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Abstract 
 

In vivo site-directed mutagenesis is a powerful genetic tool for testing the effects of specific 
alleles in their normal genomic context. While the budding yeast Saccharomyces cerevisiae 
possesses classical tools for site-directed mutagenesis, more efficient recent CRISPR-based 
approaches use Cas ‘cutting’ combined with homologous recombination of a ‘repair’ template 
that introduces the desired edit. However, current approaches are limited for fully prototrophic 
yeast strains, and rely on relatively low efficiency cloning of short gRNAs. We were thus 
motivated to simplify the process by combining the gRNA and its cognate repair template in cis 
on a single oligonucleotide. Moreover, we wished to take advantage of a new approach that 
uses an E. coli retron (EcRT) to amplify repair templates as multi-copy single-stranded (ms)DNA 
in vivo, which are more efficient templates for homologous recombination. To this end, we have 
created a set of plasmids that express Cas9-EcRT, allowing for co-transformation with the 
gRNA-repair template plasmid in a single step. Our suite of plasmids contains different antibiotic 
(Nat, Hyg, Kan) or auxotrophic (HIS3, URA3) selectable markers, allowing for editing of fully 
prototrophic wild yeast strains. In addition to classic galactose induction, we generated a b-
estradiol-inducible version of each plasmid to facilitate editing in yeast strains that grow poorly 
on galactose. The plasmid-based system results in >95% editing efficiencies for point mutations 
and >50% efficiencies for markerless deletions, in a minimum number of steps and time. We 
provide a detailed step-by-step guide for how to use this system. 
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Introduction 
 

In vivo site-directed mutagenesis is a powerful genetic tool for testing the effects of 
specific alleles in their normal genomic context. The budding yeast Saccharomyces cerevisiae 
is a powerful genetic model due to strong ‘classical’ tools for genome modification based on 
high rates of homologous recombination of donor DNA. There have been a number of methods 
for generating targeted genome edits in yeast (reviewed in Fraczek et al., 2018), with 
markerless editing of essential genes being the historic challenge.   

The delitto perfetto method (Storici & Resnick, 2006) was among the first breakthroughs 
in producing in vivo site-directed mutations in yeast. The method relies on insertion of a 
selectable marker into the gene of interest, followed by transformation of a 140 bp double-
stranded oligonucleotide that contains homology to the insertion site with the targeted mutation 
near its center. Homologous recombination results in swapping out the marker cassette with the 
allele of interest, with counter selection being used to identify transformants that have lost the 
original marker. This method results in mutagenesis efficiencies of ~20% (Storici & Resnick, 
2006) for non-essential genes. Essential genes can be mutated too by inserting the marker 
cassette directly downstream of the gene of interest, but with lower mutagenesis efficiencies.  

More recently, the advent of CRISPR-based methods for genome editing has 
revolutionized the construction of yeast strains. There are a number of different approaches to 
CRISPR-based editing, with the most common using a nuclease (usually Streptococcus 
pyogenes Cas9) that is targeted by a guide RNA (gRNA) to a specific region of the genome. 
The genomic region of interest must contain a protospacer-adjacent motif (PAM, NGG 
sequence) that immediately follows the DNA sequence targeted by the gRNA (see Tian et al., 
2017 for a review on the CRISPR machinery). The original CRISPR-based tools for site-directed 
mutagenesis in yeast used gRNA and Cas9 plasmids with auxotrophic markers for selection that 
were co-transformed with ~90-nt double-stranded oligonucleotides containing the repair 
template (DiCarlo et al., 2013; Hu et al., 2018; Laughery et al., 2015). The efficiency of point 
mutations ranged from >50% (Hu et al., 2018) to nearly 100% (DiCarlo et al., 2013; Laughery et 
al., 2015). However, a downside for those methods is that they require generation of 
auxotrophic strains prior to transformation with CRISPR-editing plasmids. More recently 
developed systems include Cas9 and gRNA plasmids with antibiotic resistance markers (Mans 
et al., 2015; Vyas et al., 2018), allowing editing of fully prototrophic wild strains. Likewise, the 
“insert, then replace” strategy of delitto perfetto has been combined with CRISPR to increase 
efficiencies (Lutz et al., 2019), though this still requires an added step of marker integration near 
the editing site plus the use of ds oligonucleotides or PCR products as repair templates. Thus, 
we were motivated to simplify the process by using a strategy originally designed for CRISPR 
libraries where each gRNA and its cognate repair template are paired in cis on a single 
oligonucleotide (Sadhu et al., 2018). An additional benefit of this approach is that cloning short 
gRNAs has been a challenge (Antony et al., 2022), so using a longer oligonucleotide that 
combines the gRNA and repair template should yield higher cloning efficiencies.   

An exciting recent advance in the design of yeast CRISPR libraries is the Cas9 Retron 
precISe Parallel Editing via homologY (CRISPEY) method (Sharon et al., 2018). The CRISPEY 
method uses an E. coli “retron” to amplify repair templates as multi-copy single-stranded 
(ms)DNA in vivo. Retrons are natural DNA elements that consist of a reverse transcriptase gene 
(EcRT) and a template that the EcRT acts upon to generate msDNA (Inouye & Inouye, 1992). 
Generating a chimeric fusion of the retron, guide RNA, and repair template leads to 
amplification of the repair template as msDNA when the reverse transcriptase is expressed, 
which in a test case increased editing efficiency for a point mutation to nearly 100% (Sharon et 
al., 2018). 
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 While the CRISPEY system was originally designed for generating thousands of edits in 
parallel, the ease of gRNA and repair template design, cloning, and editing efficiency would 
make it a valuable tool for targeted editing. However, the originally designed CRISPEY system 
relies on integration of the Cas9 and EcRT into the genome at a his3∆1 location, which requires 
one or two extra strain construction steps depending on whether the strain of interest already 
has the his3∆1 allele. To enable editing without having to first integrate Cas9-EcRT into the 
genome, we created a set of centromeric (CEN) plasmids that express Cas9-EcRT, allowing for 
co-transformation with the gRNA/repair template plasmid in a single step. Additionally, our suite 
of plasmids contains different antibiotic (Nat, Hyg, Kan) or auxotrophic (HIS3, URA3) selectable 
markers, allowing for editing of fully prototrophic wild yeast strains. Finally, we generated a b-
estradiol inducible version of the CRISPEY system to facilitate editing in yeast strains that grow 
poorly on galactose. The plasmid-based system results in >95% editing efficiencies for point 
mutations and >50% efficiencies for markerless deletions, in a minimum number of steps and 
time. We provide a detailed step-by-step guide for how to use this system. 
 

Materials and methods 
 

Strains, media and reagents.  
Strains used in this study are listed in Table 1, and all media components and reagents 

are listed in Table S1. E. coli was grown in lysogeny broth (LB: 1% tryptone, 0.5% yeast extract, 
0.5% NaCl) containing 100 µg/ml ampicillin at 37°C with 270 rpm orbital shaking. Yeast growth 
media included YPD (1% yeast extract, 2% peptone, 2% dextrose), YP-Gal (1% yeast extract, 
2% peptone, 2% galactose), and synthetic complete (Sherman, 2002) media lacking either 
uracil (SC -Ura) or histidine (SC -His). When antibiotics were used with SC media, 0.1% 
monosodium glutamate was used as a nitrogen source. Antibiotics were used at the following 
final concentrations: nourseothricin at 100 µg/ml, G418 at 200 µg/ml, hygromycin B at 300 
µg/ml. Yeast were propagated in liquid media at 30°C with 270 rpm orbital shaking. When added 
to the media, b-estradiol was at a concentration of 1 µM. Yeast were transformed using the 
method of (Gietz & Schiestl, 2007). For auxotrophic selection, cells were resuspended in 2% 
glucose and plated directly on the appropriate SC dropout plates. For antibiotic selection, cells 
were resuspended in YPD and plated onto non-selective media (either YPD or SC complete as 
appropriate) and incubated 16-24 hours before replica printing to antibiotic plates. Haploid 
derivatives were generated by deletion of HO, followed sporulation and dissection, and then 
PCR screening (Illuxley et al., 1990) to identify MATa strains.  
 
General plasmid construction methods.  

All primers used in this study were purchased from Integrated DNA Technologies (IDT) 
and are listed in Table S2. PCR amplification conditions listed in Table S3. Restriction enzyme 
digests were incubated at 37°C overnight (16 – 20 h). DNA fragments were ligated at a 5:1 
molar ratio of insert to vector using 5 units of T4 ligase, 5% PEG4000, and a 20 h incubation 
with 30 second cycling between 10°C and 30°C. PCR products and linearized vectors were 
either column-purified with the Zymo DNA Clean & Concentrator-5 Kit or gel-purified with the 
Zymoclean Gel DNA Recovery Kit, as indicated, and eluted with nuclease-free water. Cloning 
products were transformed into either chemically-competent E.coli DH5a or StellarTM competent 
cells (Takara) via heat shock using the manufacturer’s instructions for Stellar cells. Plasmids 
were isolated from E. coli cultures using the Promega Wizard® Plus Miniprep DNA purification 
kit. To isolate plasmids from yeast cells, 5-10 ml of yeast culture was pelleted and resuspended 
in 250 µl of the Wizard® Plus kit Cell Resuspension Buffer. Cells were vortexed for 5 min with 
100 ul of glass beads at room temp, then beads were allowed to settle for 10 min. Supernatant 
was transferred to a sterile microcentrifuge tube and plasmids were purified using the Wizard® 
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Plus kit starting at step 2. Cloned constructs were sequenced via long-read Oxford Nanopore 
sequencing (Plasmidsaurus).  
 
