The three result-
ing high-copy-type CRISPR-Cas9 plasmids were named 
pYAMTr2GCsgScLEU2, pYAMTr2GCsgSeLEU2, and 
pYAMTr2GCsgSc-SeLEU2, respectively.

Construction of low-copy type all-in-one Cas9 plasmids 
using pYAMTrGCas was performed as described above, 
but the in vivo fusion in E. coli was replaced with that in 
yeast strain T55. The resulting low-copy-type CRISPR-Cas9 
plasmids were named pYAMTrGCsgScLEU2, pYAMTrGC-
sgSeLEU2, and pYAMTrGCsgSc-SeLEU2, respectively.

YEp351_PgalGFP was prepared by ligation between SalI- 
and BamHI-digested YEp351 and 1.5 kbp fragment from 
SalI- and BglII-digested pFA6a-kanMX6-PGAL1-GFP.

Fig. 2   Scheme for preparing 
CRISPR-Cas9 plasmids harbor-
ing a 20-bp guide sequence. 
A Three tool plasmids and 
processes to construct all-in-
one CRISPR-Cas9 plasmids 
containing a 20-bp guide 
sequence. The high-copy (ori 
2μ) yeast vector pYAMTr2GCas 
and the low-copy (CEN/ARS) 
yeast vector pYAMTrGCas 
lack a guide sequence. The two 
yeast vectors were linearized 
by treatment with XbaI and 
NotI to accept the guide sgRNA 
expression cassette. The mini-
plasmid pBSsgRNA possesses 
an sgRNA expression cassette 
lacking a guide sequence. A ds-
oligonucleotide DNA contain-
ing a 20-bp guide sequence was 
ligated with BclI/SwaI-digested 
pBSsgRNA plasmid to place 
the target guide sequence on 
the cassette sgRNA expression 
cassette. The sgRNA expression 
cassette with the target guide 
sequence was excised from 
the guide-sequence-containing 
mini-plasmids by digestion 
with PvuII and SphI. Finally, 
the XbaI/NotI-linearized vector 
plasmids and the PvuII/SphI 
fragment harboring the sgRNA 
expression cassette were intro-
duced into either a yeast strain 
or an E. coli strain expressing 
λ Red recombinase. The vector 
and guide-containing cassette 
DNAs were fused together 
in vivo by homologous recom-
bination at a 42-bp overlapping 
region (left arm) and a 129-bp 
overlapping region (right arm). 
B Resultant CRISPR-Cas9 
plasmids containing the target 
guide sequence

20-bp target sequence

Digestion
by NotI/XbaI

Excision of sgRNA cassette having
the guide sequence by PvulI/SphI cut

In vivo fusion via homologous recombination resulting in
Formation of Cas9 plasmids containing the guide sequence

(A)

(12,843 bp)

High-copy
CRISPR-Cas9

plasmids

Low-copy
CRISPR-Cas9

plasmids

(11,982 bp)

Insertion of a guide sequence

(B) Cas9 plasmids containing a guide sequence

Digestion
by SwaI/BclI

Cas9 plasmids lacking guide sequence 

sgRNA expression cassette
plasmid

5’-CTAGCTCTAAAACNNNNNNNNNNNNNNNNNNNN-3’
3’-GATCGAGATTTTGNNNNNNNNNNNNNNNNNNNNCTAG-5’
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Guide sequence for CRISPR‑Cas9‑mediated genome 
editing

We selected 20-bp guide sequences in the target LEU2 gene 
as follows: Genome sequences of 50 S. cerevisiae strains 
were retrieved from the Saccharomyces genome database 
((Cherry et al. 2012); https://​www.​yeast​genome.​org). To 
identify common sequences among 50 S. cerevisiae strains 
in each target gene, multiple sequence alignment was per-
formed using the MAFFT program version 7.463 (Katoh 
and Standley 2013). Target sequence candidates with low 
off-target effects were searched using CRISPRdirect (Naito 
et al. 2015) and CRISPOR (Concordet and Haeussler 2018) 
programs. Highly conserved regions in the LEU2 gene were 
used as the query sequence. We examined the applicability 
of the target sequence candidates to Saccharomyces sensu 
stricto species using the nucleotide blast program and chose 
guide sequences (Table 2) to make the applicability as wide 
as possible.

DNA transformation in yeast

The lithium acetate (LiAc) yeast transformation method 
was performed according to a protocol described by Gietz 
and Schiestl (2007) with minor modifications. Yeast cells 
(1.9 × 107 colony forming unit (CFU)) were suspended in a 
solution containing 100 ng of circular plasmid DNA, LiAc, 
polyethylene glycol (PEG) 4000, and carrier DNA and incu-
bated for 40 min at 42 °C.

Before selection using G418, the yeast cells were then 
cultured in liquid YPD medium at 28 °C for 2 h (for experi-
ments using laboratory strains only) or 3.5 h. After the cul-
tivation, yeast cells were collected and spread on solid YPD 
medium containing 400 μg/ml G418. To enhance the mutant 
frequency, 50 pmol of a hybridized 90-base oligonucleotide 
DNA pair (which were named as dsOligo DNAs as listed in 
Table 3 (B)) was added as the template DNA together with 
the CRISPR-Cas9 plasmid DNA to the LiAc/PEG 4000/car-
rier DNA solution.

Table 2   Target sequence in LEU2 gene for CRISPR-Cas9

A bold underlined face letter indicates a nucleotide sequence different from that of S. cerevisiae

(A) Guide sequences designed
  Name 20-bp Guide sequence + PAM Position in ORF Cas9 sgRNA expression plas-

mid harboring each guide 
sequence

  ScLEU2 AAG​GAC​CAA​ATA​GGC​
AAT​GGTGG​

569–547 pYAMTrGCScLEU2
pYAMTr2GCScLEU2

  SeLEU2 AAG​GAC​CAGATAGG​
TAATGG​TGG​

569–547 pYAMTr2GCSeLEU2

  Sc-SeLEU2 TGC​TGT​GGG​TGG​TCC​TAA​
ATGGG​

225–247 pYAMTr2GCSc-SeLEU2

(B) Sequence difference from the guide sequences
  Species, strain ScLEU2 (SeLEU2) + PAM Type Sc-SeLEU2 + PAM GenBank assembly accession
  S. cerevisiae S288c AAG​GAC​CAA​ATA​GGC​

