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Abstract 

Eukaryotic multiplex genome engineering (eMAGE) offers a powerful tool to generate precise 

combinatorial genome modifications in Saccharomyces cerevisiae. We optimize the design of synthetic 

oligonucleotides and enrichment of edited populations to increase editing frequencies up to 90%, reduce 

workflow time by 40%, and engineer a tunable mismatch repair system to lower the rate of spontaneous 

mutations ~17-fold. These advances transiently evade genome maintenance to introduce multiple edits at 

high efficiencies in a stable genetic background, expanding utility of eMAGE in eukaryotic cells.
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Main 

Genome editing has empowered researchers to elucidate causal links between genotype and phenotype, 

enact targeted genetic modifications to reprogram cellular behavior, and design organisms with synthetic 

genomes1. Conventional genome editing technologies use programmable endonucleases, including zinc-

finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and CRISPR-Cas 

nucleases, to generate site-specific DNA double-strand breaks (DSBs) in the genome. Subsequent DSB 

repair by endogenous machinery can introduce mutagenic gene disruptions via non-homologous end 

joining (NHEJ) or precise modifications via homology directed repair (HDR)2. Recent advances in 

expression of multiple guide RNAs and orthologous Cas nucleases have enabled multiplex CRISPR-Cas 

editing of 3-10 sites simultaneously3. In addition, several methods derived from CRISPR explore fusion 

of nuclease-deficient Cas proteins to a variety of DNA effectors, such as deaminases4, 5, error-prone 

polymerases6, transposases7, 8 and reverse transcriptases9, to develop DSB-independent, alternative 

genome editing tools (e.g., Base editing4, 5 and Prime editing9). However, for applications requiring 

generation of multisite (>10) combinatorial genomic alterations with base-pair (bp)-level precision, 

conventional or modified CRISPR-based genome editing systems are inadequate due to inherent 

limitations10, such as off-target effects, cytotoxicity, editing accuracy, and multiplexing ceiling.  

 Limitations in the scale and precision of current genome editing methods have motivated our 

recent work to develop a nuclease-independent eukaryotic multiplex genome engineering (eMAGE) 

platform11, which directs the annealing of multiple ~90-nt single-stranded oligodeoxynucleotides 

(ssODNs) at the DNA replication fork to rapidly generate precise combinatorial (105-106) genome 

modifications with up to 40% efficiency across many (10-102) loci in targeted genomic regions of S. 

cerevisiae (Fig. 1a). The eMAGE method uses a counter-selectable marker (e.g., URA3) adjacent to the 

targeted genomic region to enrich ssODN-edited cells via a co-selection strategy11, 12 (Fig. 1b). Like 

other ssODN-mediated genome editing methods13-15, eMAGE editing efficiency is greatly enhanced by 

inactivation of genes required for DNA mismatch repair (MMR)11. However, such constraints reduce 

genome stability, which could lead to the accumulation of unintended secondary mutations from 

unresolved DNA replication errors and spontaneous lesions, and requires prior modifications of the 

genome (e.g., deletion of MMR genes).  

In this study, we describe several key advances in eMAGE to address these limitations and 

enhance editing efficiency (Fig. 1b). First, we redesigned the eMAGE protocol and editing assay, 

substantially reducing experimental workflow time by two days, or 40%, and permitting rapid analysis 
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of a larger number of edited cells with improved precision. Second, we performed systematic 

optimization of ssODN concentration, ratio and modification, as well as implemented a new co-selection 

strategy, leading to a striking increase in eMAGE efficiency with up to ~90% edited cells in a 

population. Finally, we developed a system for transient and controllable MMR suppression by 

engineering expression of dominant negative MMR mutants, achieving high-efficiency editing in DNA 

repair-proficient cells with enhanced genome stability and reduced frequency of unintended secondary 

mutations. 

 

 We first set out to reduce co-selection time and increase assay throughput by developing an 

improved editing reporter compatible with flow cytometry to accelerate the eMAGE workflow. To 

 
 
Fig. 1: Increase eMAGE editing efficiency by redesigning co-selection markers and optimizing ssODN 
conditions. a, eMAGE efficiently generates precise combinatorial genome editing in diverse genetic elements 
through directing the simultaneous annealing of multiple transfected ssODNs to the lagging strand of a replication 
fork. eMAGE co-selection via an ssODN-edited adjacent selectable marker enriches cells with combinatorial 
editing in the targeted genomic loci. RF: replication fork. b, Systematic optimization of eMAGE at multiple levels 
by this study improves genome editing performance with faster editing workflow and enhances genome stability 
in eMAGE cells, resulting in ~90% edited cells in the co-selected population. c, Fluorescent reporter design allows 
accurate and robust quantification of eMAGE editing efficiency. Yeast strain is deficient in MMR with deletion 
of the MSH2 gene (msh2). FS: frameshift. d, Typical eMAGE workflow for co-selection and flow cytometry of 
yeast strains carrying the URA3(FS)-RFP(FS) reporter, taking 3.5 days from ssODN electroporation to RFP 
readout. e, Comparison of eMAGE ARF across a series of conditions with different ssODN concentrations and 
ratios. All values represent mean ± SD for at least three replicates. p values of multiple-group comparisons from 
ordinary one-way ANOVA Dunnett’s test and p values of two-group comparisons from unpaired t-test. ns, not 
significant, *p < 0.05, **p < 0.01, ***p < 0.001.  
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measure eMAGE editing allelic replacement frequency (ARF), we previously used a URA3-ADE2 