Cas9-EcRT plasmid construction.  

All plasmids expressing Cas9 and the Ec86 reverse transcriptase (hereafter abbreviated 
as Cas9-EcRT) are listed in Table 2, and full plasmid sequences can be found in File S1. 
pCas9-EcRT-GAL-Hyg  was constructed by amplifying and inserting the Ec86 reverse 
transcriptase (EcRT) and S. pyogenes Cas9 (Cas9) from the pZS157 CRISPEY RT/Cas9 
integration plasmid (Sharon et al., 2018) into the CEN plasmid pAG26 (Goldstein & McCusker, 
1999), which carries URA3 and HygMX markers. EcRT and Cas9 are arranged in pZS157 
CRISPEY RT/Cas9 opposite of the bidirectional GAL1-GAL10 promoter, and were thus 
amplified as a single PCR product (pGAL1::Cas9::tCYC1 pGAL10::EcRT::tGAL10) using Cas9-
EcRT-pAG26_PfoI_F and Cas9-EcRT-pAG26_Mph1103I_R primers. The resulting PCR product 
was digested with DpnI to remove the pZS157 template plasmid. pAG26 plasmid was linearized 
by simultaneously digesting with PfoI and Mph1103I. Both the Cas9-RT PCR product insert and 
linearized pAG26 vector were column-purified and then fused together using the Takara In-
Fusion® HD Cloning Kit to create pCas9-EcRT-GAL-Hyg.  

pCas9-EcRT-GAL-Nat and pCas9-EcRT-GAL-Kan plasmids were created by using yeast 
homologous recombination to replace the HygMX cassette with PCR products containing either 
a KanMX or NatMX (amplified from JL286 or JL111, respectively). The KanMX or NatMX 
cassettes were amplified using PR78 and PR79 primers that anneal to TEF promoter and 
terminator sequences common to all MX cassettes (Goldstein & McCusker, 1999). pCas9-RT-
GAL-Hyg was transformed into BY4742, followed by transformation of the KanMX or NatMX 
PCR products. Plasmids from transformants that lost hygromycin B resistance (HygMX-) and 
gained either G418 resistance (KanMX+) or nourseothricin resistance (NatMX+) were isolated 
from yeast transformed into E. coli DH5a, and then re-isolated and sequenced.  

The pCas9-EcRT-GAL-His plasmid was created by replacing the HygMX cassette in 
pCas9-EcRT-GAL-Hyg with a His3MX cassette. The pCFB2226 plasmid was digested with 
Eco91I and MssI and the 1.25-kb fragment containing His3MX was gel-purified. The pCas9-
EcRT-GAL-Hyg vector was digested with Eco91I and OliI to excise the HygMX cassette. The 
10.0 kb vector fragment (lacking HygMX) was gel-purified and ligated to the His3MX fragment 
with T4 ligase. The resulting product was transformed into E. coli and isolates were screened by 
diagnostic restriction digest. Plasmids with the correct digest patterns were verified by 
transformation into yeast cells, followed by phenotypic screens (His+ and Hyg-) and whole 
plasmid sequencing. 

Estradiol-inducible Cas9-EcRT plasmids were each created in two steps: replacement of 
the bidirectional GAL1-GAL10 promoter with the Z3 promoter, followed by insertion of the Z3EV 
transcription factor into a non-coding region of the vector. The bidirectional GAL1-GAL10 
promoter for each of the pCAS9-EcRT-GAL plasmids was replaced with the Z3 promoter by 
Gibson cloning (Gibson et al., 2009).  The Z3 promoter was amplified from pRS416-yZ3EV-Z3pr 
(a gift from David Botstein) using CloneAmpTM HiFi PCR Premix according to manufacturer’s 
instructions with the following conditions: initial denaturization at 98°C for 1 min followed by 35 
cycles of 98°C for 10 sec, 55°C for 15 sec, 72°C for 1 min with a final extension step at 72°C for 
5 min. Linear, promoter-less Cas9-EcRT vectors were created by PCR with Z3pr_CAS_VF and 
Z3pr-CAS_VR primers using Herculase II Fusion DNA polymerase according to manufacturer 
instructions for amplifying large products. The amplification conditions were an initial 
denaturization at 95°C for 2 min followed by 10 cycles of 95°C for 15 sec, 55°C for 20 sec, 68°C 
for 5.5 min, then another 20 cycles where the 68°C extension step time is increased 
incrementally by 20 sec per cycle followed by a single extension step at 72°C for 8 min after the 
30 cycles. Both vector and Z3 promoter insert PCR products were digested with DpnI to remove 
template plasmids, column-purified, then fused together using the NEBuilder® HiFi DNA 
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Assembly cloning kit according to manufacturer instructions. Next, the Z3EV transcription factor 
was cloned into the ‘intermediate’ plasmids containing the Z3 promoter driving Cas9 and EcRT. 
The Z3EV transcription factor was amplified from pRS416-yZ3EV-Z3pr using Z3TF_CAS_Ins_F 
and Z3TF_CAS_Ins_R primers with CloneAmpTM HiFi PCR Premix. The PCR conditions were 
identical to those used to amplify the Z3 promoter fragment with the exception of the extension 
step, which was increased to 2 min to accommodate the larger product size (~2 kb). The 
‘intermediate’ plasmids were linearized with Mph1103I, and the PCR fragment containing the 
Z3EV transcription factor was cloned into the Mph1103I site using the NEBuilder® HiFi DNA 
Assembly cloning kit.  
 
CRISPEY gRNA plasmid construction.  

All CRISPEY plasmids for expressing gRNAs and homologous repair templates are 
listed in Table 2. The pCRISPEY-GAL plasmids were constructed by inserting an MX antibiotic 
resistance cassette from a donor plasmid into the original pZS165 CRISPEY HH-HDV vector 
(Sharon et al., 2018). The NatMX cassette was excised from pAG36 (Goldstein & McCusker, 
1999) via BamHI-EcoRI double digestion. BglII-SacI double digests were used to excise the 
HygMX cassette from pCFB2337 (Stovicek et al., 2015) and the KanMX cassette from pSU66. 
The DNA fragments containing each antibiotic resistance cassette were gel purified, and the 3’ 
recessed (aka ‘sticky’) ends were filled in by incubation with 3 units of T4 DNA polymerase and 
0.2 mM dNTPs in NEB Buffer 2.1 for 5 min at 37°C. The resulting blunt-ended fragments were 
column purified and ligated into 50 ng PvuII-linearized pZS165 CRISPEY HH-HDV vector (at a 
5:1 molar ratio of insert to vector) using T4 ligase. Following transformation of the ligation 
reaction into E. coli, plasmids from individual clones were isolated and screened for inserts via 
diagnostic restriction digest. The presence of each selectable antibiotic marker was confirmed 
by transforming final plasmids into yeast and verifying antibiotic resistances, followed by whole 
plasmid sequencing. The gRNAs and repair templates were cloned into CRISPEY plasmids as 
described in the user protocol in the Results and Discussion section. 

To create the pCRISPEY-Z3 plasmids, the unique NotI cloning site in the pCRISPEY-
GAL vectors had to be replaced with a unique XhoI restriction sequence due to the presence of 
a NotI site in the Z3 promoter. Each pCRISPEY-GAL plasmid was linearized by NotI digest and 
column purified. The XhoI site was inserted into each linearized vector by Gibson cloning with 
the XhoI_swap_CRISPEY oligo using the NEBuilder® HiFi DNA Assembly cloning kit according 
to manufacturer instructions. Intermediate plasmids containing the GAL promoter and XhoI 
cloning site were amplified by PCR with Z3_CRISP_VF and Z3_CRISP_VR primers to linearize 
vectors and remove the GAL promoters. The Z3 promoter and Z3EV transcription factor 
(including ACT1 promoter and 3’UTR) were amplified as a single fragment from pRS416-yZ3EV-
Z3pr with Z3_CRISP_Ins_F and z3_CRISP_Ins_R primers. Fragments were assembled by 
Gibson cloning with the NEBuilder® HiFi DNA Assembly kit and transformed into E. coli. 
Plasmids were verified by diagnostic restriction digest followed by whole plasmid sequencing. 
 
Gene editing experiments.  