AAT​GGTGG​
Sc TGC​TGT​GGG​TGG​TCC​TAA​

ATGGG​
GCA_000146045.2

  S. paradoxus CBS432T AAG​GAC​CAA​ATA​GGC​
AAT​GGTGG​

Sc TGC​TGT​GGG​TGG​TCC​TAA​
ATGGG​

GCA_002079055.1

  S. cariocanus NCYC 2890 T (Data absent) (Data absent) (Data absent)
  S. mikatae IFO1815T AAG​GAC​CAA​ATA​GGC​

AAT​GGTGG​
Sc TGC​AGTAGGT​GGT​CCT​

AAA​TGGG​
GCA_000167055.1

  S. kudriavzevii CBS8840T (Data absent) (Data absent) GCA_00167075.2
  S. arboricolus H-6 T AAG​GAC​CAA​ATA​GGC​

AAT​GGTGG​
Sc TGC​TGT​AGGT​GGT​CCT​

AAA​TGGG​
GCA_000292725.1

  S. eubayanus CBS12357T AAG​GAC​CAGATAGG​
TAATGG​TGG​

Se TGC​TGT​GGG​TGG​TCC​TAA​
ATGGG​

GCA_001515405.2

  S. uvarum CBS7001 AAG​GAC​CAGATAGG​
TAATGG​TGG​

Se TGC​TGT​GGG​TGG​TCC​TAA​
ATGGG​

GCA_027557585.1

  S. pastorianus CBS1513T AAG​GAC​CAA​ATA​GGC​
AAT​GGTGG​

Sc TGC​TGT​GGG​TGG​TCC​TAA​
ATGGG​

GCA_013180785.1 (scaf-
fold1263_cov98)

AAG​GAC​CAGATAGG​
TAATGG​TGG​

Se TGC​TGT​GGG​TGG​TCC​TAA​
ATGGG​

GCA_013180785.1 (scaf-
fold184_cov57)

  S. bayanus CBS380T AAG​GAC​CAGATAGG​
TAATGG​TGG​

Se TGC​TGT​GGG​TGG​TCC​TAA​
ATGGG​

GCA_013180675.1

https://www.yeastgenome.org
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Transformation frequency was represented as the number 
of transformants per μg of plasmid DNA per output viable 
cell number after LiAc/PEG 4000 treatment.

Trans‑kingdom conjugation to yeast

A mobilizable LEU2 plasmid pMz1was transferred from a 
donor E. coli strain HB101 that harbors pMz1 and a helper 
plasmid pRH220 as shown by Mizuta et al. (2012). After 
co-incubation between a leu2 mutant yeast and the donor E. 
coli cells, the cell mixture was spread onto SD solid medium, 

which allows selective growth of yeast cells that obtained 
pMz1.

Nucleotide sequence determination

The DNA sequencing was determined using the Sanger method 
by Eurofin Co. (Tokyo, Japan). Template DNA sequencing 
reaction was prepared by PCR amplification using primer sets 
listed in Table 3 (B). In leu2 mutants in aneuploid strains, each 
of two leu2 genes was amplified using allele-specific primer 
sets shown in Table 3 (B) and sequenced respectively.

Table 3   List of oligonucleotides used in this study

1 F-PCR_LEU2-UP_Fw2 anneals with Sc-LEU2 target sequence and with Se-LEU2 target sequence, while Sc_LEU2_Rv2 and Se_LEU2_Rv2 
specifically hybridizes with the targets ScLEU2 and SeLEU2, respectively

(A) Oligonucleotides for preparation of guide sequences and of template DNAs
  Oligonucleotide name Sequence (5’-3’) Application

(A1) Complementary pairs for preparation of a guide sequence Resultant plasmid
  ScLEU2sgRNA_Fw GATC​AAG​GAC​CAA​ATA​GGC​AAT​GGGTT​TTA​GAG​CTA​G pBSsgScLEU2
  ScLEU2sgRNA_Rv CTA​GCT​CTA​AAA​CCCA​TTG​CCT​ATT​TGG​TCC​TT
  SeLEU2sgRNA_Fw GATC​AAG​GAC​CAG​ATA​GGT​AAT​GGGTT​TTA​GAG​CTA​G pBSsgSeLEU2
  SeLEU2sgRNA_Rv CTA​GCT​CTA​AAA​CCCA​TTA​CCT​ATC​TGG​TCC​TT
  Sc-SeLEU2sgRNA_Fw GATC​TGC​TGT​GGG​TGG​TCC​TAA​ATGTT​TTA​GAG​CTA​G pBSsgSc-SeLEU2
  Sc-SeLEU2sgRNA_Rv CTA​GCT​CTA​AAA​CATT​TAG​GAC​CAC​CCA​CAG​CA

(A2) Complementary pairs for preparation of template DNAs Resultant template DNA
  D-ScLEU2_Fw AGA​ATC​ACA​AGA​ATG​GCC​GCT​TTC​ATG​GCC​CTA​CAA​CAT​GAG​ACT​ATT​GCC​

TAT​TTG​GTC​CTT​GGA​TAA​AGC​TAA​TGT​TTT​GGC​CTC​TTC​
dsOligo DNA (ScLEU2)

  D-ScLEU2_Rv GAA​GAG​GCC​AAA​ACA​TTA​GCT​TTA​TCC​AAG​GAC​CAA​ATA​GGC​AAT​AGT​CT
CAT​GTT​GTA​GGG​CCA​TGA​AAG​CGG​CCA​TTC​TTG​TGA​TTCT​

  D-SeLEU2_Fw AGA​ATT​ACA​AGA​ATG​GCT​GCG​TTC​ATG​GCA​CTA​CAA​CAC​CAA​ACT​ATT​AC
CTA​TCT​GGT​CCT​TGG​ATA​AAG​CCA​ATG​TTT​TGG​CCT​CATC​

dsOligo DNA (SeLEU2)

  D-SeLEU2_Rv GAT​GAG​GCC​AAA​ACA​TTG​GCT​TTA​TCC​AAG​GAC​CAG​ATA​GGT​AAT​AGT​TTG​
GTG​TTG​TAG​TGC​CAT​GAA​CGC​AGC​CAT​TCT​TGT​AAT​TCT​

  D-Sc-SeLEU2_Fw AGA​AGG​CTG​ATG​CCG​TTT​TGT​TAG​GTG​CTG​TGG​GTG​GTC​CTA​AAT​TAC​
CGGTA​

GTG​TTA​GAC​CTG​AAC​AAG​GTT​TAC​TAA​AAA​TCC​GTA​A

dsOligo DNA (Sc-SeLEU2)

  D-Sc-SeLEU2_Rv TTA​CGG​ATT​TTT​AGT​AAA​CCT​TGT​TCA​GGT​CTA​ACA​CTA​CCG​GTA​ATT​TAGG​
ACC​ACC​CAC​AGC​ACC​TAA​CAA​AAC​GGC​ATC​AGC​CTT​CT

(B) Primers for PCR to prepare sequence template and for sequencing
  Oligonucleotide name Sequence (5′-3′) PCR and 

sequence 
target

Yeast species

  F-PCR_LEU2-UP_Fw GTA​CCG​GTA​GTG​TTA​GAC​ ScLEU2 S. cerevisiae, S. paradoxus
  F-PCR_LEU2-DO_Rv GTT​CGT​ACA​AAC​CAA​ATG​C
  Seu_LEU2_Fw2 GGT​CAA​GAA​ATC​ACT​GAG​G SeLEU2 S. bayanus
  Seu_LEU2_Rv2 CCA​ATG​AAC​CAG​GAA​TAC​AA
  SkuLEU2_Fw GAA​GCA​ATT​AAG​GTTCT​ Sc-SeLEU2 S. kudriavzevii
  SkuLEU2_Rv CTC​CCA​CTA​ACT​CTC​TAA​C
  F-PCR_LEU2-UP_Fw21 GAA​GCC​ATT​AAG​GTTCT​ Sc-SeLEU2 S. pastorianus
  Sc_LEU2_Rv21 AAG​GAA​CCT​GGG​ATA​ACG​
  Seu_LEU2_Rv21 CCA​ATG​AAC​CAG​GAA​TAC​AA
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Statistical analysis

Statistical analysis was performed using the R program ver-
sion 4.0.2 and its expansion package (https://​www.R-​proje​
ct.​org/). Each datum in a table represents a set of a mean 
value ± its standard deviation (SD). Individual methods and 
experimental replicates for statistical comparisons are pre-
sented in each table.

