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1 | INTRODUCTION

The budding yeast Saccharomyces cerevisiae remains an important
model organism for investigating many important cellular processes,
including being used in research on the etiology and pathogenesis of
many human diseases (Botstein & Fink, 1988, 2011; Mohammadi
et al., 2015; Pereira et al., 2012). Due to the conservation of many
yeast proteins and core cellular machinery in mammalian cells,
budding yeast continues to be a powerful tool that can be used to
study complex interactions on a simplified scale. Over 25 years ago,
S. cerevisiae was the first eukaryote to have its full genome
sequenced, since then polymerase chain reaction (PCR)-based pro-
tocols that incorporate both auxotrophic and drug-resistance
selectable markers have been the most common avenue for
genome editing in yeast (Bahler et al., 1998; Janke et al., 2004;
Longtine et al., 1998; Sikorski & Hieter, 1989). These methods uti-
lize primers that include 40-50 bp of homologous sequence up- and
downstream of the target gene open reading frame (ORF) and
20-25bp of selectable marker sequence for amplification. Subse-
quent PCR products then recombine into the target locus via
homologous recombination (Longtine et al., 1998). These major
advancements led to the creation of widely used yeast collections
and gave rise to the synthetic genetic array era of genomics and
high-throughput studies using budding yeast (Baryshnikova, 2010;
Kuzmin et al., 2014; Tong & Boone, 2006; Vizeacoumar et al., 2010).
Although these original methods significantly advanced the field,
researchers were limited by the number of available markers that
can be used in a single mutant strain and multiple edits to a single
yeast strain increased the likelihood of “marker swapping” events,
which occur when a selectable marker replaces another already in
the genome from a previous edit, rather than targeting its intended
locus due to the similar amplification sequences used in the primers.
Methods for marker recycling were developed to overcome this
limitation; however, continuous utilization has been shown to
decrease correct integrations and chromosomal rearrangement in
the yeast genome (Akada et al., 2006). Although new selectable
markers and tags have been developed, little effort has been made
to directly address these limitations.

Recently, the availability of gene ablation and modification
technologies using CRISPR-Cas? systems have become widely
available and others have successfully applied this tool to budding
yeast (Adli, 2018; Akhmetov et al., 2018; Lee et al., 2015; Lutz
et al, 2019; Utomo et al., 2021). Thus, genome edits can now be
done without the need for selectable markers. These methods target
Cas9 to a unique protospacer-adjacent motif (PAM) sequence in the
target gene with a “guide RNA” (gRNA) specific to the region to be
edited. After recognition of the PAM sequence, Cas9 precisely cuts
the target locus by creating a double-stranded break. Inclusion of a
user-designed “DNA donor template” with homologous sequence
integrates into the target gene locus via homologous recombination.
Although this method is highly efficient, drawbacks include additional
cost of reagents and lengthy protocols, to design and test multiple
customizable gRNAs and repair templates for each proposed edit.
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We found primer-specific regions in common PCR-based
gene-editing modules that can be used as universal donor
repair templates for multiple marker-free gene edits when

paired with our engineered gRNA-Cas9 plasmids.

To ameliorate the cost and time-consuming design efforts
required for incorporating CRISPR-Cas9 into standard yeast-editing
protocols, we focused our efforts to improve existing tools. First, we
found primer-specific regions in common PCR-based gene deletion
modules, first described by Longtine et al. (1998), can be used as
universal donor repair templates for marker-free gene editing when
Cas9 is targeted to these selectable markers. Second, we engineered a
gRNA-Cas9 (pJGO02) that targets the Ashbya gossypii promoter region
found in pFA6a-MXé plasmids, which allowed for triple marker-loss in
a single transformation. Third, we found common regions of the
BY4741/4742 deletion collection can also be efficiently used as uni-
versal repair templates in these collections. We also found that our
engineered CRISPR-Cas9 plasmid (pJGO1) containing gRNA specific to
His3MX6 worked more efficiently with the universal donor repair
templates and allowed for sequential gene edits, thereby bypassing all
marker limitations. As a proof of concept, we engineered a marker-free
TVY614, a widely utilized yeast strain that contains mutations in
vacuolar proteases PRC1, PEP4, and PRB1 but has limited usage
because of selectable marker availability (Giaever & Nislow, 2014;
Giaever et al., 2002; Vida & Emr, 1995). Taken together, we believe
our findings result in a significant improvement in PCR-based gene
modifications in yeast and have pending applications to the yeast

research and educational communities.