Editing efficiency was measured systematically using an ADE2 reporter, where loss-of-
function mutations cause the cell to accumulate purine precursors that turn colonies red when 
oxidized (Smirnov et al., 1967). The reporter plasmid (pCRISPEY-ADE2) contains a gRNA that 
directs Cas9 to cleave at nucleotide position 450 of the ADE2 gene. This position was chosen 
using CRISpy-pop (Stoneman et al., 2020), which displays all possible PAM motifs for a yeast 
gene along with an activity ‘score’ derived using sgRNA Scorer 2.0 (Chari et al., 2017). Position 
450 was chosen based on being within the first half of the ADE2 open reading frame, and 
having a strong predicted gRNA activity (gRNA score of 1.34, which is above the median 
predicted activity.  The pCRISPEY-ADE2 reporter plasmid also expresses a repair template that 
introduces a cytosine after position 472 of the ADE2 gene that disrupts the PAM sequence (thus 
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preventing further Cas9 cutting) and introduces a frameshift. Each induction experiment was 
done in biological triplicate on separate days to capture day-to-day variation in editing 
efficiencies. Each strain was transformed with one Cas9-EcRT plasmid and pCRISPEY-ADE2 
plasmid. Approximately 5 unique colonies per replicate experiment were inoculated from the 
transformation plates into non-inducing medium (SC raffinose for galactose-inducible editing 
plasmids and SC glucose for estradiol-inducible editing plasmids). After 24 h growth in non-
inducing media, strains were sub-cultured into induction medium (SC galactose for galactose-
inducible editing plasmids and SC glucose or YPD containing 1 µM b-estradiol for estradiol- 
inducible editing plasmids), and were sub-cultured into fresh induction media at 24 and 48 h. 
For S288c, cells were diluted 30-fold for each sub-culture. Because certain wild strains grow 
slowly on galactose, all experiments with wild strains instead included diluting cells to a 
standard OD600 of 0.5. Editing efficiencies were measured at 0 h, 24 h, 48 h, and 72 h of 
induction. Serial dilutions were plated onto either YPD or SC plates, unless otherwise indicated. 
Plates were incubated for 3 days then the number of white and red colonies were counted, and 
the percent editing efficiency was calculated as the percentage of red colonies relative to the 
total number of colonies. For a subset of experiments, Sanger sequencing (Eurofins Genomics) 
was performed to calculate the percentage of ade2 mutants with the precise frameshift 
mutation. For non-ADE2 edits that were performed using this system, percent editing efficiency 
was calculated via phenotyping, PCR screening (for deletions), and/or Sanger sequencing (for 
point mutations).  
 

Results and Discussion 
 

Construction of expanded CRISPEY plasmid system.  
The original CRISPEY vectors were designed for parallel genome editing in a single 

strain background (Sharon et al., 2018). In this context, it made sense to have the genes for 
Cas9 and the Ec86 reverse transcriptase genomically integrated. However, this is undesirable 
for routine genome editing for several reasons. First, it increases the number of steps and time 
required to generate edits. At the very least, there is one extra step for integrating the Cas9 and 
EcRT, and for prototrophic strains, there is the additional step of making mutations in the HIS3 
gene to generate an auxotrophy for selection of subsequent integration. Second, genomic 
integration of Cas9 and the EcRT means that those genes will be induced whenever cells are 
growing on galactose, which likely imposes a fitness cost under that condition, and Cas9 
expression even in the absence of gRNAs could lead to genomic instability (Xu et al., 2020). 
Finally, because the yeast GAL induction system is the one most commonly used for over-
expression studies, genomically integrated galactose-inducible Cas9 is thus non-optimal if 
researchers wish to analyze a genome-edited mutant’s behavior when overexpressing a gene of 
interest. As a solution and to simplify targeted genome editing in any strain background, we 
created a suite of centromeric plasmids that still allow for targeted genome editing while not 
relying on integration of Cas9-EcRT (Figure 1). In addition to auxotrophic markers (URA3 or 
HIS3), the suite of plasmids also includes antibiotic resistance markers (Nat, Kan, or Hyg), thus 
facilitating editing in fully prototrophic wild strains of yeast.    
 
 
High genome editing efficiencies for the dual plasmid system.  

To test editing efficiencies, we used a gRNA and repair template that generated a 
frameshift mutation in the ADE2 gene, allowing us to assess editing efficiencies for standard 
point mutations that would be commonly used for genomic ‘site-directed mutagenesis’ or allelic 
exchange experiments. ADE2 encodes phosphoribosylaminoimidazole carboxylase (Stotz & 
Linder, 1990), which catalyzes the sixth step of de novo purine biosynthesis. ade2 loss-of-
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function mutations accumulate P-ribosylamino imidazole (AIR), which upon oxidation turns red 
(Smirnov et al., 1967). Thus, the percentage of edited colonies can be determined by red-white 
screening. Sequencing confirmed that 100% (10/10) of the colonies contained the correct 
frameshift mutation at nucleotide position 472 (Table 3), consistent with Sharon and colleagues’ 
findings (Sharon et al., 2018) that the CRISPEY system strongly biases towards homologous 
recombination instead of non-homologous end joining.  

We first sought to compare editing efficiencies for genomically integrated versus 
plasmid-encoded Cas9-EcRT, and also for antibiotic versus auxotrophic selectable markers. We 
found no significant difference in editing efficiencies for genomically-encoded versus plasmid-
encoded Cas9-EcRT, nor for the use of HygMX or NatMX antibiotic resistance markers versus 
URA3 or HIS3 auxotrophic markers for the plasmid system (Figure 2). In each case, we 
achieved ~80% editing efficiency after 24 hours of induction and ~98% after 48 hours (Figure 2). 
We next performed every possible pair-wise comparison of antibiotic markers for the Cas9-
EcRT and CRISPEY plasmids. The choice of selectable markers had a modest effect on editing 
efficiencies, with >98% editing efficiencies for all combinations tested at 72 hours of induction 
(Figure 3), but with a range of 64% to 99% at 48 hours (Figure 3). The combination of the 
KanMX and HygMX markers had the lowest editing efficiencies (64%-82% editing efficiencies at 
48 hours of induction; Figure 3), while the other markers averaged 94% (range of 88% – 99%; 
Figure 3). Thus, our recommendation is to avoid Hyg-Kan combinations unless necessary, and 
to increase the editing time to 72 hours when the use of those markers is unavoidable.  
 
High editing efficiencies in generating homozygous diploids.  
 Because wild strains are generally diploid, we tested editing efficiencies in a panel of 
strains that were either diploid or haploid. Notably, ade2 mutations are recessive, so only 
homozygous ade2/ade2 mutants have red colonies. For this experiment, we included the 
reference lab strain (S288C derived) used in all previous experiments, along with a wild oak 
strain (YPS163), a wild vineyard strain (M22), and a clinical strain (YJM339). There were strain-
specific differences in editing efficiency, with the lab strain S288c having the highest editing 
efficiencies across both diploid and haploid panels, and the clinical isolate having the lowest 
efficiencies (Figure 4). Even for the clinical strain however, 91% editing efficiencies were 
observed in diploids after 72 hours of induction, compared to ~99% editing efficiencies for the 
each of the other diploids under the same conditions. While we have not tested this, the high 
editing efficiencies seen in diploids suggest that this method could be used to generate 
homozygous edits in polyploid commercial strains of yeast (e.g., brewing yeast) that often 
cannot sporulate (Gallone et al., 2016) and have thus been challenging for genetic analysis.  
  
High efficiency genome editing with a b-estradiol-inducible system. 

One of our main motivations for constructing these plasmids was to use them with fully 
prototrophic wild yeast strains. However, some strains grow poorly in galactose (Palme et al., 
2021), making them incompatible with the original CRISPEY system. Thus, we created a 
second version of this system by swapping the GAL promoter with one inducible by b-estradiol. 
We chose the Z3EV system (McIsaac et al., 2013), which consists of an artificial transcription 
factor (TF) (with 3 zinc finger domains, hence the Z3 name) and a synthetic promoter (pZ3EV) 
with DNA-binding sites for the artificial TF. The artificial TF consists of DNA-binding domains 
from the mouse Zif268 TF fused to the human estrogen receptor and the VP16 activation 
domain. In the absence of b-estradiol inducer, the estrogen receptor domain interacts with the 
Hsp90 chaperone complex, which conceals a nuclear localization signal. The chaperone 
complex is displaced by b-estradiol binding to the estrogen receptor, thus allowing nuclear 
localization, binding to cognate DNA-binding sites, and gene activation. A benefit of this system 
is that b-estradiol can be used as the inducer with any carbon source, allowing for gene 
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induction with glucose. One caveat though, and a reason why galactose induction is still the 
‘gold standard’ is that the Z3EV system results in lower induction than the galactose inducible 
system (Arita et al., 2021). 

We tested the b-estradiol inducible system in different media: SC galactose, SC 
dextrose, and YPD. Editing efficiencies were high (98-99% after 48 hours of induction) when 
performed on SC galactose and YPD, and slightly lower for SC glucose (88%, Figure 5 and 
Figure S1), strongly suggesting that the potentially lower expression of the Z3EV a limiting 
factor. There was considerable editing that occurred prior to induction (10-23%), suggesting 
‘leaky’ expression in the absence of b-estradiol, so the system may not be ideal if the edit 
confers a significant fitness defect. Nonetheless, editing efficiency with b-estradiol was at least 
as high as for galactose-induction, and thus constitutes an effective alternative system for 
strains that grow poorly on galactose.  
 
Efficient generation of diverse deletion and point mutations.  