Results

Construction of all‑in‑one CRISPR‑Cas9 plasmids 
for conversion of prototrophic yeast strains to leu2 
mutant strains

Figure 2 depicts a scheme to construct all-in-one CRISPR-
Cas9 plasmids. Using a Cas9 expression gene and sgRNA 
expression gene cassette from pML104 (Laughery et al. 
2015), we prepared three tool plasmids, namely, a small 
plasmid pBSsgRNA and two CRISPR-Cas9 vector plas-
mids (pYAMTr2GCas and pYAMTrGCas), which lacked 
the target sequence. A 20-bp guide sequence for Cas9 scis-
sion was inserted into the sgRNA expression gene cassette 
in pBSsgRNA, and the cassette with the guide sequence was 
then moved to one of the two CRISPR-Cas9 vector plas-
mids. The vector plasmid pYAMTr2GCas is a high-copy 
and pYAMTrGCas is a low-copy replication type, because 
the former contains ori_2μ and the latter harbors CEN/ARS 
(Sikorski and Hieter 1989). Because half of the two vectors 
were derived from pYAMTrG and pYAMTr2G (Kiyokawa 
et al. 2023), respectively, they harbored the G418 resist-
ance gene cassette KanMX to enable transformant selection 
for prototrophic yeast strains and contained a right border 
sequence (RB), an overdrive sequence, and the pBBR1 rep-
lication gene, which as a whole permit mobilization by the 
AMT method.

Figure 1A illustrates the phylogenetic relationship of 
yeast species among Saccharomyces sensu stricto group. 
As listed in Table 2 (A), we designed three 20-bp guide 
sequences for DNA editing at LEU2 gene, aiming as 
broadly as possible among Saccharomyces sensu stricto 
species strains. In DNA databases, LEU2 gene sequence 
was available for eight species in the group (Table  2 
(B)). The three guide sequences matched well with the 
sequences in the database and were equipped to the two 
Cas9 vector plasmids, as listed in Table 2 (A).

In this study, we used seven strains belonging to five 
yeast species. Most of these strains are natural and indus-
trial strains. As a pilot application with a pedestal pur-
pose, we examined the basic behavior of yeast toward the 
CRISPR-Cas9 plasmids and template DNAs using two S. 
cerevisiae laboratory strains.

High yield of leu2 mutant strains from S. cerevisiae 
laboratory strains

The two all-in-one type plasmids pYAMTrGCsgScLEU2 
and pYAMTr2GCsgScLEU2 contain a 20-bp guide 
sequence for S. cerevisiae LEU2 gene (Table 2 (A)). The 
former plasmid is of the multi-copy type and the latter is 
of the low-copy type. Introduction of the two plasmids 
into the haploid laboratory strain T55 generated proto-
trophic (Leu+) colonies and leucine-auxotrophic (Leu−) 
colonies. As shown in Table 4, the ratio of Leu− colonies 
was approximately 90%, irrespective of the plasmid copy 
difference. The diploid laboratory strain T556 produced 
fewer recombinant colonies than the haploid strain. The 
ratio of Leu− colonies by the diploid strain was around 
50%, which is a half the ratio of the haploid strain.

We prepared ds-oligonucleotide DNA (Sc), which is a 
hybridization of two complementary 90-base sequences 
that match the target region of ScLEU2 but lacks two 
nucleotides in the PAM sequence (Table 3 (A2)). Addi-
tion of the ds-oligo DNA markedly increased the number 
of recombinant colonies by more than tenfold, and the 
Leu− ratio was up to 98% in the haploid strain and approxi-
mately 95% in the diploid strain (Table 4).

The mutation(s) that caused the Leu− phenotype were 
located at the LEU2 locus. First, leucine auxotrophy of the 
Leu− mutant recombinant colonies was rescued by LiAc 
transformation with YEp351 (Fig. 3A) and by trans-king-
dom conjugation with a donor E. coli HB101 harboring a 
mobilizable ScLEU2 plasmid pMz1 and a helper plasmid 
pRH220 (Fig. 3B). Second, crossing haploid Leu− colo-
nies with an opposite mating-type leu2 mutant tester strain 
IS289-1C failed to complement the Leu− phenotype, while 
crossing with an opposite mating-type leu1 mutant tester 
strain HD119-3 complemented the Leu− phenotype (data 
not shown). Finally, DNA sequencing analysis verified that 
the mutation is present at the target sequence in LEU2 
gene as shown in Fig. 4A. Three haploid and three dip-
loid mutants had a sequence identical to the template ds-
oligonucleotide DNA sequence.

Generation of leu2 mutants from a sake (rice‑wine) 
brewing strain and a S. paradoxus strain

We applied the high-copy plasmid pYAMTr2sgScLEU2 and 
the template ds-oligonucleotide DNA (Sc) to five yeast strains, 
which consisted of industrial and natural isolate strains.

Sake-producing S. cerevisiae strain Kyokai No. 7 (K7) 
is a diploid (Akao et al. 2011). The strain showed a much 
lower Leu− mutant ratio (19%) than the diploid laboratory 
strain T556 (100%). Conversely, K7 strain yielded a sev-
enfold larger number of G418R recombinant colonies than 
T556 (Table 5). We examined three Leu− mutants of the K7 

https://www.R-project.org/
https://www.R-project.org/
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strain using DNA sequencing analysis at the LEU2 locus. 
All three K7 mutants exhibited a sequence identical to the 
template ds-oligonucleotide DNA sequence (Sc) (Fig. 4B).

S. paradoxus CBS432T is a diploid strain. As shown in 
Fig. 2B, CBS432T strain’s LEU2 gene has 20-bp guide and 
PAM sequences identical to those of the ScLEU2 gene, 
whereas there were single nucleotide polymorphisms 
(SNPs) near the target sequence in S. paradoxus LEU2 
compared with ScLEU2 (data not shown). As indicated in 
Table 5, the CBS432T strain showed a high Leu− mutant 
ratio (93%). We analyzed the LEU2 sequence in three 
CBS432T  Leu− mutant strains. All three mutants con-
tained one nucleotide substitution in the target sequence 
and lacked PAM, which appears to reflect an event of 
replacement by double crossovers with the template ds-
oligonucleotide DNA (Sc) (Fig. 4C). In contrast, the three 

CBS432T leu2 mutant strains showed small differences 
from the template DNA in sequences surrounding the tar-
get sequence, which is likely to show crossover positions 
near the scission site between the template ds-oligonu-
cleotide DNA and the chromosomal LEU2 gene in the S. 
paradoxus strain (Fig. 4C).