2 | MATERIALS AND METHODS

2.1 | Yeast strains, growth conditions, and
transformations

All yeast strains were grown at 30°C in yeast extract-peptone-dextrose
medium, unless otherwise noted. All yeast transformations were
performed using the lithium acetate method (Gietz et al, 1995).
For CRISPR-Cas9 transformations, carrier single-stranded DNA, Cas9
expression plasmid (250 ng), and donor DNA templates (10 ug) were
added to cells and incubated for 30 min at 30°C before heat shock. Cells
were grown in standard synthetic complete medium lacking nutrients
required to maintain selection for auxotrophic markers and/or plasmid,
unless indicated otherwise (1991). Yeast strains were constructed in
BY4741/2 (MATa/a his3-1, leu2-0, met15-0, and ura3-0) by homologous
recombination of gene-targeted, PCR-generated DNAs using the method
of Longtine et al. (1998) and/or derived from the EUROSCARF KanMX
deletion collection (Open Biosystems/Thermo Scientific) or produced
by replacement of the complete reading frame with the URA3 cassette.
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Gene deletions were confirmed by PCR amplification of the deleted
locus. To induce iron starvation, cells were grown to log phase in syn-
thetic media containing 50 uM of bathophenanthrolinedisulfonic acid.
Subsequent iron shock was performed by rinsing the cells with water
and with synthetic media before final resuspension in synthetic media
containing 500 uM Fe (lll) ammonium sulfate for 2 h at 30°C as previ-
ously described (Strochlic et al., 2007, 2008).

2.2 | Immunoblotting

For quantitative immunoblot analysis of GFP-Snc1 or Ftr1-2xGFP, cells
were grown under standard vegetative or iron starvation conditions to
ODgoo = 0.5, as described above. Typically, 3.0 x 107 cells were har-
vested by centrifugation and lysed by glass bead agitation in sodium
dodecyl-sulfate polyacrylamide gel electrophoresis sample buffer. Ten
percent polyacrylamide gels were loaded with 5.0 x 107 cell equivalents
and transferred onto standard 0.45 pm nitrocellulose. Anti-green fluo-
rescent protein (GFP) primary mouse monoclonal antibody (1814460,
Roche) was diluted 1:2500 and Santa Cruz (sc-2055) goat antimouse
horseradish peroxidase-conjugated antibody was used at 1:10,000.
Anti-Pgk1 at 1:5000 (Life Technologies) was used as loading controls.
Centromeric GFP-Snc1 (Shintani et al., 2002) plasmid was used in the
processing assays. All enhanced chemiluminescence blots were deve-
loped on a Chemidoc-MP (Bio-Rad) and band intensities were quanti-

fied using Quantity One 1D analysis software (Bio-Rad)

2.3 | Plasmids

All CRISPR-Cas9 plasmids were constructed using the MoClo Yeast
Toolkit and cloned using GoldenGate assembly (Baryshnikova, 2010).
Briefly, each plasmid was constructed using three intermediates: a gRNA
intermediate, a Cas9 intermediate, and a “multigene” backbone. Custom
short guideRNA (sgRNA) sequences specific for either the A. gossypii
promoter region of MX6 markers or His3MX6é were cloned into pYTK_50
entry vectors containing GFP dropout regions. Subsequent entry vectors
were used to construct the sgRNA intermediate plasmid in pYTK_95.

The Cas9 intermediate were obtained from Cas9 derived from
pYTK_36 and cloned into the pYTK_95 backbones. The “multigene
backbone” was constructed to contain appropriate connecter
sequences for final assembly, a GFP dropout region, a URA3 select-
able marker, a KanR selectable marker, and a 2 origin of replication.
All three intermediates were recombined via GoldenGate assembly to
produce the final Cas9 expression plasmids: pJGO1 (His3MX6) and
pJGO2 (ALL-MX6) (Table 1).

2.4 | Donor DNA templates and transformation
efficiency

Oligonucleotides for F1-R1and U2-D2 donor DNA templates described
in Table 2 were commercially synthesized and purchased from Eurofins

TABLE 1 Plasmids used in this study.

Name Plasmid marker Source

pJGO1 (HIS3MX6 specific) Kanamycin/URA3  This Study

pJGO2 (ALL-MX6) Kanamycin/URA3  This Study

pRS315 GFP-SNC1 Ampicillin/LEU2 Lewis et al. (2000)

Genomics. For F1-ADE2-R1 and U2-ADE2-D2 donor DNA templates,
full-length ADE2 was PCR amplified from genomic DNA with overhangs
containing F1 and R1, or U2 and D2 sequences, respectively.

