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ABSTRACT: High-frequency oligonucleotide-directed recombination engineering (recombineering) has enabled rapid modiﬁcation of several prokaryotic genomes to date. Here, we
present a method for oligonucleotide-mediated recombineering in the model eukaryote and
industrial production host Saccharomyces cerevisiae, which we call yeast oligo-mediated genome
engineering (YOGE). Through a combination of overexpression and knockouts of relevant
genes and optimization of transformation and oligonucleotide designs, we achieve high genemodiﬁcation frequencies at levels that only require screening of dozens of cells. We
demonstrate the robustness of our approach in three divergent yeast strains, including those
involved in industrial production of biobased chemicals. Furthermore, YOGE can be iteratively
executed via cycling to generate genomic libraries up to 105 individuals at each round for
diversity generation. YOGE cycling alone or in combination with phenotypic selections or
endonuclease-based negative genotypic selections can be used to generate modiﬁed alleles easily in yeast populations with high
frequencies.
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governing these traits for use in yeast oligo-mediated genome
engineering (YOGE) (Figure 1).
Because homologous recombination rates vary in diﬀerent
yeast strains, we sought to develop YOGE in three separate S.
cerevisiae haploid strains of diﬀerent lineages (VL6-48,
CEN.PK113-7D, and VTT C-68059). VL6-48 is a 288c strain
derivative ﬁrst developed for transformation-associated recombination (TAR) cloning and has been reported to have high
transformation eﬃciency.11,12 S. cerevisiae CEN.PK113-7D is a
lab strain widely used in systems biology and metabolic
engineering studies that is also physiologically robust in
industrial settings.13 S. cerevisiae (var. diastaticus) VTT C68059 is an industrial yeast strain that was originally isolated as
a brewery contaminant. These three strains represent an array
of biological backgrounds that may be encountered for general
adoption of YOGE in diﬀerent experimental settings.