In contrast to the S cerevisiae and S. paradoxus strains, 
application of the same plasmid and the template ds-oli-
gonucleotide DNA produced no auxotrophic mutant in 
S. kudriavzevii CBS8840T, S. bayanus CBS380T, and S. 
pastorianus W34/70 (Table 5). This result for S. bayanus 
and S. pastorianus coincides with the estimation based on 
their LEU2 gene sequences in the database (Table 2 (B)), 
whereas no data were available for S. kudriavzevii.

Formation of leu2 mutants from S. bayanus using 
a guide sequence suitable for S. eubayanus‑type 
LEU2

As shown in Fig. 1A, S. bayanus CBS380T is an allodip-
loid strain whose hybrid genome originated from S. eubay-
anus and S. uvarum, whereas S. pastorianus W34/70 is an 
allodiploid strain with an amalgam genome derived from 
S. eubayanus and S. cerevisiae (Borneman and Pretorius 
2015; de la Cerda Garcia-Caro et al. 2022). The all-in-one 
CRISPR-Cas9 plasmid pYAMTr2GCsgSeLEU2 contains a 
guide sequence (SeLEU2) suitable for S. eubayanus LEU2 
gene as the target.

The S. bayanus strain CBS380T was transformed simul-
taneously with pYAMTr2GCsgSeLEU2 and a template 

Table 4   LEU2 gene disruption 
in haploid and diploid S. 
cerevisiae laboratory strains

Haploid laboratory strain T55 and diploid laboratory strain T556 were transformed with pYAMTr2GC-
sgScLEU2 (A) and pYAMTrGCsgScLEU2 (B) using LiAc method. After LiAc/PEG treatment, the yeast 
cells were cultured in liquid YPD medium at 28 °C for 2 h
1 An annealed pair of oligonucleotide DNAs (dsOligo DNA), which fit the assumed double-strand-break 
end regions at the target in ScLEU2, was applied as the template DNA together with the all-in-one 
CRISPR-Cas9 plasmids to the yeast strains. See Table 3 (B)
2 Different letters indicate significant differences (P < 0.05) according to the Tukey–Kramer test (n = 3–4)
3 Ratio of leucine-auxotrophic colonies per G418R resistant colonies

Yeast strain Template DNA1 G418R recom-
binant colony 
number

Transformation effi-
ciency (× 10−4)

Leu− mutant 
ratio3 (%)

(A) pYAMTr2GCsgScLEU2 (high copy)
  Haploid T55 dsOligo DNA (ScLEU2) 3930 ± 177 b2 1.9 ± 0.6 b2 118/120 98

ー 78 ± 11 a 0.04 ± 0.01 a 91/101 90
  Diploid T556 dsOligo DNA (ScLEU2) 1840 ± 856 b 1.2 ± 0.7 b 116/120 97

ー 10 ± 4 a 0.005 ± 0.0006 a 9/23 39
(B) pYAMTrGCsgScLEU2 (low copy)
  Haploid T55 dsOligo DNA (ScLEU2) 301 ± 145 b 0.2 ± 0.1 b 155/158 98

ー 16 ± 3 a 0.01 ± 0.002 a 50/53 94
  Diploid T556 dsOligo DNA (ScLEU2) 178 ± 78 b 0.1 ± 0.06 b 119/126 94

ー 7 ± 5 a 0.004 ± 0.002 a 12/20 60

Fig. 3   Rescue of Leu− phenotype by introduction of ScLEU2 gene. A 
LiAc transformation with YEp351, which harbors ScLEU2. B Trans-
kingdom conjugation using a donor E. coli strain HB101 containing a 
helper plasmid pRH220 and a ScLEU2-containing mobilizable plas-
mid pMz1
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ds-oligonucleotide DNA (Se), which is similar to the tem-
plate ds-oligonucleotide DNA (Sc) but suits S. eubayanus 
LEU2 (Fig. 4D). As indicated in Table 5, the CBS380T 
strain produced Leu− colonies upon the transformation. Its 
Leu− ratio was 100%. DNA sequencing analysis verified that 
three S. bayanus Leu− mutants had a sequence identical to 
the ds-oligonucleotide DNA (Se) sequence in the target 
LEU2 locus (Fig. 4D).

Conversely to S. bayanus, and accordingly with the esti-
mation shown in Table 2 (B), S. pastorianus, S. kudriavzevii, 
and S. cerevisiae strains failed to generate any Leu− mutants 
by transformation with pYAMTr2GCsgSeLEU2 and its tem-
plate (Table 5).

Conversion of S. pastorianus and S. kudriavzevii 
strains to leu2 mutants using a guide sequence 
common to S. cerevisiae‑type and S. eubayanus‑type 
LEU2

The all-in-one CRISPR-Cas9 plasmid pYAMTr2GCsgSc-
SeLEU2 contains a 20-bp guide sequence (Sc-Se LEU2 in 
Table 2), which is highly conserved between Sc-type and 
Se-type LEU2.

The S. pastorianus strain W34/70 was transformed with a 
mixture of pYAMTr2GCsgSc-SeLEU2 and its correspond-
ing template ds-oligonucleotide DNA (Sc-Se). The resulting 
recombinant W34/70 colonies exhibited a Leu− mutant ratio 
17% (Table 5). The same mixture was also applied to S. 
kudriavzevii strain CBS8840Tas well as to S. cerevisiae T556 
and S. bayanus CBS380T strains. This treatment generated 
Leu− colonies. The Leu− ratio among recombinant colonies 
of CBS8840T was 7%, whereas that of T556 and CBS380T 
was 100% (Table 5).

DNA sequencing analyses revealed that all Leu− mutants 
from W34/70 and CBS8840T strains had a four-nucleotide 
deletion surrounding PAM, which is likely due to a dou-
ble-crossover with the template DNA at the target LEU2 
locus (Fig. 4E, F). Leu− mutants from S. pastorianus strain 
W34/70 had some nucleotide polymorphisms, which were 
probably a consequence of homologous recombination 

between chromosomal Sc-type and Se-type LEU2 alleles at 
the target locus (Fig. 4F). One CBS8840T Leu− mutant strain 
(#Tce39) contained an additional four-nucleotide deletion 
in the target sequence (Fig. 4E). These results support our 
assumption that the pYAMTr2GCsgSc-SeLEU2 plasmid, 
which has the guide sequence Sc-SeLEU2 most common 
to both Sc-type and Se-type LEU2 genes, is applicable to a 
broad range of Saccharomyces sensu stricto yeasts to gener-
ate leu2 mutant strains.