To calculate transformation efficiency, red ade2 mutants were
transformed with pJGO1 or pJGO2 and with associated donor DNA
templates. Transformants were grown on selective media containing
low 15 mg/L adenine. Candidates were scored by the presence of red
or white coloration. White colonies were inferred to have success-
fully been edited by CRISPR-Cas9 and 10 candidates were randomly
selected for PCR amplification of the deleted locus to confirm correct

genomic integration sites.

2.5 | Light microscopy and image analysis

Yeast cells from cultures grown to ODggo = 0.5 were mounted in growth
medium and three-dimensional image stacks were collected at 0.3 um z
increments on a DeltaVision elite workstation (Cytiva) based on an
inverted microscope (IX-70; Olympus) using a x100, 1.4 numerical
aperture oil-immersion lens. Images were captured at 24°C with a 12 bit
charge-coupled device camera (CoolSnap HQ; Photometrics) and de-
convolved using the iterative-constrained algorithm and the measured
point spread function. Image analysis and preparation was done using
Softworx 6.5 (Cytiva) and Image) v1.50d (Rasband). To quantify
vacuolar lumen localization, wild-type cells or mutants were visually
scored for presence of GFP in the vacuolar lumen. GFP-Sncl and Ftr1-
2xGFP vacuolar fluorescence intensities were quantified from z stacks
collected at 0.3 um intervals. A minimum of 100 cells were used in all

experimental conditions and performed in biological triplicate.

3 | RESULTS
3.1 | Marker-free strategy and efficiency

In our study, we demonstrate a significant improvement to existing
yeast gene editing tools that utilize PCR-based integrations and
CRISPR-Cas? methodologies. We have found three strategies that
are economical and can efficiently generate marker-free gene edits.
Ouir first workflow requires two steps. First, the gene ORF of interest
is modified using traditional PCR-based integration techniques
with selectable markers (His3MX6, KanMX6, HpHMX®é) as first
described by Longtine et al. (1998), which results in the integration of
the selectable marker flanked by F1 up- and R1 downstream
sequences. Second, we use optimized gRNAs to target Cas9 to A.
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TABLE 2 Oligos used in this study.

Yeast-wi LEy—L "

Name Sequence (5'-3')

F1-R1 Donor CGGATCCCCGGGTTAATTAAGGCGCGCCAGATCTGTTTAGGATACTAACGCCGCCATCCAGTTTAAACGAGCTCGAATTC
U2-D2 Donor CGTACGCTGCAGGTCGACGGATCCCCGGGTTAATTAAGGCGCCGCCATCCAGTGTCGAAAACGAGCTCGAATTCATCGAT
PRC1-F1 ACTCACTAGAGATTGTTTCTTTTCTACTCAACTTAAAGTATACATACGCTCGGATCCCCGGGTTAATTAA

PRC1-R1 TATATTTCGATCGTAGCTGATAATAAAAACGGTATGCCTACACATACACGCTGAATTCGAGCTCGTTTAAAC

PRC1-Seq F GGGTCTCAAAGAAGGGGCCCACTAATAAAAGC

PRC1- Seq R GAAGCAGCTCTATTGTTTTCTTTTTTTTTAATG

PEP4-F1 AGTGACCTAGTATTTAATCCAAATAAAATTCAAACAAAAACCAAAACTAACCGGATCCCCGGGTTAATTAA

PEP4-R1 CTCTCTAGATGGCAGAAAAGGATAGGGCGGAGAAGTAAGAAAAGTTTAGCGAATTCGAGCTCGTTTAAAC

PEP4-Seq F CCTCAATTGTATTTGCTGAGGTC

PEP4-Seq R TGATCGTACAGAGGGCGATTG

PRB1-F1 AGCTTCATCGCCAATAAAAAAACAAACTAAACCTAATTCTAACAAGCAAAGCGGATCCCCGGGTTAATTAA

PRB1-R1 CTAAGGAAAGAAAAAGAAAAAAAAAAGCAGCTGAAATTTTTCTAAATGAAGAAGAATTCGAGCTCGTTTAAAC

PRB1-Seq F GGGCTTTCGGCTTTGGAAATTTAGGTGACTT

PRB1-Seq R TATTTCGCGTACCTAATACATCGTCACCACACAC

PRB1-Ext F AAAACGAGGGCTGGGAAATG

PRB1-Ext R TGAGAAGCGGGTCACAAAGG

TABLE 3 Yeast strains used in this study.