Our lab has been using the dual plasmid system to generate deletions and point 
mutations in diverse strains (Table 3). For deletions, the repair template contains 50-bp each of 
the 5’ and 3’ regions flanking the region to be deleted. For deletions, our overall efficiency is 
62% (range of 34% – 86%), which likely depends greatly on the strain and genomic context 
(Table 3). This is lower than the editing efficiency for point mutations across all of our 
experiments (>92% at 48 hours including the clinical strain) and likely reflects the distance 
between the homologous arms of the repair template. However, because deletions can easily 
be screened via PCR, the generation of markerless deletions at even the lower end of that 
range makes the CRISPEY system a valuable part of the yeast deletion toolbox. For point 
mutations, having high editing efficiencies that approach 100% in many cases dramatically 
decreases the amount of sequencing needed identify correctly editing strains. The resulting 
strains are easily cured of plasmid following 24 – 48 hours of passaging on non-selective media.  
 
A protocol for use of the dual plasmid system. 
 Below, we provide a protocol for groups who wish to implement the method in their own 
labs. The workflow includes 1) design of an oligonucleotide containing the gRNA and repair 
template, 2) cloning of the oligonucleotide into a pCRISPEY vector, 3) simultaneous 
transformation of the pCRISPEY and pCas9-EcRT plasmids, 4) induction of the genome editing, 
5) screening of clones for desired edits, and 6) ‘curing’ of the plasmids. Below, we provide 
details for each step:  
 
 Step 1: design of oligoncucleotide containing the gRNA and repair template. The 
oligonucleotide is 190-nt in length and can be ordered from a number of commercial vendors 
(we use Integrated DNA Technologies (IDT)).The oligonucleotide consists of a 5’ invariant 
sequence for primer binding, the repair template with at least 50-bp homology on each side 
flanking the targeted edit, an invariant retron sequence that is necessary for reverse 
transcription of the repair template into ssDNA, the gRNA sequence, and then a final invariant 
sequence for 3’ primer binding. Thus, only the repair template and gRNA need to be designed 
for each new construct. We use CRISpy-pop (Stoneman et al., 2020) for gRNA design, which 
has an easy web interface (https://crispy-pop.glbrc.org/), and can be used to rank gRNAs for 
1,011 published yeast genomes (Peter et al., 2018). CRISpy-pop also has the benefit of using 
sgRNA Scorer 2.0 (Chari et al., 2017) to predict Cas9 activity for gRNA, as well as Cas-
OFFinder (Bae et al., 2014) to identify potential off-target matches. Ideally, gRNAs should have 
an activity score of at least zero (~50th percentile for expected activity) and should be as close to 
possible to the nucleotide(s) to be edited. The repair template should then include the gRNA 
sequence and should ideally edit the PAM sequence to eliminate cutting by Cas9 following 
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successful homologous recombination. For generation of missense mutations, if editing of the 
PAM sequence does not achieve the desired allele, our recommendation is to introduce both the 
desired edit and a silent mutation of the PAM site (using an alternative codon with similar usage 
to that of the wild-type codon). In that case, a strain containing the silent mutation edit alone 
should be constructed as a control strain for comparisons to the mutant(s) of interest. For 
generation of deletions, the repair template simply should have 50-nt each on the 5’ and 3’ 
regions that flank the desired region to be deleted, with the PAM located somewhere within the 
region to be deleted.  
 

Step 2: cloning of the gRNA-repair template oligonucleotide into a pCRISPEY vector. 
Cloning efficiencies for introducing the 20-nt gRNA oligonucleotide have generally been low 
(Antony et al., 2022), but in our hands, Gibson cloning of the gRNA-repair template 
oligonucleotide typically achieves cloning efficiencies of >90%. The oligonucleotide is amplified 
with CRISPEY_F and CRISPEY_R primers that add 40-bp of vector sequence for Gibson 
assembly, using the following cycling conditions: 
 

PCR Components 
2x CloneAmp HiFi PCR Premix 20.0 µl 
10 uM CRISPEY_F primer    1.2 µl 
10 uM CRISPEY_R primer    1.2 µl 
50 ng/ul gRNA/repair template DNA   2.0 µl 
Nuclease-free water   15.6 µl 
     40.0 µl total 
Cycling Conditions 
98°C for 1 min 
35 cycles of: 
 98°C for 10 sec 
 55°C for 15 sec 
 72°C for 1 min 
72°C for 5 min 

 
The pCRISPEY plasmid is digested with either NotI (GAL inducible) or XhoI (b-estradiol 
inducible) to linearize the vector. Both the linearized vector and the gRNA-repair template 
product are purified and fused together using Gibson cloning. We use the NEBuilder® HiFi DNA 
Assembly kit according to the manufacturer’s protocol and then transform 2 µl of each reaction 
into 50 µl of chemically competent E. coli cells. We generally purify plasmid from 4 
transformants and performing Sanger sequencing using the CRISPEY Retron SEQ F primer.  
  

Step 3: simultaneous transformation of the pCRISPEY and pCas9-EcRT plasmids into 
yeast. Yeast are transformed with both the pCRISPEY and pCas9-EcRT plasmids via the high-
efficiency yeast transformation method of (Gietz & Schiestl, 2007). For wild yeast strains and 
antibiotic selection, higher transformation efficiencies are obtained by first plating on YPD and 
letting cells outgrow for 24 hours before replica printing to antibiotic plates. 

 
Step 4: induction of the genome editing. For the GAL-inducible system, transformants 

are inoculated into selective media (antibiotic or auxotrophic) containing 2% raffinose as a non-
GAL repressing carbon source and grown 24 hours at 30°C with shaking. Sixty µl of the culture 
is inoculated into 1.94 ml selective induction media containing 2% galactose (SC-GAL or YP-
Gal) to begin induction. Following 24 hours of induction, 60 µl of culture is sub-cultured into 1.94 
ml of induction media for a total of 48 hours of induction. A third sub-culture for a total of 72 
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hours of induction can be used for particularly recalcitrant edits. Seventy-two hours of induction 
is recommended if uses the Nat/Hyg combination of markers.   

For the b-estradiol inducible system, cells can be grown in selective media containing 
dextrose (or any carbon source), and induction is started by adding 60 µl of cells to 1.94 ml of 
selective induction media (SC or YPD) containing 1 µM b-estradiol (b-estradiol can be stored at 
-20°C as a 5 mM stock in 50% ethanol).As for the GAL-inducible system, 60 µl of culture is sub-
cultured into 1.94 ml of induction media following 24 hours of induction for at total 48 hours of 
induction.  

 
Step 5: screening of clones for desired edits. Following 48 or 72 hours of induction, cells 

are streaked to selective media (e.g., YPD plus antibiotics) and incubated for 2-3 days at 30°C 
until colonies are visible. Isolated colonies can be screened for successful editing by PCR (in 
the case of deletions) or sequencing. We generally sequence 4 isolates for missense mutations 
because editing efficiencies tend to be >90%. The efficiency for deletions tends to be lower, so 
we screen 10-20 via diagnostic PCR. For challenging edits, efficiencies may be higher if plating 
cells onto selective instead of non-selective media (likely due to continued editing occurring on 
plates, Figure S2), though this may also increase the amount of time necessary to ‘cure’ the 
plasmids during the next step.  

 
Step 6: ‘curing’ of the plasmids. Strains with the correct genotype are inoculated into 

non-selective media (e.g., YPD) and grown for 24-48 hours. Cells are then streaked onto non-
selective plates, and ~20 colonies are patched onto plates containing each antibiotic to identify 
sensitive isolates that have lost both plasmids. We generally obtain multiple colonies that have 
lost both plasmids at this point, but one can sequentially cure each plasmid if the rate of loss is 
too low. 
 
Caveats and Considerations 
 The CRISPEY system relies on homologous recombination, thus, mutants deficient in 
homologous recombination cannot be directly edited. If one wishes to generate targeted edits in 
a strain deficient in homologous recombination, one could generate the edits in a wild-type 
strain and then mate with the strain with the desired background and sporulate to isolate the 
genotype of interest. Based on our experiments, we found that editing was lower using vectors 
with Nat and Hyg resistance in combination. In general, the editing efficiencies are still quite 
high (>95%) after 72 hours of induction with that combination, though we would recommend 
using a combination of Nat, Kan, and/or URA3 markers, especially for gRNAs predicted to have 
lower efficiency. Multiplex editing should be possible by combining the use of pCRISPEY 
plasmids with different markers, though we did not test that here. Our recommendation for 
multiplexing would be to increase the number of rounds to induction (72 hours or 96 hours) to 
increase the frequency of obtaining clones with all of the desired edits. However, because the 
CRISPEY system is markerless, any number of desired mutations can be generated 
sequentially. 
 