Easy removal of all‑in‑one CRISPR‑Cas9 plasmid 
from recombinant leu2 mutants

After DNA editing by plasmid transformation, the plas-
mid DNA needs to be removed from the resultant mutant 
transformants for subsequent studies. We analyzed the 
loss frequency of a resident CRISPR-Cas9 plasmid from 
recombinant leu2 mutants. First, we cultured leu2 mutant 
strains induced by pYAMTr2GCsgScLEU2 derived from S. 
cerevisiae T556 and S. paradoxus CBS432T in liquid YPD 
medium (without G418) for 24 h and then established colo-
nies on solid YPD medium. Sensitivity to G418 was exam-
ined for each colony. All 40 T556- and CBS432T-derived 
colonies were sensitive to G418, indicating that the resident 
CRISPR-Cas9 plasmid is easily removable.

One leu2 mutant from each of the seven strains was 
treated as described above. Consequently, G418-sennsitive 
colonies were obtained easily. PCR analysis further con-
firmed the absence of the Cas9 plasmid in a G418S leu2 
mutant colony of the respective strains. The leu2 mutant 
strains free of the Cas9 plasmid are available in two public 
depositories (Table 1 B).

Expression of a foreign gene by transformation 
of resulting leu2 mutants

The leu2 mutants were transformed with a LEU2 plasmid 
YEp351GFP, which contains a green fluorescent protein 
gene that is located just downstream of the promoter of 
ScGAL1. As shown in Fig. 5, leu2 mutants derived from S. 
cerevisiae T55 and T556, S. paradoxus CBS432T, S. pastori-
anus W34/70 emitted green fluorescence when transformed 
with YEp351GFP and grew on the galactose medium, while 
those with the vacant vector plasmid YEp351 did not indi-
cate the fluorescence. Mutants from S. cerevisiae K7 and 
S. bayanus CBS380T did not emit the fluorescence. The 
S. kudriavzevii mutants as well as S. kudriavzevii CBS8840T 
did not grow on the galactose medium. These results suggest 
that the S. paradoxus and S. pastorianus strains possess a 
regulatory mechanism similar with that of the S. cerevisiae 
galactose regulon, while the S. cerevisiae K7 and S. bayanus 
CBS380T strains have a different mechanism.

Fig. 4   Verification of leu2 mutations by nucleotide sequence analysis. 
A template 90-bp oligonucleotide DNA sequence was aligned with 
the corresponding wild-type (WT) and mutant gene sequences. Shade 
boxes and underlines indicate the 20-bp guide sequence and PAM, 
respectively. Arrows and filled triangles indicate nucleotide polymor-
phisms among leu2 mutant strains and between wild-type and tem-
plate DNA sequences, respectively. A Four mutants derived from S. 
cerevisiae strain T55 and four mutants from the diploid strain T556. 
B Three mutants of the sake-producing strain S. cerevisiae Kyokai 
No. 7 (K7). C Three mutants of S. paradoxus strain CBS432T. D 
Three mutants of S. bayanus strain CBS380T. E Two mutants from S. 
kudriavzevii strain CBS8840T. F Three mutants of the beer-producing 
S. pastorianus strain W34/70

◂



	 Applied Microbiology and Biotechnology (2024) 108:416416  Page 14 of 17

Applicability prediction of the all‑in‑one plasmids 
to other yeast species

In this study, we did not handle strains belonging to five 
“pure species,” namely, S. cariocanus, S. mikatae, S. 
arboricolus, S. eubayanus, and S. uvarum. However, it is 
easy to predict that S. eubayanus and S. uvarum are good 
substrates for LEU2 gene disruption by the plasmids con-
taining the S. eubayanus type guide (Se), because 100% 
Leu− ratio was exhibited (Table 5) by the allodiploid S. 
bayanus strain CBS380T, whose genome was derived from 
S. eubayanus and S. uvarum (Borneman and Pretorius 
2015). Furthermore, the DNA database supplied LEU2 
gene sequences for S. eubayanus and S. uvarum (Table 2 

(B)). The sequence data indicated a perfect match to the 
guide sequence Se-SeLEU2 (Table 2 (B)). Similarly, the 
LEU2 sequences of S. mikatae and S. arboricolus suited 
exactly to the guide sequence SeLEU2. These data forecast 
the suitability of the Cas9 plasmids for the five remaining 
species.

Discussion

In this study, we prepared leu2 mutants from seven pro-
totrophic yeast strains belonging to five species of the 
Saccharomyces sensu stricto group by DNA editing. 
Leu− mutant ratios varied among the yeast strains. Three 

Table 5   Leu− mutant formation induced by CRISPR-Cas9 plasmids in yeasts belonging to five Saccharomyces sensu stricto species

Yeast strains were transformed with a combination of a CRISPR Cas9 plasmid and its corresponding template DNA: pYAMTr2GCsgScLEU2 
plasmid and a template ds-oligonucleotide DNA (Sc); pYAMTr2GCsgSeLEU2 and ds-oligonucleotide DNA (Se); pYAMTr2GCsgSc-SeLEU2 
and ds-oligonucleotide DNA (Sc-Se)
To yield larger number of recombinant colonies from Saccharomyces sensu stricto yeasts, cultivation after LiAc/PEG treatment was extended to 
3.5 h (see “Materials and methods”)
1 See Table 2 (A)
2 See Table 3 (B) and footnote #3 in Table 4
3 Data from one time experiment

Yeast strain CRISPR Cas9 plasmid having tar-
get sequence type1 in LEU2 gene

Template DNA2 G418R recom-
binant colony 
number

Transformation 
efficiency (× 10−5)

Leu− mutant 
ratio (%)

S. cerevisiae
  T556 ScLEU2 dsOligo DNA (ScLEU2) 547 ± 119 1.5 ± 0.3 40/40 100

SeLEU2 dsOligo DNA (SeLEU2) (1.1 ± 0.3) × 104 38 ± 19 0/120 0
Sc-SeLEU2 dsOligo DNA (Sc-SeLEU2) 560 3 1.9 3 6/6 3 100 3

(No plasmid) (No DNA) Not detected – – –
  Kyokai No. 7 ScLEU2 dsOligo DNA (ScLEU2) 4063 ± 1137 22 ± 8.8 23/120 19

(No plasmid) (No DNA) Not detected  −  −  − 
S. paradoxus
  CBS432T ScLEU2 dsOligo DNA (ScLEU2) 132 ± 46 0.8 ± 0.3 112/120 93

(No plasmid) (No DNA) Not detected – – –
S. bayanus
  CBS380T ScLEU2 dsOligo DNA (ScLEU2) 751 ± 57 6.9 ± 1.1 0/168 0

SeLEU2 dsOligo DNA (SeLEU2) 111 ± 53 0.9 ± 0.4 120/120 100
Sc-SeLEU2 dsOligo DNA (Sc-SeLEU2) 537 3 5.5 3 40/40 3 100 3

(No plasmid) (No DNA) Not detected – – –
S. pastorianus
  W34/70 ScLEU2 dsOligo DNA (ScLEU2) 272 ± 126 1.9 ± 0.8 0/168 0

SeLEU2 dsOligo DNA (SeLEU2) 303 ± 228 2.9 ± 2.6 0/120 0
Sc-SeLEU2 dsOligo DNA (Sc-SeLEU2) 1106 ± 262 11 ± 3.4 36/224 16
(No plasmid) (No DNA) Not detected – – –