Name Genotype Source
BY4741 MATa his3A1 leu2A0 lys2A0 ura3A0 This Study
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 This Study
JGY17 MATa his3A1 leu2A0 lys2A0 ura3A0 ade2A::kanMX6 Giaever and
Nislow (2014)
JGY20 MATa ade2A::His3MX6 leu2A0 lys2A0 ura3A0 This Study
JGY21 MATa his3A1 leu2A0 lys2A0 ura3A0 ade2A This Study
JGY26 MATa bar1A::kanMXé tIg2A::His3MX6 leu2A0 lys2A0 ura3A0 This Study
JGY28 MATa his3A1 leu2A0 lys2A0 ura3A0 ade2A This Study
JGY61 MATa his3A1 leu2A0 lys2A0 ura3A0 prb1A::kanMXé Giaever and
Nislow (2014)
JGY63 MATa FTR1-2xGFP::HIS3 leu2A0 lys2A0 ura3A0 This Study
JGY64 MATa FTR1-2xGFP::HIS3 leu2A0 lys2A0 ura3A0 prc1A pep4A prb1A This Study
JGY71 MATa prc1A::hphMX6é his3A1 leu2A0 lys2A0 ura3A0 This Study
JGY72 MATa bar1A::kanMX6é tig2A::His3MX6 prc1A::hphMX6 leu2A0 lys2A0 ura3A0 This Study
JGY73 bar1A tig2A his3A1 leu2A0 lys2A0 ura3A0 This Study
JGY74 bar1A tig2A prc1A his3A1 leu2A0 lysAO ura3A0 This Study
JGY614 MATa his3A1 leu2A0 lys2A0 ura3A0 prc1A pep4A prb1A This Study

gossypii promoter sequences found in most pFA6a-MXé derived
integration cassettes (Figure 1a). We found our gRNA-Cas9s in
pJGO1 or pJGO2 sufficiently created double-stranded breaks, which
promotes efficient replacement of the selectable marker by a single

stranded 80bp concatenated F1-R1 donor oligo (Table 2) via
homologous recombination. Similarly, we found the KanMXé se-
lectable marker in the commercially available BY4742 deletion col-
lection were also flanked by U2 up- and D2 downstream sequences
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TABLE 4 Primers used to confirm JGY614.

Name Sequence ('5-3’)

Expected size

P1 GGGTCTCAAAGAAGGGGCCCACTAATAAAAGC Full length: 2021 bp
P2 GAAGCAGCTCTATTGTTTTCTTTTTTTTTAATG His3MX6A: 1825 bp
Marker-free: 502 bp
P3 CCTCAATTGTATTTGCTGAGGTC Full length: 2168 bp
P4 TGATCGTACAGAGGGCGATTG His3MX6A: 2353 bp
Marker-free: 1030 bp
P5 GGGCTTTCGGCTTTGGAAATTTAGGTGACTT Full length: 2472 bp
P6 TATTTCGCGTACCTAATACATCGTCACCACACAC His3MX6A: 2125bp
Marker-free: 646 bp
P7 ACTCACTAGAGATTGTTTCTTTTCTACTCAACTTAAAGTATACATACGCTCGGATCCCCGGGTTAATTAA His3MXé6: 1403 bp
P8 TATATTTCGATCGTAGCTGATAATAAAAACGGTATGCCTACACATACACG CTGAATTCGAGCTCGTTTAAAC
P9 AGTGACCTAGTATTTAATCCAAATAAAATTCAAACAAAAACCAAAACTAACCGGATCCCCGGGTTAATTAA His3MXé6: 1403 bp
P10 CTCTCTAGATGGCAGAAAAGGATAGGGCGGAGAAGTAAGAAAAGTTTAGCGAATTCGAGCTCGTTTAAAC
P11 AAAACGAGGGCTGGGAAATG prb1A:kanMXé: 2251 bp

P12 TGAGAAGCGGGTCACAAAGG

at the sites of integration which can also be targeted by pJG02 and
replaced using a single stranded 80 bp concatenated U2-D2 Donor
oligo (Table 2) via homologous recombination to produce marker-free
genomic modifications (Giaever & Nislow, 2014).