ligonucleotide-mediated genome engineering is a practical method for performing site-directed mutagenesis to
enable the rapid generation of various rationally designed
organisms.1,2 In Saccharomyces cerevisiae, genome manipulation
has had a long and successful history because of its eﬃcient
endogenous homologous recombination machinery. In general,
high-frequency genomic recombination using double-stranded
DNA (approaching 10−3 transformants per surviving cell)
requires large homology arms with a minimum length of ∼500
bp3,4 The use of shorter homology arms (35−70 bp) drastically
reduces recombination frequency to about 10−6−10−5 transformants per surviving cell.4−6 Directed homologous recombination using single-stranded oligonucleotides has thus far been
limited by low recombination frequency in the absence of
artiﬁcial selection for the modiﬁed allele. Nonetheless, short
oligonucleotides have signiﬁcant advantages over large doublestranded DNA constructs because oligonucleotides are
inexpensive and easily obtained from commercial sources
without the need for PCR ampliﬁcation and puriﬁcation.6−8 An
eﬃcient method for oligonucleotide-mediated recombination
engineering or allelic replacement in yeast would thus have a
variety of applications. Furthermore, high-eﬃciency oligomediated recombineering in yeast will further its emerging
role as a biological chassis for the de novo assembly and
construction of genes, gene clusters, and bacterial genomes.9,10
Here, we describe yeast strains with highly eﬃcient oligomediated recombination capabilities and we identify key factors
© XXXX American Chemical Society
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RESULTS AND DISCUSSION
Mismatch Repair Knockout. In yeast, mismatch repair
(MMR) is a multistep process that identiﬁes and ﬁxes
incorrectly matched Watson−Crick base pairs in the genome.
A mismatched DNA heteroduplex is ﬁrst recognized by MutSα
and MutSβ heterodimeric complexes, which is composed of
Msh2p/Msh3p and Msh2p/Msh6p, respectively. MutS heteroReceived: August 23, 2013
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VL6-48, we expressed a yeast-codon-optimized version of the λ
Red beta-protein, both with and without a nuclear localization
signal tagged to the C-terminus of the protein. We were unable
to observe a positive eﬀect on oligonucleotide incorporation by
overexpression of either verison of the λ Red beta-protein.
(Figure 2A).
In a Δmlh1 mutant background strain, we overexpressed
these proteins starting with RAD51, a DNA strand-exchange
protein crucial in homologous recombination. Lu et al. showed
that a K342E mutant of RAD51 enhanced oligonucleotide
recombination when compared to wild-type RAD51. This
particular mutation was shown to aﬀect the DNA-binding
proﬁle of RAD51 by removing its intrinsic inhibition to form
ﬁlaments around single-stranded DNA in the presence of
double-stranded DNA.7,19,20 To examine if this eﬀect held true
in a mismatch-repair-deﬁcient strain, we constitutively overexpressed both proteins genomically in the VL6-48 Δmlh1 strain
and found nearly a 3-fold increase in oligonucleotide
incorporation in the RAD51(K342E) mutant as compared to
the wild-type RAD51. (Figure 2A) Furthermore, RAD51(K342E) overexpression resulted in increased oligonucleotide
incorporation compared to wild type by up to 80.1−fold in
VL6-48, 13.4- to 27-fold in CEN.PK113-7D, and 5.9- to 13.5fold in VTT C-68059a. We additionally overexpressed RAD54,
a helicase and chromatin remodeler, in strain CEN.PK113-7D
Δmlh1 in an attempt to improve further the oligo
incorporation eﬃciency. Overexpression of RAD54 in the
Δmlh1 background showed a 12- to 35-fold increase in
oligonucleotide incorporation compared to wild type. (Figure
2B)
Overexpression of both RAD51(K342E) and RAD54 in an
Δmlh1 background resulted in the highest increase in
oligonucleotide recombination of 19.5- to 494.9-fold across
all strains and loci (Figure 2) compared to wild type. The
variability of these fold increases are likely because of (i) the
diﬀerent promoters used for gene overexpression (i.e., TEF1
promoters in VL6-48 versus PGK1 and TPI1 promoters in
CEN.PK113-7D and VTT C-68059a), (ii) the site of genomic
incorporation of the RAD54 overexpression cassette (i.e., the
mlh1 locus for VL6-48 versus the pdc6 locus for CEN.PK1137D and VTT C-68059a), and (iii) the inherent variability of
oligonucleotide incorporation across the loci tested. In the
CEN.PK113-7D Δmlh1 strain, we overexpressed both RAD51(K342E) and RAD54 from the same HO locus and from
separate loci (i.e., HO and PDC6) to see if overexpression of
both proteins in close proximity would aﬀect oligonucleotide
incorporation. Compared to wild type, expression of the genes
from separate loci resulted in a 77.7- to 179.3-fold increase in
oligonucleotide incorporation, which was higher than the 28.3to 50.6-fold increase in oligonucleotide incorporation when
they were expressed at the same locus. (Figure 2B) However,
the diﬀerences in expression levels could come from many
sources other than mere distance between expression cassettes,
such as the transcriptional activity of each locus.
In the CEN.PK113-7D Δmlh1 ho::RAD51(K342E)
pdc6::RAD54 and VTT C-68059a Δmlh1 ho::RAD51(K342E)
pdc6::RAD54 strain backgrounds, msh2 was also knocked out,
which provided no signiﬁcant increase in oligonucleotide
incorporation in the strains CEN.PK113-7D and VTT C68059a (Figure 2B,C). We designate the most recombinogenic
strains with the suﬃx “.RR” to refer to their overexpression of
RAD51 and RAD54. Hence, VL6-48 ho::RAD51(K342E)
mlh1::RAD54, CEN.PK113-7D Δmlh1 Δho::RAD51(K342E)

Figure 1. Diagram of yeast oligo-mediated genome engineering
(YOGE) applications. Synthetically assembled foreign DNA or natural
genomes can be modiﬁed with YOGE. Iterative rounds can be used to
increase the frequency and/or diversity of the directed modiﬁcations.
Finally, strains can be screened or selected to isolate desired genotypic
or phenotypic traits.