S. kudriavzevii
  CBS8840T ScLEU2 dsOligo DNA (ScLEU2) 69 ± 50 1.9 ± 1.6 0/117 0

SeLEU2 dsOligo DNA (SeLEU2) 435 ± 339 12 ± 11 0/120 0
Sc-SeLEU2 dsOligo DNA (Sc-SeLEU2) 435 ± 174 10 ± 7.9 20/120 9
(No plasmid) (No DNA) Not detected – – –
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diploid strains, namely, one S. cerevisiae laboratory strain 
T556 and the type strains of S. paradoxus and S. bayanus, 
achieved an almost 100% Leu− mutant ratio (Table 5). 
Contrary to the high efficacy of the three diploid strains, S. 
cerevisiae Kyokai No. 7 (K7), S. kudriavzevii CBS8840T, 
and S. pastorianus W34/70 exhibited lower Leu− ratios, 
9–19% (Table  5). Despite the unexpectedly low ratio 
level in the three strains, it was easy to find the target 
leu2 mutants because the discrimination between Leu+ and 
Leu− was a facile work for the number of colonies, and 
all of the Leu− colonies examined by sequence analysis 
were leu2 mutants (Fig. 4), irrespective of the ratio levels. 
The guide sequences in the Cas9 plasmids mostly fit the 
strains (Table 2 (B), Fig. 4). However, the template DNA 
sequences differed by several nucleotides in some strains 
(Fig. 4). Therefore, the ratio could be increased by supply-
ing a template DNA that perfectly matches the sequence 
around the guide sequence for each strain. We discuss an 
additional scenario due to the presence of the case where 
the template DNA sequence was not the issue of the tem-
plate DNA sequence.

Feasible reason for the cases of unexpectedly low 
Leu− mutant ratio

In the DNA databases, no LEU2 sequence was available 
for S. kudriavzevii CBS8840T, when we started this study. 
Sequence analysis of CBS8840T strain’s LEU2 revealed 
one nucleotide difference at 5’ end region of the target 
20 bp compared with the common guide sequence for Sc-
SeLEU2 (Fig. 4E). The single-nucleotide difference at the 
site may have caused the low ratio, whereas one nucleo-
tide substitution near the 3’-end of the 20 bp did not mat-
ter (Fig.  4A–D). The allodiploid strain S. pastorianus 

W34/70 harbors Sc-type and Se-type LEU2 genes, similar 
to the strain CBS1513T (Table 2 (B)). The guide sequence 
type Sc-SeLEU2 in the Cas9 plasmid was identical to the 
corresponding regions in the two LEU2 genes in W34/70 
(Fig. 4F) and CBS1513T genomes (Table 2 (B)). One possi-
ble reason for the low Leu− ratio is that an imaginary higher 
copy number of the genomic LEU2 gene caused the lower 
Leu− mutant ratio. In fact, de la Cerda Garcia-Caro et al. 
(2022) reported that the S. pastorianus W34/70 strain has 
multiple copies of ScLEU2 and SeLEU2. It is feasible that 
the higher copy number of the LEU2 gene in the genome 
caused the lower Leu− mutant ratio.

In this study, we also predicted applicability of the LEU2-
targeting plasmids and the template DNAs to other Saccha-
romyces sensu stricto species, namely, S. cariocanus, S. 
mikatae, S. arboricolus, S. eubayanus, and S. uvarum.

In conclusion, the series of CRISPR-Cas9 plasmids con-
structed in this study enabled the generation of leu2 mutant 
strains from prototrophic strains of Saccharomyces sensu 
stricto species, including natural isolate, industrial, and 
allodiploid strains.
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Fig. 5   Introduction of a green fluorescent protein gene in yeast leu2 
mutants. A Yeast leu2 mutants transformed with YEp351 and its 
derivative plasmid (YEp351GFP) containing a PGAL1::gfp gene were 

grown on synthetic galactose solid medium. Yeast colonies were irra-
diated with 365 nm LED light. B The transformed yeast cells harbor-
ing YEp351_PGAL1GFP were observed under blue light excitation



	 Applied Microbiology and Biotechnology (2024) 108:416416  Page 16 of 17

Funding  Open Access funding provided by Hiroshima University. This 
study was funded by Takaki Shunsuke Foundation for Science and 
Technology of Bread, Hiroshima, Japan, by the Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan (Grant-in-Aid for 
Scientific Researches, grant numbers 21H02167 and 24K09069), and 
by JST Japan (COI-NEXT Grant number JPMJPF2010).

Data Availability  Most of the plasmids and resultant leu2− mutants 
produced in this study will be deposited in several repository organiza-
tions. The plasmid sequences also will be available there.

Declarations 

Ethical approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Akada R (2002) Genetically modified industrial yeast ready for appli-
cation. J Biosci Bioeng 94(6):536–544. https://​doi.​org/​10.​1016/​
s1389-​1723(02)​80192-x

Akao T, Yashiro I, Hosoyama A, Kitagaki H, Horikawa H, Watanabe 
D, Akada R, Ando Y, Harashima S, Inoue T, Inoue Y, Kajiwara S, 
Kitamoto K, Kitamoto N, Kobayashi O, Kuhara S, Masubuchi T, 
Mizoguchi H, Nakao Y, Nakazato A, Namise M, Oba T, Ogata T, 
Ohta A, Sato M, Shibasaki S, Takatsume Y, Tanimoto S, Tsuboi 
H, Nishimura A, Yoda K, Ishikawa T, Iwashita K, Fujita N, Shi-
moi H (2011) Whole-genome sequencing of sake yeast Saccharo-
myces cerevisiae Kyokai no. 7. DNA Res 18(6):423–434. https://​
doi.​org/​10.​1093/​dnares/​dsr029

Beggs JD (1978) Transformation of yeast by a replicating hybrid plas-
mid. Nature 275(5676):104–109. https://​doi.​org/​10.​1038/​27510​
4a0

Borneman AR, Pretorius IS (2015) Genomic insights into the Sac-
charomyces sensu stricto complex. Genetics 199(2):281–291. 
https://​doi.​org/​10.​1534/​genet​ics.​114.​173633

Boyer HW, Roulland-Dussoix D (1969) A complementation analysis 
of the restriction and modification of DNA in Escherichia coli. 
J Mol Biol 41:459–472. https://​doi.​org/​10.​1016/​0022-​2836(69)​
90288-5

Cherry JM, Hong EL, Amundsen C, Balakrishnan R, Binkley G, Chan 
ET, Christie KR, Costanzo MC, Dwight SS, Engel SR, Fisk DG, 
Hirschman JE, Hitz BC, Karra K, Krieger CJ, Miyasato SR, Nash 
RS, Park J, Skrzypek MS, Simison M, Weng S, Wong ED (2012) 
Saccharomyces Genome Database: the genomics resource of 

budding yeast. Nucleic Acids Res 40(Database issue):D700-705. 
https://​doi.​org/​10.​1093/​nar/​gkr10​29