To measure the efficiency of our marker-free strategy, we uti-
lized a red to white screen using ade2 mutants that accumulate
purine precursors in the Ade2 biosynthesis pathway, which can easily
be visualized as red phenotype on low adenine media (15 mg/L)
(Gedvilaite & Sasnauskas, 1994; Ugolini & Bruschi, 1996). We applied
our marker-free strategy on ade2 mutants derived from PCR-based
knockouts containing His3MX6, KanMX6, HphMXé, or an ade2A::-
kanMXé obtained from the BY4742 deletion collection (Figure 1). To
determine the efficiency of our strategy, we modified the DNA donor
templates to include a wild-type copy of the ADE2 gene within each
donor template. We found successful replacement of the selectable
markers with the ADE2 donor DNA template resulted in the cells
restoring ADE2 biosynthesis, which ameliorated the red phenotype
and returned the cells to white when grown on low adenine media.
Using this assay, we determined our F1-R1 donor DNA template
exhibited a high degree of efficiency for His3MX6, KanMXé, and
HphMXé with 85%, 90%, and 90% reverting to white, respectively
(Figure 2). Although the U2-D2 DNA donor repair template was far
less efficient, with only 35% of colonies reverting to white (Figure 2).

3.2 | Creation of a marker-free protease-deficient
strain

Next, we sought to determine if the integrated donor DNA tem-
plates would prohibit subsequent modifications using repeated

marker-free ablations. To test this, we narrowed our focus to gen-
erating a useful tool for the yeast research community and decided
to apply our strategy by engineering a marker-free protease-
deficient yeast strain. We found inspiration using TVYé614, a well-
utilized protease-deficient yeast strain commonly used for studying
protein overexpression and membrane trafficking first developed by
the Emr Lab (Vida & Emr, 1995). In this strain, three major vacuolar
proteases Pep4, Prc1, and Prb1l were knocked out using classical
yeast genetic manipulations using selectable markers. Although the
TVY614 strain has been an excellent asset to many research labs for
the past 30 years, the strain's limited available selectable markers
have long restricted most experiments to just a few genetic modi-
fications. Therefore, we believed a marker-free variant of this strain
would be a desirable reagent to the yeast community and suc-
cessfully engineered the strain using the following steps.

In sequential order, we first deleted PRC1 with standard PCR-
based genomic editing using His3MXé6 flanked by F1 and R1
sequences (Figure 3d, Lane 4). Next, we transformed these cells with
pJGO1, the gRNA-Cas9 specific to HisMX6 and the F1-R1 DNA
donor template (Figure 3a). All candidates were PCR verified and
grown on 5-FOA to drop out the gRNA-Cas9 plasmid (Table 4). The
procedure was repeated for PEP4 marker-free deletion without
incident (Figure 3b). However, upon repeating the procedure for a
third time for the PRB1 locus, we failed to insert a PCR amplified
HisBMX6 cassette into the gene locus, suggesting multiple F1-R1
sequences in the genome negatively affected subsequent modifica-
tions, likely causing nonspecific marker integrations. However, we did
eventually find success by amplifying genomic DNA 350 bp up and
downstream from the prb1A::kanMX6 locus obtained from the
BY4742 deletion collection (Figure 3c). We hypothesized the larger
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FIGURE 1 Marker-free genomic editing. Our method uses a combination of traditional gene manipulation techniques using polymerase
chain reaction (PCR)-based selectable markers followed by removal using CRISPR-Cas9. (a) Genes modified using the traditional Longtine et al.
(1998) technique have residual F1 and R1 sequences located up- and downstream of the selectable marker. Transformation with CRISPR
plasmid pJGO1 or pJGO2 and the F1-R1 donor repair template results in the removal of the selectable marker. Steps may be sequentially
repeated to generate multimarker-free gene edits. (b) The guide RNA (gRNA) of pJGO2 targets the Ashbya gossypii promoter region found in all
pFA6a-MXé6 cassettes, allowing for multiplexed removal of markers. Transformation of pJG02 and the F1-R1 donor repair template into a yeast
strain harboring multiple MX6-based gene deletions results in simultaneous removal of all MX6é markers. (c) BY4741/2 deletion collections have
residual U2 and D2 sequences located up- and downstream of the KanMXé6 selectable marker. Transformation with CRISPR plasmid (pJG02) and
the U2-D2 donor repair template results in the removal of the selectable marker.
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amount of homologous sequence combined with the absence of
F1-R1 sequence would drive greater specificity during homologous
recombination. Indeed, using this strategy we obtained >100 isolates
of prc1A pep4A prb1A::kanMXé6, which was then targeted for marker
removal using pJGO2 in conjunction with the U2-D2 donor DNA
template (Figure 3c). We also found the final selectable marker
removal via gRNA-Cas9 was highly efficient and resulted in >100
candidates of which four isolates were confirmed by PCR. We have
named the resulting strain JGY614 to acknowledge the clear emu-
lation to the original TVY614 strain and is available upon request
(Figure 3e).