dimers then interact with MutL homologue proteins Mlh1p
and Pms1p to continue the recognition cascade and to recruit
the correction machinery.15,16 Because the incorporation of
mutagenic oligonucleotide DNA into the target genomic site
produces a heteroduplex that is recognized by the MMR
machinery, avoidance of this system is important to facilitate
eﬃcient oligo incorporation.17,18
Previous work has shown that mlh1 and msh2 knockouts can
increase oligonucleotide incorporation in yeast. However, these
knockouts result in varying recombination frequencies depending on the characteristics of the locus and oligonucleotide
transformed. 15 Figure 2A−C shows the eﬃciency of
oligonucleotide allelic replacement using oligonucleotides
with a single point mutation in the center of the target
sequence when using strains with mlh1 and msh2 knockouts.
Across all strains and loci, mlh1 deletions increased median
oligonucleotide incorporation from 3.9- to 11.0-fold, whereas
msh2 deletions increased median oligonucleotide incorporation
from 2.9- to 9.2-fold. The double knockouts of mlh1 and msh2
in the CEN.PK113-7D and VTT C-68059a strains showed no
signiﬁcant eﬀect in oligonucleotide recombination. We
proceeded to use the strains with a single knockout in mlh1
for further optimization because this modiﬁcation generally
gave the highest increase of oligonucleotide incorporation
across the diﬀerent strains in ﬁve out of seven tested loci.
DNA Recombinase Overexpression. Single-stranded
DNA recombinases are crucial for oligonucleotide recombineering in prokaryotic organisms, which are able to increase the
rate of oligo incorporation by ∼10 000-fold in some cases.1,2
Endogenous proteins crucial to the homologous recombination
pathway in yeast also stimulate oligonucleotide incorporation.
Overexpression of Rad51 and Rad54 proteins as well as
particular point mutants of Rad51 has previously been shown
to aﬀect oligonucleotide integration in yeast.7,19,20
Starting with the Δmlh1 knockout strains, we constitutively
expressed heterologous and endogenous DNA recombinases to
examine their eﬀect on oligonucleotide incorporation. In strain
B
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Figure 2. Oligonucleotide recombination frequency across all strains and loci tested. Recombinations were completed using 90-mer oligonucelotides
with the optimal sense strand targeted. All recombinations were completed in triplicate, with values plotted to represent the mean values and error
bars corresponding to the standard deviation. (A) Oligonucleotide incorporation frequency in strain VL6-48. (B) Oligonucleotide incorporation
frequency in strain CEN.PK113-7D. (C) Oligonucleotide incorporation frequency in strain VTT C-68059a.

Δpdc6::RAD54, and VTT C-68059a Δmlh1 Δho::RAD51(K342E) Δpdc6::RAD54 are referred to as VL6-48.RR,
CEN.PK.RR, and VTT.RR, respectively.
External Factors Aﬀecting Oligonucleotide Recombination. We further examined other factors that aﬀect
oligonucleotide recombination in yeast, including oligonucleotide length, amount of oligonucleotide transformed, and
amount of homology to the site of integration. The intrinsic
diﬀerences in transformation frequency between strains were
also measured with the transformation of a plasmid having a
centromeric origin of replication. Several studies have reported
a variety of base values for oligonucleotide incorporation
depending on the locus.5,6,16,21 To obtain a range of
oligonucleotide incorporation frequencies in each strain
examined, we measured the frequency at three loci on separate
chromosomes in each strain: ADE2, LEU2, and CAN1 for
strain VL6-48 and URA3, LYP1, and CAN1 for strains
CEN.PK113-7D and VTT C-68059a.
Optimal oligonucleotide length for oligonucleotide-mediated
recombination in yeast has varied across diﬀerent studies.
Sherman et al. initially reported an optimum oligonucleotide
length of 50 bp, whereas several other reports have used 70 bp
oligonucleotides for generating changes.5,6,21 In our most
eﬃcient strain, VL6-48.RR, we found that 90 bp oligonucleo-