Cliften P, Sudarsanam P, Desikan A, Fulton L, Fulton B, Majors J, 
Waterston R, Cohen BA, Johnston M (2003) Finding functional 
features in Saccharomyces genomes by phylogenetic footprint-
ing. Science 301(5629):71–76. https://​doi.​org/​10.​1126/​scien​ce.​
10843​37

Concordet JP, Haeussler M (2018) CRISPOR: intuitive guide selec-
tion for CRISPR/Cas9 genome editing experiments and screens. 
Nucleic Acids Res 46(W1):W242–W245. https://​doi.​org/​10.​1093/​
nar/​gky354

de la Cerda G-C, Hokamp K, Roche F, Thompson G, Timouma S, 
Delneri D, Bond U (2022) Aneuploidy influences the gene expres-
sion profiles in Saccharomyces pastorianus group I and II strains 
during fermentation. PLoS Genet 18(4):e1010149. https://​doi.​org/​
10.​1371/​journ​al.​pgen.​10101​49

DiCarlo JE, Norville JE, Mali P, Rios X, Aach J, Church GM (2013) 
Genome engineering in Saccharomyces cerevisiae using CRISPR-
Cas systems. Nucleic Acids Res 41(7):4336–4343. https://​doi.​org/​
10.​1093/​nar/​gkt135

Gietz RD, Schiestl RH (2007) High-efficiency yeast transformation 
using the LiAc/SS carrier DNA/PEG method. Nat Protoc 2(1):31–
34. https://​doi.​org/​10.​1038/​nprot.​2007.​13

Gnugge R, Rudolf F (2017) Saccharomyces cerevisiae shuttle vectors. 
Yeast 34(5):205–221. https://​doi.​org/​10.​1002/​yea.​3228

Hill JE, Myers AM, Koerner TJ, Tzagoloff A (1986) Yeast/E. coli shut-
tle vectors with multiple unique restriction sites. Yeast 2(3):163–
167. https://​doi.​org/​10.​1002/​yea.​32002​0304

Hinnen A, Hicks JB, Fink GR (1978) Transformation of yeast. Proc 
Natl Acad Sci USA 75(4):1929–1933. https://​doi.​org/​10.​1073/​
pnas.​75.4.​1929

Hisatomi T, Toyomura K (2021) Isolation, identification, and char-
acterization of wild budding yeasts from rose flowers in Fukuy-
ama city, Hiroshima, Japan, and their application in bread and 
wine production. Mycoscience 62(6):382–389. https://​doi.​org/​10.​
47371/​mycos​ci.​2021.​10.​003

Hood EE, Gelvin SB, Melchers LS, Hoekema A (1993) New Agrobac-
terium helper plasmids for gene-transfer to plants. Transgenic Res 
2(4):208–218. https://​doi.​org/​10.​1007/​Bf019​77351

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E 
(2012) A programmable dual-RNA-guided DNA endonuclease in 
adaptive bacterial immunity. Science 337(6096):816–821. https://​
doi.​org/​10.​1126/​scien​ce.​12258​29

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment 
software version 7: improvements in performance and usability. 
Mol Biol Evol 30(4):772–780. https://​doi.​org/​10.​1093/​molbev/​
mst010

Kitamoto K, Oda K, Gomi K, Takahashi K (1990) Construction of ura-
cil and tryptophan auxotrophic mutants from Sake yeasts by dis-
ruption of URA3 and TRP1 genes. Agric Biol Chem 54(11):2979–
2987. https://​doi.​org/​10.​1080/​00021​369.​1990.​10870​447

Kiyokawa K, Yamamoto S, Moriguchi K, Sugiyama M, Hisatomi T, 
Suzuki K (2023) Construction of versatile yeast plasmid vec-
tors transferable by Agrobacterium-mediated transformation and 
their application to bread-making yeast strains. J Biosci Bioeng 
136(2):142–151. https://​doi.​org/​10.​1016/j.​jbiosc.​2023.​04.​006

Laughery MF, Hunter T, Brown A, Hoopes J, Ostbye T, Shumaker 
T, Wyrick JJ (2015) New vectors for simple and streamlined 
CRISPR-Cas9 genome editing in Saccharomyces cerevisiae. Yeast 
32(12):711–720. https://​doi.​org/​10.​1002/​yea.​3098

Longtine MS, McKenzie A 3rd, Demarini DJ, Shah NG, Wach A, Bra-
chat A, Philippsen P, Pringle JR (1998) Additional modules for 
versatile and economical PCR-based gene deletion and modifica-
tion in Saccharomyces cerevisiae. Yeast 14(10):953–961. https://​
doi.​org/​10.​1002/​(SICI)​1097-​0061(199807)​14:​10%​3c953::​AID-​
YEA293%​3e3.0.​CO;2-U

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s1389-1723(02)80192-x
https://doi.org/10.1016/s1389-1723(02)80192-x
https://doi.org/10.1093/dnares/dsr029
https://doi.org/10.1093/dnares/dsr029
https://doi.org/10.1038/275104a0
https://doi.org/10.1038/275104a0
https://doi.org/10.1534/genetics.114.173633
https://doi.org/10.1016/0022-2836(69)90288-5
https://doi.org/10.1016/0022-2836(69)90288-5
https://doi.org/10.1093/nar/gkr1029
https://doi.org/10.1126/science.1084337
https://doi.org/10.1126/science.1084337
https://doi.org/10.1093/nar/gky354
https://doi.org/10.1093/nar/gky354
https://doi.org/10.1371/journal.pgen.1010149
https://doi.org/10.1371/journal.pgen.1010149
https://doi.org/10.1093/nar/gkt135
https://doi.org/10.1093/nar/gkt135
https://doi.org/10.1038/nprot.2007.13
https://doi.org/10.1002/yea.3228
https://doi.org/10.1002/yea.320020304
https://doi.org/10.1073/pnas.75.4.1929
https://doi.org/10.1073/pnas.75.4.1929
https://doi.org/10.47371/mycosci.2021.10.003
https://doi.org/10.47371/mycosci.2021.10.003
https://doi.org/10.1007/Bf01977351
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1080/00021369.1990.10870447
https://doi.org/10.1016/j.jbiosc.2023.04.006
https://doi.org/10.1002/yea.3098
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10%3c953::AID-YEA293%3e3.0.CO;2-U
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10%3c953::AID-YEA293%3e3.0.CO;2-U
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10%3c953::AID-YEA293%3e3.0.CO;2-U


Applied Microbiology and Biotechnology (2024) 108:416	 Page 17 of 17  416

Makanae K, Kintaka R, Makino T, Kitano H, Moriya H (2013) Iden-
tification of dosage-sensitive genes in Saccharomyces cerevisiae 
using the genetic tug-of-war method. Genome Res 23(2):300–311. 
https://​doi.​org/​10.​1101/​gr.​146662.​112

Minnaar L, den Haan R (2023) Engineering natural isolates of Saccha-
romyces cerevisiae for consolidated bioprocessing of cellulosic 
feedstocks. App Microbiol Biotech 107(22):7013–7028. https://​
doi.​org/​10.​1007/​s00253-​023-​12729-4