To confirm vacuole proteostasis is impaired in JGY614, we
visualized and measured the steady state protein abundance of two
well-characterized vacuolar localizing proteins, Sncl and Ftrl. Sncl is
a v-SNARE that has been shown to traffic to the vacuole through
multiple pathways, and Ftrl, an iron transporter that is primarily
found on the plasma membrane and is trafficked to the vacuole for
degradation upon binding to iron complexes (Grissom et al., 2020; Ma
& Burd, 2019; Ma et al., 2017; Strochlic et al, 2007, 2008). In
JGY614, GFP-Sncl showed clear retention at the plasma membrane
and a strong vacuole signal as compared to wild-type cells (Figure 4a).
Recently, sorting nexin Snx4 was found to mediate Sncl trafficking
from the vacuole membrane, resulting in increased Sncl degradation
in snx4A cells (Ma et al., 2017). Here we confirm these results;
however, when Snx4 is ablated in JGY614, cells exhibited far less
vacuole fluorescence intensities and contained many internal com-
partments, indicating multiple trafficking defects are present
(Figure 4a). Quantitative immunoblot analysis of steady-state GFP-
Sncl further confirmed the loss of Sncl degradation in JGY614. GFP-
Sncl was found to be 30% degraded in wild-type cells and 40%

FIGURE 2 Marker-free transformation efficiency.

(a) Representative images of transformation C-URA plates following
indicated selectable marker removal using pJGO1 or pJG02 with
donor repair templates. Plates 1-3 represent His3MX6, KanMXé6, and
HphMXé repaired with F1-ADE2-R1 donor template, respectively,
using pJGO1 and pJGO2. Plate 5 represents ade2A::kanMXé from the
BY4742 deletion collection repaired with U2-ADE2-D2 donor
template using pJGO2. Plates 4 and 6 represent transformations of
ade2A::HisMX6 or ade2A::kanMXé using empty vectors with their
indicated donor repair templates, respectively. (b) Transformation
efficiency was calculated by the ratio of pink/red to white colonies.
F1-ADE2-R1 donor efficiency when targeting HisMX6, KanMXé, and
HphMX6é was 85%, 90%, and 90%, respectively. Transformation
efficiency was reduced to 35% when using U2-ADE2-R1 donor repair
template in ade2A::kanMXé obtained the BY4742 deletion collection.
Additionally, each ade2A strain transformed with empty vector show
5% and 10% reversion to white colonies, respectively. Results were
calculated from three biological replicates. Ratio of red and white
colonies from total colonies on each plate are reported with error
bars representing 1 SD of the mean.
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FIGURE 3 Engineering a marker-free protease deficient strain using sequential marker-free knockouts. (a-c) Vacuolar proteases, Prc1, Pep4,
and Prb1 were sequentially targeted for marker-free deletion. PRC1 was knocked out first using standard polymerase chain reaction (PCR)-
based marker techniques, and His3MX6é marker was removed by Cas9 and replaced by the F1-R1 donor repair template. This was followed by
Pep4 and then Prb1 sequentially using a similar approach, except KanMXé was used for Prb1. (d) PCR using indicated primers (Table 3) on
genomic DNA was used at each step to confirm each successful genomic integration. Lanes 1-3 bands demonstrate the presence of PRC1,
PEP4, and PRB1, respectively, in our beginning strain. Lane 4 indicates the successful replacement of PRC1 with HisMXé, followed by the
removal of the marker by Cas9 as shown in lanes 5-6. Lane 7 indicates the successful replacement of PEP4 with His3MX&, followed by the
removal of the marker by Cas9, as shown in lanes 8 and 10, while maintaining the PRC1 locus marker-free shown in lane 9. Lane 11 indicates the
successful replacement of PRB1 with KanMXé, followed by the removal of the marker by Cas9 as shown in lanes 12. (e) Final genotypes of four
marker-free isolates of TGY614 MATa his3A1 leu2A0 lys2A0 ura3A0 prcl1A pep4A prb1A were confirmed at the PRC1 locus (lanes 1, 4, 7, 10),
PEP4 locus (lanes 2, 5, 8, 11), and PRB1 locus (lanes 3, 6, 9, 12). All primers and expected sizes are described in Table 4.