tides gave the greatest increase in incorporation frequency
when tested at the ADE2 locus (Figure 3A). Other oligomediated recombination studies in Escherichia coli have also
found the 90-mer to be optimal.1 Hence, 90-mer oligonucleotides were used in all further recombination experiments. For
VL6-48.RR, incorporation of 90-mer oligonucleotides containing the noncoding sequence of the ADE2 gene was ∼3.5-fold
higher in frequency than oligos with the coding sequence.
Annealed doubled-stranded 90-mer oligonucleotides gave the
lowest incorporation frequency in this strain, resulting in
recombination frequencies that were ∼10-fold worse than the
coding sequence oligonucleotides (Figure 4B). Furthermore,
we titrated the amount of 90-mer noncoding oligonucleotide
used for each transformation and found that an oligonucleotide
concentration of 2.5 μM in the 400 μL of cell electroporation
mixture resulted in the highest transformation frequency
(Figure 3B).
The amount of homology to the locus of integration also
aﬀects the frequency of recombination. A premature stop
codon was encoded in the 90-mer oligonucleotides along with
various other modiﬁcations of varying lengths such as
mismatches, deletions, and insertions. In strain VL6-48.RR,
mismatches were more tolerated than either insertions or
deletions (Figure 3C). This is likely due to the preservation of
C
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Figure 3. External factors aﬀecting oligonucleotide recombination. All values represent mean values of three replicates, with error bars representing
the standard deviation. (A) Eﬀect of oligonucleotide length on recombination at the ADE2 locus in strain VL6-48.RR. (B) Eﬀect of oligonucleotide
concentration on recombination at the ADE2 locus in strain VL6-48.RR. (C) Eﬀect of mismatches, deletions, and insertions on the oligonucleotide
recombination frequency at the CAN1 locus in strain VL6-48.RR (the 1 mismatch, all deletion, and all insertion experiments were completed with
ﬁve replicates). (D) Survival rate of cells following electroporation across the three strains tested. (E) Frequency of plasmid transformation in all
three strains using a centromeric plasmid containing hygromycin resistance.

gene as COD and the sequences containing the noncoding or
nontranscribed strand of the gene as NCOD (Figure 4A).
Taking the ratio of the most recombinogenic oligonucleotide
and loci to the least, we found a ∼40-fold diﬀerence in
recombination frequency across all alleles and strains tested,
indicating that certain loci are more recombinogenic than
others (Figure 4). The highest recombination frequency, ∼2%,
was observed in strain VL6-48.RR at the ADE2 locus using a
NCOD oligonucleotide (Figure 4B). CEN.PK.RR exhibited the
next highest recombination frequencies at the loci tested
(Figure 4C), and the lowest recombination frequencies were
observed in the industrial strain VTT.RR (Figure 4D).
Furthermore, we found that across all loci and strains there
seems to be a lack of transcriptional bias toward rates of
oligonucleotide-mediated recombination, potentially supporting a mechanism that oligonucleotides become incorporated
during DNA replication. Unfortunately, because of an absence
of empirical data regarding replication fork directionality in the
loci examined, it is diﬃcult to deﬁnitively conclude that either
the leading or lagging strand is favored for oligonucleotide
incorporation; however, our data does not contradict a
replication-based model. We found that variability in strand

the oligonucleotide length in the mismatched DNA. We
observed that the oligo incorporation frequency decreases as
the number of mismatches increases, consistent with previous
observations in E. coli1 (Figure 3C).
Additionally, we assayed transformation and survival
frequencies via the transformation of a replicating plasmid to
determine if oligonucleotide incorporation frequencies may be
biased by intrinsic strain variability in DNA transformation.
Indeed, we found that the wild-type VL6-48 strain had the
highest survival and transformation frequency, which was
consistent with its higher oligo-mediated recombination
frequency (Figures 3D,E).
Locus Variability. We examined the variability of
oligonucleotide recombination frequency across the genome
in each strain studied. In strains CEN.PK.RR and VTT.RR,
three negatively selectable alleles were generated (using
oligonucleotides containing premature stop codons), and in
strain VL6-48.RR, one negatively selectable allele and two
positively selectable alleles were generated (using oligonucleotides correcting genomic premature stop codons). To designate
which oligonucleotide was transformed, we denoted the
sequences containing the coding or transcribed strand of the
D
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Figure 4. Variability in oligonucleotide recombination across DNA strands, loci, and strains. All values represent the mean of three replicates, with
error bars representing the standard deviation. (A) Diagram of the transcription fork with the coding and noncoding strands indicated.
Oligonucleotides are named on the basis of the sequence that they correspond to in the transcription fork. (B) Strand-bias variability in
oligonucleotide recombination across the ADE2, LEU2, and CAN1 loci of the VL6-48.RR strain. (C) Strand-bias variability in oligonucleotide
recombination across the URA3, CAN1, and LYP1 loci of the CEN.PK.RR strain. (D) Strand-bias variability in oligonucleotide recombination across
the URA3, CAN1, and LYP1 loci of the VTT.RR strain.