Mizuta M, Satoh E, Katoh C, Tanaka K, Moriguchi K, Suzuki K (2012) 
Screening for yeast mutants defective in recipient ability for tran-
skingdom conjugation with Escherichia coli revealed importance 
of vacuolar ATPase activity in the horizontal DNA transfer phe-
nomenon. Microbiol Res 167(5):311–316. https://​doi.​org/​10.​
1016/j.​micres.​2011.​10.​001

Naito Y, Hino K, Bono H, Ui-Tei K (2015) CRISPRdirect: software 
for designing CRISPR/Cas guide RNA with reduced off-target 
sites. Bioinformatics 31(7):1120–1123. https://​doi.​org/​10.​1093/​
bioin​forma​tics/​btu743

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F (2013) 
Genome engineering using the CRISPR-Cas9 system. Nature Pro-
toc 8:2281–2308. https://​doi.​org/​10.​1038/​nprot.​2013.​143

Raschmanova H, Weninger A, Glieder A, Kovar K, Vogl T (2018) 
Implementing CRISPR-Cas technologies in conventional and 
non-conventional yeasts: current state and future prospects. Bio-
technol Adv 36(3):641–665. https://​doi.​org/​10.​1016/j.​biote​chadv.​
2018.​01.​006

Replansky T, Koufopanou V, Greig D, Bell G (2008) Saccharomyces 
sensu stricto as a model system for evolution and ecology. Trends 
Ecol Evol 23(9):494–501. https://​doi.​org/​10.​1016/j.​tree.​2008.​05.​005

Sakuma T, Woltjen K (2014) Nuclease-mediated genome editing: at the 
front-line of functional genomics technology. Dev Growth Differ 
56(1):2–13. https://​doi.​org/​10.​1111/​dgd.​12111

Short JM, Fernandez JM, Sorge JA, Huse WD (1988) Lambda ZAP: 
a bacteriophage lambda expression vector with in vivo excision 
properties. Nucleic Acids Res 16(15):7583–7600. https://​doi.​org/​
10.​1093/​nar/​16.​15.​7583

Sicard D, Legras JL (2011) Bread, beer and wine: yeast domestica-
tion in the Saccharomyces sensu stricto complex. C R Biol 
334(3):229–236. https://​doi.​org/​10.​1016/j.​crvi.​2010.​12.​016

Sikorski RS, Hieter P (1989) A system of shuttle vectors and yeast 
host strains designed for efficient manipulation of DNA in Sac-
charomyces cerevisiae. Genetics 122(1):19–27. https://​doi.​org/​10.​
1093/​genet​ics/​122.1.​19

Steensels J, Snoek T, Meersman E, Picca Nicolino M, Voordeck-
ers K, Verstrepen KJ (2014) Improving industrial yeast strains: 
exploiting natural and artificial diversity. FEMS Microbiol Rev 
38(5):947–995. https://​doi.​org/​10.​1111/​1574-​6976.​12073

Tohoyama H, Hagiya M, Yoshida K, Yanagishina N (1979) Regula-
tion of the production of the agglutination substances responsible 
for sexual agglutination in Saccharomyces cerevisiae - changes 
associated with conjugation and temperature shift. Mol Gen Genet 
174(3):269–280. https://​doi.​org/​10.​1007/​Bf002​67799

Toyomura K, Hisatomi T (2021) Postzygotic reproductive isolation 
among three Saccharomyces yeast species. Yeast 38(5):326–335. 
https://​doi.​org/​10.​1002/​yea.​3549

Yang Z, Blenner M (2020) Genome editing systems across yeast spe-
cies. Curr Opin Biotech 66:255–266. https://​doi.​org/​10.​1016/j.​
copbio.​2020.​08.​011

Yanisch-Perron C, Vieira J, Messing J (1985) Improved M13 phage 
cloning vectors and host strains: nucleotide sequences of the 
M13mpl8 and pUC19 vectors. Gene 33(1):103–119. https://​doi.​
org/​10.​1016/​0378-​1119(85)​90120-9

Zhang GC, Kong II, Kim H, Liu JJ, Cate JH, Jin YS (2014) Construc-
tion of a quadruple auxotrophic mutant of an industrial polyploid 
Saccharomyces cerevisiae strain by using RNA-guided Cas9 
nuclease. Appl Environ Microbiol 80(24):7694–7701. https://​
doi.​org/​10.​1128/​AEM.​02310-​14

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1101/gr.146662.112
https://doi.org/10.1007/s00253-023-12729-4
https://doi.org/10.1007/s00253-023-12729-4
https://doi.org/10.1016/j.micres.2011.10.001
https://doi.org/10.1016/j.micres.2011.10.001
https://doi.org/10.1093/bioinformatics/btu743
https://doi.org/10.1093/bioinformatics/btu743
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1016/j.biotechadv.2018.01.006
https://doi.org/10.1016/j.biotechadv.2018.01.006
https://doi.org/10.1016/j.tree.2008.05.005
https://doi.org/10.1111/dgd.12111
https://doi.org/10.1093/nar/16.15.7583
https://doi.org/10.1093/nar/16.15.7583
https://doi.org/10.1016/j.crvi.2010.12.016
https://doi.org/10.1093/genetics/122.1.19
https://doi.org/10.1093/genetics/122.1.19
https://doi.org/10.1111/1574-6976.12073
https://doi.org/10.1007/Bf00267799
https://doi.org/10.1002/yea.3549
https://doi.org/10.1016/j.copbio.2020.08.011
https://doi.org/10.1016/j.copbio.2020.08.011
https://doi.org/10.1016/0378-1119(85)90120-9
https://doi.org/10.1016/0378-1119(85)90120-9
https://doi.org/10.1128/AEM.02310-14
https://doi.org/10.1128/AEM.02310-14

	Conversion of polyploid and alloploid Saccharomyces sensu stricto strains to leu2 mutants by genome DNA editing
	Abstract 
	Key points
	Introduction
	Materials and methods
	Microbial strains, plasmids, and culture conditions
	Plasmid construction
	Guide sequence for CRISPR-Cas9-mediated genome editing
	DNA transformation in yeast
	Trans-kingdom conjugation to yeast
	Nucleotide sequence determination
	Statistical analysis

	Results
	Construction of all-in-one CRISPR-Cas9 plasmids for conversion of prototrophic yeast strains to leu2 mutant strains
	High yield of leu2 mutant strains from S. cerevisiae laboratory strains
	Generation of leu2 mutants from a sake (rice-wine) brewing strain and a S. paradoxus strain
	Formation of leu2 mutants from S. bayanus using a guide sequence suitable for S. eubayanus-type LEU2
	Conversion of S. pastorianus and S. kudriavzevii strains to leu2 mutants using a guide sequence common to S. cerevisiae-type and S. eubayanus-type LEU2
	Easy removal of all-in-one CRISPR-Cas9 plasmid from recombinant leu2 mutants
	Expression of a foreign gene by transformation of resulting leu2 mutants
	Applicability prediction of the all-in-one plasmids to other yeast species

	Discussion
	Feasible reason for the cases of unexpectedly low Leu− mutant ratio

	Acknowledgements 
	References