degraded in snx4D cells. In JGY614, GFP-Snc1 degradation is reduced
to 9% in wild-type and 5% in JGY614 (Figure 4b). Similarly, we
localized Ftr1-2xGFP under iron replete conditions which causes
rapid processing of Ftrl as it is trafficked to the vacuole for degra-
dation. After 2h in iron replete conditions, Ftr1-2xGFP was
retained in the vacuole and plasma membrane in JGY614, while
very little fluorescence was present in wild-type cells (Figure 4c).
Quantitative immunoblot analysis of steady-state Ftr1-2xGFP
found protein abundance was increased 10-fold in JGY614 as
compared to wild-type cells, indicating vacuolar proteases are
greatly impaired (Figure 4d).

3.3 | Marker-free gene deletions using
multiplexing Cas9

Next, as pJGO2 targets A. gossypii promoter sequences found in most
pFA6a-MXé6-derived integration cassettes, we hypothesized that the
gRNA-Cas9 would multiplex to remove multiple selectable markers in
a single transformation, thereby significantly reducing the time and
efforts to create multiple marker-free gene deletions. To test for this,
we transformed pJGO2 and the F1-R1 donor repair template into
JGY26, a strain with KanMXé and HisMXé6 integrated to ablate BAR1
and TLG2 loci, respectively. We found marker removal efficiency was
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FIGURE 4

JGY614 vacuole proteostasis is impaired. (a, c) Two proteins normally trafficked to the vacuole and degraded were tagged with

green fluorescent protein (GFP) in wild type (WT) or JGY614 cells. (a) Micrographs indicate SNARE protein GFP-Sncl and Ftr1-2xGFP recycles
from to and from the plasma membrane via an endovacuolar pathway and both GFP signals are enriched in JGY614 backgrounds. (b) GFP-Snc1
processing assay resulted in a 30% degradation, this is exacerbated to 40% in snx4A cells. In JGY614, GFP-Snc1 degradation is reduced to 9%
and 5%, respectively. Graph values were analyzed via single-factor analysis of variance and Tukey honest significance test, with asterisks (*)

representing p < 0.05. (d) Ftr1-GFP processing assay after WT and JGY-614 were replete of iron. In WT cells, Ftr1-GFP is nearly undetectable by
western blot analysis but stabilized in JGY614 cells. Values were analyzed via unpaired T test, with asterisks (**) representing p < 0.01. All scale
bars indicate 5 um. In the graphs in b and d, results were calculated from three biological replicates and error bars represent 1 SD of the mean.

reduced to ~45% as compared to 95% when one selectable marker
was present (Figure 5a,b). Similarly, when three selectable markers are
present as in JGY72, a strain with KanMX6, His3MX, and HphMX&,
integrated to ablate BAR1, TLG2, and PRC1 loci, respectively. We
found marker removal efficiency slightly reduced to ~40% as com-
pared to the 1X or 2X transformations (Figure 5a-c). Surprisingly, we
found for all multimarker removal experiments, all transformation

colonies were either completely ablated of each marker, or maintained
every marker, indicating multiplexing Cas9 did not preferentially target
a specific selectable marker but when successful, targeted at 100%
efficacy. Therefore, using this strategy yeast strains with three or more
pre-existing selectable markers derived from pFA6a-MXé integration
cassettes, would only require a single transformation reaction to create
a multigene marker-free yeast strain.
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FIGURE 5 Multiplexing CRISPR-Cas9 efficiency. Plates shown in a-c represent transformation efficiency when 1X, 2X, or 3X markers are
present and transformed with pJG02 and the F1-R1 donor repair template, respectively. (a) Plate legend for all transformation plates is shown. Each
plate includes the beginning strain that corresponds to the integrated MX6 marker(s) as a positive (+) control, a negative (=) control background
strain BY4741 and six random colonies from each indicated transformation reaction (C1-Cé). Successful marker-free transformants no longer grew
on selective media as compared to beginning strains but grew robustly on YPD plates. When a single marker (1X) HphMXé was present, 95% of
resulting transformations colonies were found to be marker-free. (b) When two markers (2X) were present (His3MX6, KanMXé), 45% of resulting
transformation colonies were found to be marker-free. (c) When all three markers (3X) were present (HphMX6, His3MX6, KanMXé6), 40% of
resulting transformation colonies were found to be marker-free. Notably, for all multimarker experiments, all candidates were either completely
ablated of each marker, or maintained every marker, indicating multiplexing CAS9 did not preferentially target a specific selectable marker. Results
were calculated from three biological replicates and error bars represent 1 SD of the mean. YPD, yeast extract-peptone-dextrose.