Conclusions 
 

We have created a panel of CEN plasmids that allow for efficient retron-mediated 
genome editing in fully prototrophic wild yeast strains with a minimal number of steps. The 
system requires ordering of only a single 190-nt oligonucleotide consisting of the gRNA and 
repair template to be cloned into the pCRISPEY vector. The Cas9-EcRT and pCRISPEY 
plasmids can be simultaneously transformed into a yeast strain of interest, and generally 48 
hours of induction is sufficient for >90% editing efficiencies for point mutations across a diverse 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 7, 2024. ; https://doi.org/10.1101/2024.08.06.606807doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606807
http://creativecommons.org/licenses/by/4.0/


  
  Improved vectors for yeast genome editing 
 

 12 

panel of strain backgrounds. The Cas9-EcRT and pCRISPEY plasmids can be cured by 
passaging over 24 – 48 hours, thus completing the markerless editing. The system can also be 
used to generate homozygous edits in diploids with high efficiency (>97% following 72 hours 
induction), and we also introduce a by b-estradiol inducible system as an alternative for strains 
that grow poorly on galactose. Overall, this system simplifies high-efficiency targeted genome 
editing in yeast.  
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Maps of new Cas9 and CRISPEY plasmids. Two-plasmid systems for either 
galactose induction (A) or estradiol induction (B). The pCRISPEY plasmids contain single 
restriction enzyme sites for cloning (Gibson assembly), NotI for GAL (A) or XhoI for Z3 (B). 
gRNAs and their repair templates for targeted editing are synthesized as oligonucleotides and 
cloned into the vectors. Editing is be performed by induction from 24 – 72 hours following co-
transformation of the pCRISPEY and pCAS9-Ec86 plasmids into the strain of interest. 
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Figure 2. Plasmid-encoded Cas9-RT is as effective for editing as genomically encoded. 
Cells contained either genomically integrated (at the his3∆1 locus) or plasmid-encoded 
galactose inducible Cas9 and Ec86 retron (pCas9-EcRT-GAL), along with pCRISPEY-GAL-
ADE2 containing a gRNA and repair template that introduces a frameshift mutation into ADE2. 
Cells were passaged for the indicated amount of time on galactose-containing selective media 
and then plated onto YPD to score editing efficiency. Error bars denote the mean and standard 
deviation of biological triplicates. 
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Figure 3. The choice selectable marker has a small effect on editing efficiency.  Cells were 
transformed with galactose-inducible pCas9-EcRT-GAL and pCRISPEY-GAL-ADE2 plasmids 
containing the denoted antibiotic resistance markers. Cells were passaged for the indicated 
amount of time on galactose-containing selective media and then plated onto YPD to score 
editing efficiency. Error bars denote the mean and standard deviation of biological triplicates. 
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Figure 4. High editing efficiencies in wild diploid yeast.  Diploid or haploid derivatives of a 
lab strain (S288C-derived DBY8268), wild oak (YPS163), vineyard (M22), and clinical (YJM339) 
were transformed with galactose-inducible pCas9-EcRT-GAL-Hyg and pCRISPEY-GAL-Nat-
ADE2 plasmids containing the denoted antibiotic resistance markers. Cells were passaged for 
the indicated amount of time on galactose-containing selective media and then plated onto YPD 
to score editing efficiency. Error bars denote the mean and standard deviation of biological 
triplicates. 
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Figure 5.  High editing efficiencies with an estradiol-inducible CRISPEY system. Cells 
were transformed with b-estradiol-inducible pCas9-EcRT-Z3 and pCRISPEY-Z3-ADE2 plasmids 
containing the denoted antibiotic resistance markers. Cells were passaged for the indicated 
amount of time on b-estradiol-containing selective media and then plated onto YPD to score 
editing efficiency. Error bars denote the mean and standard deviation of biological triplicates. 
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Tables 
 
Table 1. Strains used in this study. 
Strain name Genotype Reference 
DBY8268 (S288C) MATa/MATa ura3-52/ura3-∆ ho/ho 

GAL2/GAL2 
(J. C. Fay et al., 2004) 

BY4742 (S288C) MATa his3D1 leu2∆0 lys2∆0 ura3∆0 (Brachmann et al., 1998) 
JL286 (BY4741 gpm2∆) MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

gpm2∆::KanMX4 
(Winzeler et al., 1999) 

JL1412 MATa leu2∆0 lys2∆0 ura3∆0 
HIS3::pZS157 (Cas9-EcRT) 

This study 

JL1662 MATa hoD GAL2 ura3∆0 HIS3::pZS157 
(Cas9-EcRT) 

This study 

M22 Wild vineyard isolate (diploid) (Mortimer, 2000) 
JL123 M22 MATa hoD::HygMX4 (Stuecker et al., 2018) 
JL1699 M22 MATa hoD This study 
YPS163 Wild oak isolate (diploid) (Sniegowski et al., 2002) 
JL111 YPS163 MATa hoD::HygMX4 (Lewis & Gasch, 2012) 
JL1673 YPS163 MATa hoD This study 
YJM339 Clinical isolate (diploid) (McCusker et al., 1994) 
JL1764 YJM339 MATa hoD This study 
DY9 Wild oak isolate (diploid) (Will et al, 2010) (Will et al., 

2010) 
JL1001 DY9 ura3∆::NatMX/ ura3∆::NatMX This study 
JL1812 DY9 MATa hoD ura3∆ This study 
JL1829 DY9 MATa hoD ura3∆ HIS3::pZS157 

(Cas9-EcRT) 
This study 

I14 Wild vineyard strain (diploid) (Justin C. Fay & Benavides, 
2005) 

JL996 I14 ura3∆::NatMX/ ura3∆::NatMX This study 
JL1809 I14 MATa hoD ura3∆ This study 
JL1828 I14 MATa hoD ura3∆ HIS3::pZS157 

(Cas9-EcRT) 
This study 

NCYC3449 Wild cactus isolate (diploid) (Liti et al., 2009) 
JL998 NCYC3449 ura3∆::KanMX/ 

ura3∆::KanMX 
This study 

JL1810 NCYC3449 MATa hoD ura3∆ This study 
JL1831 NCYC3449 MATa hoD ura3∆ 

HIS3::pZS157 (Cas9-EcRT) 
This study 

NCYC3462 Wild palm nectar isolate (diploid) (Liti et al., 2009) 
JL1040 NCYC3462 ura3∆::NatMX/ ura3∆::NatMX This study 
JL1811 NCYC3462 MATa hoD ura3∆ This study 
JL1830 NCYC3462 MATa hoD ura3∆ 

HIS3::pZS157 (Cas9-EcRT) 
This study 

 
  
 
 
 
 
 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 7, 2024. ; https://doi.org/10.1101/2024.08.06.606807doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606807
http://creativecommons.org/licenses/by/4.0/


  
  Improved vectors for yeast genome editing 
 

 22 

Table 2. List of plasmids used in this study. 
Plasmid name Induced by Selectable 

markers 
Other features Reference Addgene 

# 
 Cas9 plasmids 
pZS157 CRISPEY 
RT/Cas9 (original 
integrative HIS3 
plasmid) 

galactose HIS3 
(integration) 

EcRT, SpCas9 (Sharon et al., 
2018) 

114454 

pCas9-EcRT-
GAL-Nat 

galactose NatMX4 EcRT, SpCas9 This study  

pCas9-EcRT-
GAL-Hyg 

galactose HygMX4 EcRT, SpCas9 This study  

pCas9-EcRT-
GAL-Kan 

galactose KanMX3 EcRT, SpCas9 This study  

pCas9-EcRT-
GAL-His 

galactose HisMX4 EcRT, SpCas9 This study  

pCas9-EcRT-Z3-
Nat 

b-estradiol NatMX4 EcRT, SpCas9 This study  

pCas9-EcRT-Z3-
Hyg 

b-estradiol HygMX4 EcRT, SpCas9 This study  

pCas9-EcRT-Z3-
Kan 

b-estradiol KanMX3 EcRT, SpCas9 This study  

 CRISPEY gRNA plasmids (empty cloning vectors) 
pZS165 CRISPEY 
HH-HDV NotI 
(pCRISPEY-GAL-
URA; original 
plasmid) 

galactose URA3 Ec86 retron, NotI 
cloning site 

(Sharon et al., 
2018) 

114451 

pCRISPEY-GAL-
Nat 

galactose NatMX4, 
URA3 

Ec86 retron, NotI 
cloning site 

This study  

pCRISPEY-GAL-
Hyg 

galactose HygMX4, 
URA3 

Ec86 retron, NotI 
cloning site 

This study  

pCRISPEY-GAL-
Kan 

galactose KanMX3, 
URA3 

Ec86 retron, NotI 
cloning site 

This study  

pCRISPEY-Z3-Nat b-estradiol NatMX4, 
URA3 

Ec86 retron, XhoI 
cloning site 

This study  

pCRISPEY-Z3-
Hyg 

b-estradiol HygMX4, 
URA3 

Ec86 retron, XhoI 
cloning site 

This study  

pCRISPEY-Z3-
Kan 

b-estradiol KanMX3, 
URA3 

Ec86 retron, XhoI 
cloning site 

This study  

 CRISPEY gRNA plasmids expressing gRNAs and repair templates 
pCRISPEY-GAL-
Nat-ADE2_450 

galactose NatMX4, 
URA3 

Ec86 retron, 
ADE2 gRNA 
(cuts nt 450) and 
repair template 
(frameshift) 

This study  

pCRISPEY-GAL-
Hyg-ADE2_450 

galactose HygMX4, 
URA3 

Ec86 retron, 
ADE2 gRNA 
(cuts nt 450) and 
repair template 
(frameshift) 