expected, that the frequency of incorporation increased as the
number of cycles increased (Figure 5B). In cycle one, the
individual oligonucleotide recombination frequencies were at
most half of the individual recombination frequencies
previously observed, which is likely due to the decreased
concentration of the individual oligonucleotides used in the
multiplexing experiment (Figure 5B). We observed that the
coincorporation frequency per cycle is less than the individual
frequencies (Figure 5C). Additionally, the number of nonsense
CAN1 or LYP1 mutants remained constant when no
oligonucleotides were added to the transformation mix (Figure
5D).
Future Considerations. Generating targeted diversity or
allelic replacement in yeast is crucial for rational strain
engineering. Here, we have identiﬁed the combinatorial strain
modiﬁcations and optimized the key parameters important for
oligonucleotide recombination. Furthermore, YOGE has
achieved a single optimum oligonucleotide genomic incorporation frequency of 0.2−2.0% across all strains and loci tested
without selection for the modiﬁcation or stimulation for
recombination by cleavage, which is at least 20- to 1000-fold
higher than previously reported.4,5,7,20,21 In many cases, these

bias in the examined loci was consistent between strains and
could not be explained solely by transcriptional eﬀects (Figure
4), which lend further mechanistic support for lagging strand
incorporation of oligos at the DNA replication fork.15,21,22
Multiplex Modiﬁcations and Cycling. For the practical
oligo-mediated directed evolution of yeast genomes, the ability
to target multiple sites simultaneously is important. Furthermore, given that most of the single recombination frequencies
observed in this study were below 1%, additional cycles of
transformation may be required to enrich the population with
modiﬁcations. To demonstrate multiplexing and cycling, we
used strain CEN.PK.RR to target two negatively selectable
genes CAN1 and LYP1 with the most eﬃcient oligonucleotides
to introduce premature stop codons (a NCOD oligonucleotide
for CAN1 and a COD oligonucleotide for LYP1, Figure 4C).
We developed a cycling protocol allowing iterative transformation and recovery of the population with a turnaround of
12−16 h (Figure 5A). We completed three cycles of
oligonucleotide transformation and assayed the recombination
frequency after each cycle. The transformed oligo pool
contained a mixture of 1.25 μM of each oligonucleotide
yielding a total of 2.5 μM of oligonucleotides. We observed, as
E
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Figure 5. Cycling and multiplex modiﬁcations using YOGE in strain CEN.PK.RR at the CAN1 and LYP1 loci. All values represent the mean of three
replicates. with error bars representing the standard deviation. (A) Diagram of YOGE electroporation cycling and recovery. (B) Singleplex
recombination frequencies for the CAN1 and LYP1 loci. (C) Multiplex recombination frequency for both loci simultaneously. (D) Rate of gene
conversion without oligonucleotide added during electroporation, demonstrating that enrichment in loci modiﬁcation is caused from transformation
and not enrichment because of ﬁtness advantage of any genotype.

would allow for the investigation of epistastic interactions
between DNA regulatory regions and proteins. For example,
pathways for desirable compounds could be optimized via
promoter tuning using oligonucleotides.23 Additionally,
changes could be made to protein coding regions to generate
mutant protein variants.24
Enrichment of modiﬁed cells, without a phenotypic selection,
would greatly ease recovery of generated mutants using YOGE.
Employment of site-directed DNA double-strand breaks at
unmodiﬁed genomic loci could be used to enrich for correctly
modiﬁed cells. Unrepaired double-strand breaks cause cell
arrest and reduce cellular ﬁtness, meaning that cells containing
the cut sites will be at a disadvantage, allowing for a ﬁtness
advantage to cells without these cut sites. By using designable
site-speciﬁc endonucleases, such as the RNA-guided endonuclease Cas9 or transcription activator like endonucleases
(TALENs), targeted to cleave wild-type unmodiﬁed alleles, a
negative selection can be applied against these alleles to enrich
the population for desired genotypes.25
The variability associated with YOGE across strains may
stem from many factors. Individual diﬀerences between
oligonucleotide recombination frequencies at diﬀerent loci
could be aﬀected by protein occupancy at the locus and
secondary structure of the donor oligonucleotide DNA as well
as replication dynamics proximal to the integration site.
Furthermore, diﬀerences in strain oligonucleotide recombina-