4 | DISCUSSION system satisfactorily addresses many of the drawbacks and limita-

tions that may have prevented some yeast research labs from rou-
In this study, we have successfully combined traditional PCR-based tinely adopting CRISPR-Cas9 protocols in their labs. First, we tested
techniques with CRISPR-Cas9 to create an economical and efficient multiple gRNAs and have optimized two that efficiently target Cas9
strategy to edit the yeast genome marker-free. We believe this to commonly used selectable markers. pJGO1 specifically targets
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His3MX6 and can be used for sequential multimarker deletions or
when single marker deletion is preferred (Figure 3). Second, we dis-
covered common sequences found in traditional PCR-based tech-
niques used to modify yeast can be used as donor DNA templates
to remove selectable markers in combination with associated
gRNA-Cas9 constructs. Therefore, two “universal” donor DNA tem-
plates comprising of either F1 and R1 for strains derived by Longtine
et al. (1998) or U2 and D2 sequences for strains derived from
the BY4741/2 deletion collections are required in conjunction with
the associated gRNA-Cas9 plasmids. These donor DNA templates are
single stranded oligos which can be synthesized commercially at high
concentrations for just a few dollars. We especially found markers
knocked out using F1-R1 donor DNA templates occurred at a higher
efficiency than using the U2-D2 donor DNA templates. Finally, we
have demonstrated the ability to sequentially modify and remove
selectable markers at least three times during the engineering of our
marker-free protease-deficient strain, JGY614. In our experience,
using a sequential approach; one to two marker-free modifications
can occur at high frequency; however, subsequent modifications
result in a significant reduction in specificity. Additionally, we suspect
that as the number of marker-free modifications accumulates the
chances of nonspecific recombination at previously modified loci also
increases. In these cases, we suggest increasing flanking homologous
sequences and alternating donor DNA templates and selectable
markers, if possible. In our experience, we found sequential marker-
free editing of one to two genes is generally trouble-free, while three
or more edits is more challenging. Although we have successfully
edited eight loci using sequential edits and have not found any true
limitations to this strategy.

We have also made significant efforts to multiplex two or more
gRNAs with multiple selectable markers into a single Cas9 plasmid.
However, we found all our multiplexed gRNA-Cas9 plasmids were
not nearly as effective as our individual constructs. Others have
noted a similar reduction in efficiency and hypothesized Cas9 con-
centrations maybe rate limiting when split between additional
gRNAs, while others have found success targeting up to four dif-
ferent loci with four separate gRNAs expressed on the same CRISPR-
Cas9 plasmid (Lee et al, 2015). Likewise, others have previously
designed gRNA-Cas9 to specifically target a sequence shared by
several selectable marker cassettes; however, their method required
synthesizing unique repair templates for each allelic exchange and
was not applied to large scale multiple marker-free strain engineering
(Lutz et al., 2019). In the current study, we also designed a gRNA-
Cas9 that targets sequences found in most pFAéa series integration
cassettes and found when combined with our novel universal donor
templates, can multiplex and create DNA breaks at three unique loci.
This is especially useful when pre-existing strains harbor multiple
markers and we found it can efficiently and accurately remove mul-
tiple selectable markers in a single transformation (Figure 5), these
constructs are available by request.

Taken together, we believe our findings result in a significant
improvement in PCR-based gene editing methodologies in yeast. We

believe our strategy can be easily applied to any yeast collection that

has been derived by pFA6a-MX6 integration cassettes and has
common sequences flanking the selectable markers. Additionally, our
gRNA-Cas9 constructs can be used to perform an unlimited number
of gene edits, therefore researchers can modify entire pathways or
protein families, faster and cheaper than any other available system.
Likewise, we believe this new strategy can easily be adapted as a low
cost but effective educational tool to demonstrate CRISPR-Cas?

technology in the classroom.
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