This study  

pCRISPEY-GAL-
Kan-ADE2_450 

galactose KanMX3, 
URA3 

Ec86 retron, 
ADE2 gRNA 
(cuts nt 450) and 

This study  
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repair template 
(frameshift) 

pCRISPEY-Z3-
Nat-ADE2_450 

b-estradiol NatMX4, 
URA3 

Ec86 retron, 
ADE2 gRNA 
(cuts nt 450) and 
repair template 
(frameshift) 

This study  

pCRISPEY-Z3-
Hyg-ADE2_450 

b-estradiol HygMX4, 
URA3 

Ec86 retron, 
ADE2 gRNA 
(cuts nt 450) and 
repair template 
(frameshift) 

This study  

pCRISPEY-Z3-
Kan-ADE2_450 

b-estradiol KanMX3, 
URA3 

Ec86 retron, 
ADE2 gRNA 
(cuts nt 450) and 
repair template 
(frameshift) 

This study  

pZS165-
ADE2_450 

galactose URA3 Ec86 retron, 
ADE2 gRNA 
(cuts nt 450) and 
repair template 
(frameshift) 

This study  

pZS165-
ADE2_444 

galactose URA3 Ec86 retron, 
ADE2 gRNA 
(cuts nt 444) and 
repair template 
(frameshift) 

This study  

pZS165-
CAN1_786 

galactose URA3 Ec86 retron, 
CAN1 gRNA 
(cuts nt 786) and 
repair template 
(frameshift) 

This study  

pZS165-
FLO8_164 

galactose URA3 Ec86 retron, 
FLO8 gRNA (cuts 
nt 164) and repair 
template (partial 
deletion) 

This study  

pZS165-
HIS3_164 

galactose URA3 Ec86 retron, 
HIS3 gRNA (cuts 
nt 164) and repair 
template (partial 
deletion) 

This study  

pZS165-HO_1121 galactose URA3 Ec86 retron, HO 
gRNA (cuts nt 
1121) and repair 
template (partial 
deletion) 

This study  

pZS165-
LEU2_599 

galactose URA3 Ec86 retron, 
LEU2 gRNA (cuts 
nt 599) and repair 
template 
(complete 
deletion) 

This study  

pCRISPEY-GAL-
Nat-TPS1_470 

galactose NatMX4, 
URA3 

Ec86 retron, 
TPS1 gRNA (cuts 

This study  
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nt 470) and repair 
template 
(complete 
deletion) 

 Other plasmids 
pAG26 (cas9 and 
EcRT cloned 
inserted to make 
pCas9-EcRT-Hyg) 

 HygMX4, 
URA3 

 (Goldstein & 
McCusker, 
1999) 

35127 

pRS416-yZ3EV-
Z3pr (source of Z3 
promoter and 
Z3EV transcription 
factor) 

b-estradiol URA3  unpublished 
(gift from David 
Botstein) 

69099 

pCFB2226 
(source of 
HIS3MX) 

 HIS3  (Stovicek et al., 
2015) 

67533 

pAG36 (source of 
NatMX) 

 NatMX4, 
URA3 

 (Goldstein & 
McCusker, 
1999) 

35126 

pCFB2337 
(source of 
HygMX) 

 HygMX4,   (Stovicek et al., 
2015) 

67555 

pSH66-Kan 
(source of 
KanMX) 

 KanMX3  This study  
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Table 3. Efficiency of genome editing for other mutations. 
 
Gene Strain  Induction CRISPEY 

System  
Edit gRNA 

Scorea 
Efficiency Screening 

Method 
ADE2 BY4742 

(JL4) 
GAL, 48 h pCas9-EcRT-

Hyg, 
pCRISPEY-
URA3 

Frameshift at 
position 
466 

0.00 100% 
(41/41) 

red-white 
screening 

ADE2 BY4742 
(JL1412) 

GAL, 48 h Integrated 
Cas9-EcRT, 
pCRISPEY-
URA3 

Frameshift at 
position 
472 

1.34 100% 
(10/10) 

Sanger 
sequencing 

CAN1 BY4742 
(JL1412) 

GAL, 48 h Integrated 
Cas9-EcRT, 
pCRISPEY-
URA3 

Frameshift at 
position 
786  

1.7 100%a 
(79/79) 
 
 
100%b 
(5/5) 

aPhenotype 
(canavanine 
resistance) 
 
bSanger 
sequencing 

FLO8 NCYC3449 
(JL 998) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between pos 
161 and pos 
310 of ORF; 
gRNA at pos 
164 

3.49 80% 
(8/10) 

Phenotype 
(loss of 
flocculation) 

HIS3 I14 
(JL 1809) 
 

GAL, 72 h  pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between pos 
308 and pos 
497 of ORF; 
gRNA at pos 
315 

3.05 67% 
(10/15) 

Phenotype 
(His 
auxotrophy) 

HIS3 NCYC3449 
(JL1810) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between pos 
308 and pos 
497 of ORF; 
gRNA at pos 
315 

3.05 53% 
(8/15) 

Phenotype 
(His 
auxotrophy) 

HIS3 NCYC3462 
(JL1811) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between pos 
308 and pos 
497 of ORF; 
gRNA at pos 
315 

3.05 7% 
(2/15) 

Phenotype 
(His 
auxotrophy) 

HIS3 DY9 
(JL1812) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between pos 
308 and pos 
497 of ORF; 
gRNA at pos 
315 

3.05 16% 
(4/25) 

Phenotype 
(His 
auxotrophy) 

HO NCYC3449 
(JL1811) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between first 
and last 50 
bp of ORF; 
gRNA at pos 
1121 

2.84 100% 
(5/5) 

PCR 
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HO NCYC3462 
(JL1040) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between first 
and last 50 
bp of ORF; 
gRNA at pos 
1121 

2.84 75% 
(6/8) 

PCR 

HO I14 
(JL996) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between first 
and last 50 
bp of ORF; 
gRNA at pos 
1121 

2.84 63% 
(5/8) 

PCR 

HO 
 
 

DY9 
(JL1001) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between first 
and last 50 
bp of ORF; 
gRNA at pos 
1121 

2.84 67% 
(2/3) 

PCR 

LEU2 NCYC3462 
(JL1811) 

GAL, 72 h pCas9-EcRT-
Hyg, 
pCRISPEY-
URA3 

Deletion 
between pos 
36 and pos 
1095 of ORF; 
gRNA at pos 
599 

3.37 27% 
(4/15) 

Phenotype 
(Leu 
auxotrophy) 

LEU2 I14 
(JL1828) 

GAL, 72 h Integrated 
Cas9-EcRT, 
pCRISPEY-
URA3 

Deletion 
between pos 
36 and pos 
1095 of ORF; 
gRNA at pos 
599 

3.37 100% 
(15/15) 

Phenotype 
(Leu 
auxotrophy) 

LEU2 DY9 
(JL1829) 

GAL, 72 h Integrated 
Cas9-EcRT, 
pCRISPEY-
URA3 

Deletion 
between pos 
36 and pos 
1095 of ORF; 
gRNA at pos 
599 

3.37 100% 
(15/15) 

Phenotype 
(Leu 
auxotrophy) 

LEU2 NCYC3462 
(JL1830) 

GAL, 72 h Integrated 
Cas9-EcRT, 
pCRISPEY-
URA3 

Deletion 
between pos 
36 and pos 
1095 of ORF; 
gRNA at pos 
599 

3.37 100% 
(15/15) 

Phenotype 
(Leu 
auxotrophy) 

LEU2 NCYC3449 
(JL1831) 

GAL, 72 h Integrated 
Cas9-EcRT, 
pCRISPEY-
URA3 

Deletion 
between pos 
36 and pos 
1095 of ORF; 
gRNA at pos 
599 

3.37 100% 
(15/15) 

Phenotype 
(Leu 
auxotrophy) 

LEU2 DBY8268 
(JL1662) 

GAL, 72 h Integrated 
Cas9-EcRT, 
pCRISPEY-
URA3 

Deletion 
between pos 
36 and pos 
1095 of ORF; 
gRNA at pos 
599 

3.37 89% 
(16/18) 

Phenotype 
(Leu 
auxotrophy) 
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TPS1 YPS163 
(JL1673) 

GAL, 72 h pCas9-EcRT-
HYG, NAT 
selection for 
CRISPEY 
gRNA 

deletion of 
the TPS1 
ORF, gRNA 
at pos 470 

-0.5 50% 
(5/10) 

PCR 

TPS1 M22 
(JL123) 

GAL, 72 h pCas9-EcRT-
KAN, NAT 
selection for 
CRISPEY 
gRNA 

deletion of 
the TPS1 
ORF, gRNA 
at pos 470 

-0.5 22% 
(2/9) 