levels of recombination may be suitable for moderate screening
eﬀorts to isolate correct recombinants. Furthermore, this
method is multiplexable, and the population can be enriched
for the desired mutations with additional cycles. Given the most
and least recombinogenic strains and loci recombination
frequencies (VL6-48.RR with 2% at the ADE2 locus and
VTT.RR with 0.15% at the URA3 locus) along with their
respective survival rate postelectroporation (VL6-48 with
∼1.0% and VTT C-68059a with 0.1%) and a constant number
of 108 cells used per electroporation, we can estimate a range of
potential library size of 102−105 genomic recombinants per
locus per cycle. Because several yeast library-generation
protocols use 10-fold more cells for electroporation, it is likely
that these values could increase if more diversity is required.
Although all transformations in this study were accomplished
using electroporation, chemical methods (such as those relying
solely on PEG and lithium acetate) that do not require an
electroporation apparatus may be more easily adapted to future
automated regimes.14
The generation of genetic diversity in a rational, site-speciﬁc
way would allow for higher-ﬁtness mutant libraries that could
be screened for desirable phenotypes. For industrial strain
evolution, using mild selections to relevant phenotypes, such as
crude feedstock tolerance or cellular waste product resistance,
the relevant modiﬁcations in the populations could be further
enriched. Furthermore, easy generation of multiple alleles
F
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RAD51 into the XhoI and XmaI cut sites of plasmid p416-TEF.
The RAD54 cassette was generated by cloning the yeast gene
RAD54 into the XhoI and XmaI cut sites of plasmid p414-TEF.
The RAD51(K342E) mutant was generated using an
oligonucleotide with the QuikChange Mutagenesis kit (Stratagene). The β, β-NLS, RAD51, and RAD51(K342E) overexpression plasmids were then cloned along with the URA3
marker into a plasmid containing 300 bp homology arms to the
HO locus. These cassettes were them ampliﬁed with primers to
the 5′ and 3′ regions of the HO ﬂanking sites for
transformation into yeast. Transformants were selected on
solid synthetic complete media without uracil. Integration was
conﬁrmed via PCR of the locus and sequencing. The RAD54
overexpression cassette was ampliﬁed from the p414-TEF
plasmid along with the TRP1 marker using 50 bp homology
arms to the 5′ and 3′ region of the mlh1 locus to replace the
KanMX marker. The PCR product was DpnI digested before
transformation to remove the background of plasmid-only
transformants because the p414 vector contains a yeast origin
of replication. Transformants were selected on solid synthetic
complete media without tryptophan. Integration was conﬁrmed
via PCR of the locus and sequencing. A stop codon was
inserted into the LEU2 gene of strain VL6-48 ho::RAD51(K342E) mlh1::RAD54 via an oligonucleotide using the
described electroporation procedure. Cells were plated on
rich media and then replicaplated onto synthetic complete
media without leucine to identify leu2 auxtotrophic strains.
To facilitate strain engineering eﬀorts, the VTT C-68059
industrial diploid strain was ﬁrst sporulated to obtain the
haploid derivatives VTT C-68059a (MATa) and VTT C68059α (MATα). To ensure stable propagation of the VTT C68059a (MATa) haploid yeast strain, the HO endonuclease
gene was deleted from the strain to prevent mating-type
switching from occurring.
The HO, MLH1, and MSH2 deletion cassettes (ΔHOHygR, ΔMLH1-HygR, and ΔMSH2-HygR) were generated by
PCR amplifying the 5′ and 3′ regions of the HO, MLH1, and
MSH2 genes from CEN.PK113-7D genomic DNA and the
HygR marker from the SP55-5 plasmid (ﬂanked by the mutant
loxP sites, lox66 and lox71). The fragments were gel-puriﬁed
and then Gibson assembled into the PCR-ampliﬁed pBlueScript
SK(−) plasmid using the NEB Gibson Assembly Kit. The
RAD51(K342E) and RAD54 overexpression cassettes (ΔHORAD51(K342E)-HygR and ΔHO-RAD54-HygR) were generated by PCR amplifying the RAD51(K342E) and RAD54
genes from the ﬁnalized plasmids described above and the
PGK1 promoter and CYC1 terminator from the SP55-5
plasmid. The fragments were gel-puriﬁed and then Gibson
assembled into the PCR-ampliﬁed ΔHO-HygR plasmid. The
combined RAD51(K342E)/RAD54 overexpression cassette
(ΔHO-RAD51(K342E)-RAD54-HygR) was generated by
PCR amplifying the RAD54 gene from the ΔHO-RAD54HygR plasmid and the TPI1 promoter and ADH1 terminator
from the SP55-5 plasmid. The fragments were gel-puriﬁed and
then Gibson assembled into the PCR-ampliﬁed ΔHO-RAD51(K342E)-HygR plasmid. The RAD54 overexpression cassette
(ΔPDC6-RAD54-HygR) was generated by PCR amplifying the
5′ and 3′ regions of the PDC6 gene from CEN.PK113-7D
genomic DNA, the HygR marker from the SP55-5 plasmid, and
the RAD54 gene from the ΔHO-RAD54-HygR plasmid. The
fragments were gel-puriﬁed and then Gibson assembled into
the PCR-ampliﬁed pBlueScript SK(−) plasmid.