PCR 

a gRNA scores based on sgRNA Scorer 2 (Chari et al., 2017), with the following being the 
percentile ranks for predicted gRNA activities (from low to high activity): -2.59 (10th percentile ), 
1.43 (25th), -0.14 (50th), 1.15 (75th), and 2.27 (10th). 
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Supplemental Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 1. The choice selectable marker has a small effect on editing 
efficiency with the estradiol-inducible CRISPEY system. Cells were transformed with b-
estradiol-inducible pCas9-EcRT-Z3 and pCRISPEY-Z3-ADE2 plasmids containing the denoted 
antibiotic resistance markers. Cells were passaged for the indicated amount of time on b-
estradiol-containing selective media and then plated onto YPD to score editing efficiency. Error 
bars denote the mean and standard deviation of biological triplicates. 
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Supplemental Figure 2. Plating medium has little effect on editing efficiency. Cells were 
transformed with galactose-inducible pCas9-EcRT-GAL and pCRISPEY-GAL-ADE2 plasmids 
containing the denoted antibiotic resistance markers. Cells were passaged for the indicated 
amount of time on galactose-containing selective media and then plated onto either non-
selective (YPD or SC) media or selective media (YPD or SC plus antibiotics) as indicated to 
score editing efficiency. Error bars denote the mean and standard deviation of biological 
triplicates. 
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Supplemental Tables 
Table S1: Reagent, media and chemicals used in this study.  
Item Source Catalog # 
   Growth media and components   
Agar Fisher BP1423-500 
Dextrose (glucose) Fisher BP350-1 
Galactose Fisher AC150615000 
Monosodium glutamate (L-glutamic acid; MSG) Fisher 501804313 
Peptone (Bacto) Fisher DF0118-17-0 
Raffinose Fisher AAA1831318 
Sodium chloride Fisher BP358-10 
Tryptone Fisher BP1421-500 
Yeast extract (Bacto) Fisher DF0127-17-9 
Yeast nitrogen base w/o amino acids or ammonium sulfate VWR 90002-646 
   Enzymes   
BamHI FastDigest restriction enzyme Fisher FERFD0054 
BglII FastDigest restriction enzyme Fisher FERFD0083 
DpnI FastDigest restriction enzyme Fisher FERFD1704 
Eco91I FastDigest restriction enzyme Fisher FERFD0394 
EcoRI FastDigest restriction enzyme Fisher FERFD0274 
Mph1103I FastDigest restriction enzyme Fisher FERFD0734 
MssI FastDigest restriction enzyme Fisher FERFD1344 
NotI FastDigest restriction enzyme Fisher FERFD0595 
OliI FastDigest restriction enzyme Fisher FERFD1634 
PfoI FastDigest restriction enzyme Fisher FERFD1754 
PvuII FastDigest restriction enzyme Fisher FERFD0634 
SacI FastDigest restriction enzyme Fisher FERFD1134 
XhoI FastDigest restriction enzyme Fisher FERFD0694 
CloneAmpTM HiFi PCR Premix Takara 639298 
Herculase II Fusion DNA Polymerase Agilent 600675 
KOD Hotstart DNA polymerase VWR 80511-384 
Taq Buffer (5x GoTaq) Fisher PRM7911 
T4 DNA Ligase with 50% PEG4000 Fisher EL0014 
T4 DNA polymerase with NEB Buffer 2.1 NEB M0203S 
   Kits   
DNA clean & concentrator-5 kit Zymo Research D4013 
In-Fusion® HD cloning kit Takara 638909 
NEBuilder® HiFi DNA Assembly cloning kit New England Biolabs E5520S 
Wizard® Plus Miniprep DNA purification kit Promega A1460 
Zymoclean DNA recovery kit Zymo Research D4007 
   Chemicals   
Ampicillin Sigma-Aldrich A9518 
dNTP mix VWR 95057-676 
G418 Gold Biotechnology G-418-10 
Hygromycin B Gold Biotechnology H-270-5 
Lithium acetate Fisher AAA1792130 
Nourseothricin Sulfate (ClonNat) Gold Biotechnology N-500-1 
Polyethylene glycol 3350 VWR JTU221-8 
b-estradiol VWR 76204-050 
Nuclease-free water IDT 11-05-01-14 
Salmon sperm DNA (used to make carrier DNA) Fisher NC0448132 
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Table S2: Primers used in this study. 
 
Primer Name Sequence (5’ - 3’) 
 Amplifies MAT alleles to determine yeast mating type (Illuxley et al, 1990) 
MAT_a_forward ACT CCA CTT CAA GTA AGA GTT TG 
MAT_alpha_forward GCA CGG AAT ATG GGA CTA CTT CG 
MAT_reverse_downstream AGT CAC ATC AAG ATC GTT TAT GG 
 Amplifies Ec86-RT and SpCas9 for insertion into PfoI-Mph1103I-digested pAG26 by In-Fusion 
cloning to create the pCas9-EcRT-GAL-Hyg plasmid (this study) 
Cas9-RT-pAG26_PfoI_F ACA TGC AGC TCC CGG ATG AAA TTA AAG CCT TCG AGC GTC 
Cas9-RT-pAG26_Mph1103I_R TGA GTT TAG TAT ACA TGC ATG CGA ATT GCA TAT CTT TCC ATA G 
  Amplifies any MX cassette for swapping markers by homologous recombination (Goldstein & 
McCusker, 1999) 
PR78 (TEF-F) CCT TGA CAG TCT TGA CGT GC 
PR78 (TEF-R) CGC ACT TAA CTT CGC ATC TG 
  Amplifies Z3 promoter for insertion into pCas9-EcRT-GAL plasmids, to replace GAL promoter 
(this study) 
Z3pr_CAS_Ins_F TTT ATA TTG AAT TTA TAT TGA ATT TTC AAA AAT TCT TAC TTT TTT 

TTT GGA TGG ACG 
Z3pr_CAS_Ins_R GGA TCC ACT AGT TTA TAG TTT TTT CTC CTT GAC GTT AAA GTA 

TAG AGG TAT ATT AAC AA 
  Amplifies pCas9-EcRT-GAL vectors lacking GAL promoter for Gibson cloning to replace GAL with 
Z3 promoter (this study) 
Z3pr_CAS_VF GAA AAA ACT ATA AAC TAG TGG ATC CCC CGG GAA AAA AAT GG 
Z3pr_CAS_VR AAA TTC AAT ATA AAT TCA ATA TAA ATG CCA CCA AAG AAG AAA 

AGA AAG 
  Amplifies the Z3EV transcription factor with its ACT1 promoter and 3’UTR for insertion into 
Mph1103I sites of pCas9-EcRT-Z3pr intermediate plasmids to create final pCas9-EcRT-Z3 
plasmids (this study) 
Z3TF_CAS_Ins_F TTG TGA GTT TAG TAT ACA TGC ATG CGT CGA TCT CCC CTC AAG 
Z3TF_CAS_Ins_R AGA TAT GCA ATT CGC ATG CAT CCC TTT AAA AAC ATA TGC CTC 

ACC C 
  Oligo used for Gibson cloning into pCRISPEY-GAL plasmids to swap unique cloning site to XhoI 
(this study) 
XhoI_swap_CRISPEY GAG TTA CTG TCT GTT TTC CTC TCG AGG TTT CAG ACG TAT GCT 

GGA A 
  Amplifies the XhoI-swapped intermediates of pCRISPEY-GAL plasmids without their GAL 
promoters for Gibson cloning to insert Z3 promoter and Z3EV transcription factor, creating 
pCRISPEY-Z3 vectors (this study) 
Z3_CRISP_VF AAA AAC TAT AAG GGT GCG CAT CTG ATG AG 
Z3_CRISP-VR CGA CGC GAG CGA GCA AAA GGC CAG CAA AAG G 
  Amplifies the Z3 promoter and Z3EV transcription factor for insertion into the XhoI-swapped 
intermediates of pCRISPEY-GAL plasmids by Gibson cloning, creating pCRISPEY-Z3 vectors (this 
study) 
Z3_CRISP_Ins_F CCT TTT GCT CGC TCG CGT CGA TCT CCC 
Z3_CRISP_Ins_R TGC GCA CCC TTA TAG TTT TTT CTC CTT GAC GTT AAA GTA TAG 

AGG TAT ATT AAC AA 
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Amplifies gRNA and repair template for Gibson cloning into any pCRISPEY vector (this study) 
CRISPEY_F CGG CAT CCT GCA TTG AAT CTG AGT TAC TGT CTG TTT TCC 

TGG GTC ACG CGT AGG A 
CRISPEY_R ATT TCA ACT TGC TAT GCT GTT TCC AGC ATA GCT CTG AAA C 
  Sequences gRNA and repair template of any pCRISPEY vector (this study) 
CRISPEY Retron SEQ F GCA TCT GAT GAG TCC GTG AG 
  Oligo templates for amplifying specific gRNAs and repair templates to be cloned into any 
pCRISPEY vector (this study). Repair templates are italicized and gRNAs are bolded. 
ADE2_pos450_CRISPR 
 

GGGTCACGCGTAGGAGGGTTTTCCATTCGTCTTGAAGTCGAGGAC
TTTGGCATACGATGGAAGAGCGTAACTTCGTTGTAAAGAATAAGGA
AATGATTCCGGAAGCTTTGGAAGTAAGGAAACCCGTTTCTTCTGAC
GTAAGGGTGCGCAACTTTGGCATACGATGGAAGGTTTCAGAGCTA
TGCTGGAA 

ADE2_pos444_CRISPR GGGTCACGCGTAGGAAGATTTGGGTTTTCCATTCGTCTTGAAGTCG
AGGACTTTGGCATACGATGCGAAGAGGTAACTTCGTTGTAAAGAAT
AAGGAAATGATTCCGGAAGCTTTGAGGAAACCCGTTTCTTCTGACG
TAAGGGTGCGCATCGAGGACTTTGGCATACGAGTTTCAGAGCTAT
GCTGGAA 

CAN1_pos786_CRISPR GGGTCACGCGTAGGAGGTTACCGGCCCAGTTGGATTCCGTTATTG
GAGAAACCCAGGTGCCTGGGCGTCCAGGTATAATATCTAAGGATAA
AAACGAAGGGAGGTTCTTAGGTTGGAGGAAACCCGTTTCTTCTGA
CGTAAGGGTGCGCATGGAGAAACCCAGGTGCCTGGTTTCAGAGC
TATGCTGGAA 

FLO8_164_CRISPR  GGGTCACGCGTAGGAGAATAGTGAACAGCAGCGACAACAACAGCA
GCAGCAGCAACAGCAGCAACATAGAGACAAAGGCCAAAACCCAGT
CGACGGACCCAAATCTAAAGAAAACAGGAAACCCGTTTCTTCTGAC
GTAAGGGTGCGCAGTGGATAAATCAACCTACGGGTTTCAGAGCTA
TGCTGGAA 

His3delta1_315_CRISPR GGGTCACGCGTAGGACATAGACGACCATCACACCACTGAAGACTG
CGGGATTGCTCTCGGTCAAGCTTTGCAGAGGCTAGCAGAATTACC
CTCCACGTTGATTGTCTGCGAGGCAAGGAAACCCGTTTCTTCTGA
CGTAAGGGTGCGCAGAGGCCCTAGGGGCCGTGCGGTTTCAGAGC
TATGCTGGAA 

HO_CRISPEY_Del GGGTCACGCGTAGGAATGCTTTCTGAAAACACGACTATTCTGATGG
CTAACGGTGAAATTAAAGAGCGGGCCTCATAAGAGTTGTGGTAACA
ACGCAGGTGCGCGCATCTGCTAAAGGAAACCCGTTTCTTCTGACG
TAAGGGTGCGCAGACGACCAGGTCAGCTAGGGGTTTCAGAGCTAT
GCTGGAA 

LEU2_CRISPEY_KO GGGTCACGCGTAGGATTTACATTTCAGCAATATATATATATATATTTCA
AGGATATACCATTCTAAAAGATTCTCTTTTTTTATGATATTTGTACATA
AACTTTATAAATGAAATAGGAAACCCGTTTCTTCTGACGTAAGGGTG
CGCAATTATGGAGAAAAACTGTGGGTTTCAGAGCTATGCTGGAA 

TPS1_KO-#3 GGGTCACGCGTAGGACAGGCTAACAAACTAGGTACTCACATACAG
ACTTATTAAGACATAGAACTTGAACCCGATGCAAATGAGACGATCGT
CTATTCCTGGTCCGGTTTTCTCTAGGAAACCCGTTTCTTCTGACGT
AAGGGTGCGCATTTCCGGAACCAACATCAAAGTTTCAGAGCTATG
CTGGAA 
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Table S3: PCR conditions for all amplifications from this study. 
 
Component Concentration  # of 

cycles 
Condition 

     Amplification of MAT alleles to determine yeast mating type (Illuxley et al, 1990) 
Taq Buffer (5x) 4 µl  1 95°C for 2 min 
dNTPs 200 µM each 30 95°C for 30 sec 

55°C for 45 sec 
72°C for 1 min 

Mat_a OR Mat_alpha F primer 0.5 µM 
MAT_reverse_downstream 
primer 

0.5 µM 

Genomic DNA template 1 µl 1 72°C for 5 min 
Taq polymerase 0.4 µl 
Nuclease-free water to 20 µl 
    Amplification of Ec86-RT and SpCas9 for insertion into PfoI-Mph1103I-digested pAG26 to create 
the pCas9-EcRT-GAL-Hyg plasmid (this study) 
Herculase II reaction buffer (5x) 5 µl  1 95°C for 2 min 
dNTPs 250 µM each 30 95°C for 20 sec 

53°C for 20 sec 
72°C for 3 min 10 sec 

Cas9-RT-pAG26_PfoI_F primer 0.25 µM 
Cas9-RT-pAG26_Mph1103I_R 
primer 

0.25 µM 

pZS157 DNA 30 ng 1 72°C for 3 min 
Herculase II polymerase 0.25 µl 
Nuclease-free water to 25 µl 
    Amplification of MX cassettes (KanMX, HygMX, NatMX) for swapping antibiotic markers by 
homologous recombination (Goldstein & McCusker, 1999) 
KOD reaction buffer (10x) 5 µl  1 95°C for 2 min 
dNTPs 200 µM each 40 95°C for 20 sec 

50°C for 10 sec 
70°C for 1 min 

MgSO4 1.5 mM 
PR78 (TEF-F) primer 0.3 µM 
PR79 (TEF-R) primer 0.3 µM 1 72°C for 5 min 
Genomic DNA template 1 µl 
KOD Hot Start DNA polymerase 1 µl 
Nuclease-free water to 50 µl 
    Amplification of Z3 promoter for Gibson insertion into pCas9-EcRT-GAL plasmids to replace GAL 
promoter (this study) 
CloneAmpTM HiFi premix (2x) 10 µl  1 98°C for 1 min 
Z3pr_CAS_Ins_F primer 0.3 µM 35 98°C for 10 sec 

55°C for 15 sec 
72°C for 1 min 

Z3pr_CAS_Ins_R primer 0.3 µM 
pRS416-yZ3EV-Z3pr DNA 60 ng 
Nuclease-free water to 20 µl 1 72°C for 5 min 
     Amplification of pCas9-EcRT-GAL vectors lacking GAL promoter for Gibson cloning to replace 
GAL with Z3 promoter (this study) 
Herculase II reaction buffer (5x) 4 µl  1 95°C for 2 min 
dNTPs 250 µM each 10 95°C for 15 sec 

55°C for 20 sec 
68°C for 5 min 30 sec 

Z3pr_CAS_VF primer 0.25 µM  
Z3pr_CAS_VR primer 0.25 µM  
pCas9-EcRT-GAL plasmid DNA 60 ng 20 95°C for 15 sec 

55°C for 20 sec 
68°C for 5 min 30 sec 
(increasing 20sec/cycle) 

Herculase II polymerase 1 µl 
Nuclease-free water to 20 µl 
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1 72°C for 8 min 
    Amplification of the Z3EV transcription factor with its ACT1 promoter and 3’UTR for insertion into 
Mph1103I sites of pCas9-EcRT-Z3pr intermediate plasmids to create final pCas9-EcRT-Z3 plasmids 
(this study) 
CloneAmpTM HiFi premix (2x) 20 µl  1 98°C for 1 min 
Z3TF_CAS_Ins_F primer 0.3 µM 35 98°C for 10 sec 

55°C for 15 sec 
72°C for 2 min 

Z3TF_CAS_Ins_R primer 0.3 µM 
pRS416-yZ3EV-Z3pr DNA 100 ng 
Nuclease-free water to 40 µl 1 72°C for 5 min 
     Amplification of the XhoI-swapped intermediates of pCRISPEY-GAL plasmids without their GAL 
promoters for Gibson cloning to insert Z3 promoter and Z3EV transcription factor, creating 
pCRISPEY-Z3 vectors (this study) 
Herculase II reaction buffer (5x) 4 µl  1 95°C for 2 min 
dNTPs 250 µM each 10 95°C for 15 sec 

65°C for 20 sec 
68°C for 5 min 30 sec 

Z3_CRISP_VF primer 0.5 µM  
Z3_CRISP_VR primer 0.5 µM  
pCRISPEY-GAL(XhoI) DNA 50 ng 20 95°C for 15 sec 

65°C for 20 sec 
68°C for 5 min 30 sec 
(increasing 20sec/cycle) 

Herculase II polymerase 1 µl 
Nuclease-free water to 20 µl 

  1 72°C for 8 min 
    Amplification of the Z3 promoter and Z3EV transcription factor for insertion into the XhoI-swapped 
intermediates of pCRISPEY-GAL plasmids by Gibson cloning, creating pCRISPEY-Z3 vectors (this 
study) 
CloneAmpTM HiFi premix (2x) 20 µl  1 98°C for 1 min 
Z3_CRISP_Ins_F primer 0.25 µM 35 98°C for 10 sec 

60°C for 15 sec 
72°C for 1 min 

Z3_CRISP_Ins_R primer 0.25 µM 
pRS416-yZ3EV-Z3pr DNA 100 ng 
Nuclease-free water to 40 µl 1 72°C for 5 min 
     Amplifies gRNA and repair template for Gibson cloning into any pCRISPEY vector (this study) 
CloneAmpTM HiFi premix (2x) 20 µl  1 98°C for 1 min 
CRISPEY_F primer 0.3 µM 35 98°C for 10 sec 

55°C for 15 sec 
72°C for 1 min 

CRISPEY_R primer 0.3 µM 
gRNA/repair template oligo 100 ng 
Nuclease-free water to 40 µl 1 72°C for 5 min 
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Supplemental Files 
 
File S1: Sequences of pCRISPEY and pCas9-EcRT plasmids. 
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