tion proﬁles may relate to endogenous recombination
proteome diﬀerences along with reported transformation
variability between strains. In addition, we observed that the
location of the integration of RAD51(K342E) and RAD54
expression cassettes can aﬀect oligonucleotide recombination
proﬁles. In the CEN.PK113-7D strain, integration of RAD51(K342E) and RAD54 expression cassettes in the same and at
diﬀerent safe-harbor loci result in diﬀerent oligonucleotide
recombination proﬁles, with the separate safe-harbor loci
integration method resulting in a higher oligonucleotide
recombination proﬁle.
Although the variability of oligonucleotide recombination
between loci and strains may range by a factor of 10, cycling
YOGE allows for step-by-step enrichment of desired genotypes,
allowing modiﬁcations to attain higher frequency with each
cycle. In summary, YOGE is a useful method for integrating
oligonucleotides with high frequency in yeast, with the ability to
rapidly cycle the procedure. In combination with mild
selections for desirable phenotypes or targeted endonucleasebased DNA negative selections, the targeted modiﬁed
sequences or desired phenotypes could be enriched easily to
screenable levels.

■

METHODS
Strains and Media. Strain VL6-48 (MATα, his3Δ200,
trplΔ1, ura3-52, ade2-101, lys2, psi°, cir°) was chosen for the
oligonucleotide recombination experiments because of its
native ade2-101 premature stop codon; VL6-48 was purchased
from ATCC (MYA-3666). This strain was chosen because of its
reported high transformation ability.7,8 The prototrophic
CEN.PK113-7D S. cerevisiae strain (MATa, MAL2-8c, SUC2)
was chosen because it is a commonly used yeast lab strain.
CEN.PK113-7D has recently been shown to have a mosaic
genome, combining characteristics of laboratory and wildindustrial strains, which likely explains its robust physiological
performance, making it a yeast model for industrial
applications.13 CEN.PK113-7D was purchased from EUROSCARF. The VTT C-68059 S. cerevisiae (var. diastaticus) strain
(MATa/α) is a diploid industrial strain with good growth
characteristics that was originally isolated as a brewery
contaminant. VTT C-68059 was obtained from the VTT
microbe culture collection.
For transformation, cells were grown in 2× YPAD with
additional tryptophan. This media consists of 20 g/L of yeast
extract, 40 g/L of peptone, 40 g/L of dextrose, 300 mg/L of
tryptophan, and 24 mg/L of adenine hemisulfate. To measure
recombination frequencies, selections were completed using
SCD-arginine + canavanine (60 μg/mL of L-canavanine), SCDlysine + thialysine (100 μg/mL of S-aminoethyl-L-cysteine),
SCD + FOA (1 mg/mL of 5-ﬂuoroorotic acid), SCD-adenine,
and SCD-leucine plates. Recombination frequencies were
calculated via the ratio of cells that grew on selective media
divided by the number that grew on rich nonselective media.
Strain Modiﬁcation. In strain VL6-48, genes MLH1 and
MSH2 were initially knocked out using a KanMX cassette
ampliﬁed from vector pFA6a-KanMX6 using 50 bp homology
arms to the 5′ and 3′ regions of the genes. After ﬁnding that the
mlh1 knockout and RAD5(K342E) overexpression cassette
strain demonstrated the desired phenotype, the KanMX
cassette at the MLH1 locus was replaced with a RAD54
overexpression cassette. Overexpression cassettes were generated by cloning yeast-codon-optimized versions of the λ Red
beta protein with and without NLS tag as well as the yeast gene
G
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Integrated DNA Technologies (Coralville, IA). Mutations were
always placed in the center of the oligonucleotide, allowing as
much ﬂanking region as possible. See the Supporting
Information for the list of oligonucleotides. Double-stranded
oligonucleotides were made by annealing equimolar amounts of
complementary single-stranded oligonucleotides. To anneal,
single-strand oligonucleotides were mixed, denatured at 100 °C
for 5 min, and then cooled to 25 °C with a ramp of 0.1 °C per
second.

All cassettes were sequenced to ensure their correctness. All
integration cassettes were digested from their pBlueScript
vector backbone with SbfI and NarI and were subsequently gelpuriﬁed prior to transformation into their respective strains.
Transformants were selected on solid YPD (+200 μg/mL of
Hygromycin B) media, and proper integration was conﬁrmed
via PCR of the locus. To remove the HygR selectable marker
from the strains to allow for its reuse between successive
integrations, the plasmid pSH47-KanMX, containing the Cre
recombinase under control of a GAL1 promoter, was
transformed into the strains, which were selected on YPD
(+200 ug/mL of G418) solid media. Positive transformants
were grown in YP (+200 ug/mL of G418 and +2% galactose)
liquid media for 5 h to induce expression of the Cre
recombinase, and then cultures were grown overnight in YPD
medium to lose the pSH47-KanMX plasmid. Correct transformants were established on the basis of their inability to grow
on YPD (+200 μg/mL of Hygromycin B) and YPD (+200 μg/
mL of G418) solid media and the absence of a HygR gene in
their genome, as determined by PCR. All presented strain
modiﬁcations were also performed in the α mating-type
equivalents of CEN.PK113-7D and VTT C-68059.
Gene Cassette Transformation. Gene replacement and
gene cassette integration were performed using standard
lithium acetate-PEG transformation procedures by Gietz et al.14
Oligonucleotide Electroporation Optimization Protocol. Cultures were grown to saturation overnight in 2× YPAD.
The next morning a 7 mL culture was inoculated in 2× YPAD
to an OD600 = 0.3. Inoculated cells were grown in a roller
drum at 30 °C until the OD600 reached 1.6−1.8 after ∼5 h.
Cells were pelleted at 2250g for 3 min, and the media was
removed. The cell pellet was washed once by 10 mL of ice-cold
water and once by 10 mL of ice-cold electroporation buﬀer (1
M sorbitol/1 mM CaCl2). The cells were conditioned by
resuspending the cell pellet in 2 mL of 500 mM lithium
acetate/10 mM dithiotheitol solution and placed in a roller
drum for 30 min at 30 °C. Conditioned cells were pelleted by
centrifugation and washed once by 10 mL of ice-cold
electroporation buﬀer. The cell pellet was resuspended to a
ﬁnal volume of 1.6 mL in electroporation buﬀer. Four-hundred
microliters of cells were used per electroporation with 2.5 μM
of oligonucleotide per cuvette (or varying amounts depending
on the experiment). Cells were electroporated at 2.5 kV, 25 uF,
and 200Ω. Electroporated cells were transferred from each
cuvette into 7 mL of 1:1 mix of 1 M sorbitol/2× YPAD media.
The cells were incubated in a roller drum at 30 °C for 12−16 h.
Cells were diluted appropriately to obtain ∼50−500 colonies
on selective media and on rich media. The ratio of colony count
on selective plates over rich plates was used as a measure of
oligonucleotide incorporation frequency.
Oligonucleotide Electroporation Cycling Protocol.
The cycling procedure was the same as above except for the
following changes. Inoculated cells were grown in a roller drum
at 30 °C until the OD600 reached 0.6−0.8 after ∼3.5 h. The
conditioned cell pellet was resuspended to a ﬁnal volume of
400 uL of electroporation buﬀer with 2.5 μM of oligonucleotide
(or varying amounts depending on the experiment). Electroporated cells were transferred from each cuvette into 5 mL of
1:1 mix of 1 M sorbitol/2× YPAD media. The cells were
incubated in a roller drum at 30 °C for 12−16 h until the OD
reached 0.6−0.8, and the cycle was repeated.
Oligonucleotide Design. Oligonucleotides used for
oligonucleotide recombination and PCR were purchased from
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