reporter11 assay with a 5.5-day turnaround time to quantify ADE2 ARF as the percentage of ade2 edited 

cells (red colonies) on culture plates containing 5-fluoroorotic acid (5-FOA, a chemical compound that 

counterselects ura3 cells). The redesigned eMAGE reporter harbors URA3 and yEmRFP genes each 

carrying a predefined frameshift (FS) located in a previously characterized genomic locus11  of 

replication origin ARS1516 in chromosome XV (Fig. 1c). Yeast cells co-transfected with ssODNs 

restoring the correct reading frames of both URA3 and yEmRFP were co-selected in liquid medium 

lacking uracil and analyzed via flow cytometry to determine the frequency of RFP positive cells, which 

represents eMAGE ARF (Fig. 1d). The new URA3(FS)-RFP(FS) reporter provides three advantages 

over the previous URA3-ADE2 reporter11. First, it reduces culturing time needed for eMAGE co-

selection from four to two days by making use of the more robust positive URA3 selection and rapid 

RFP readout (Fig. 1d), and avoiding laborious plating and colony screening procedures. Second, it 

eliminates interference from secondary mutations due to the extremely low frequency of spontaneous 

frameshift correction (which we did not observe), rendering co-selection more stringent by avoiding 

background 5-FOA resistant mutants (~10% of total ura3 colonies11) that are unrelated to ssODN 

editing. Third, it facilitates rapid (~30 seconds per sample) and more accurate quantification of eMAGE 

editing frequency via analyzing a larger population by flow cytometry (>105 flowed cells vs. 102-103 

colonies), resulting in a significantly improved assay throughput (>100 samples per hour). Together, this 

fluorescent reporter system permits convenient, fast and accurate comparison of eMAGE ARF among 

diverse conditions, establishing a facile system for optimization.  

 Using the fluorescent reporter system, we next attempted to optimize eMAGE ARF by 

investigating a wide range of concentrations between ssODNs targeting the edited locus (RFP) and the 

co-selection marker (URA3). Holding concentration of the RFP-ssODN at 10 µM and total ssODN 

concentration at 20 µM by supplementing a non-targeting ssODN, we decreased concentration of the 

URA3-ssODN and observed up to ~40% ARF in the RFP gene. This is a significant increase over the 

25% baseline using the previous protocol11, in which ssODN concentration is 10 µM for both the co-

selection marker (URA3) and editing targeted site (RFP) (Fig. 1e, group 1). Conversely, samples with a 

decreased RFP- to URA3-ssODN concentration ratio showed reduced eMAGE ARF in the range of ~13-

22% (Fig. 1e, group 2). These results suggest that eMAGE ARF can be enhanced by limiting the cellular 

availability of ssODN targeting the selectable marker to increase the stringency of co-selection. With the 

same ratio of ssODN concentrations, total concentration of ssODNs through 40 µM positively correlated 
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with eMAGE ARF up to ~48% (Fig. 1e, compare groups 1, 3, 4 and 5). Further increase of RFP ssODN 

concentration to 60, 80 or 100 µM showed no further enhancement in eMAGE ARF (Fig. 1e, group 6), 

despite a slight increase in the RFP positive frequency in ssODN-transfected cells prior to URA3 co-

selection (Extended Data Fig. 1a), suggesting that eMAGE ARF reaches an efficiency ceiling with 

URA3-ssODN at ~40 µM. Given that concentration of URA3-ssODN also positively influences the 

initial number of URA3 cells (Extended Data Fig. 1b) and the total ssODN concentration negatively 

correlates with cell survival after electroporation (Extended Data Fig. 1c), we converged on optimal 

ssODN conditions: 20-60 µM total ssODN with a 20:1 ratio of ssODNs targeting edited site(s) and the 

co-selection marker (e.g., Fig. 1e, condition 22). We also attempted to increase the nuclease resistance of 

ssODNs by modifying their terminal nucleotides at both ends with phosphorothioate bonds and observed 

a minor but statistically significant ARF increase of ~5% over unmodified ssODNs at 40 and 80 µM 

(Extended Data Fig. 1d). 

 We previously observed that eMAGE ARF decreases as the distance between edited sites and the 

co-selection marker increases: ~40% at 1 kb, to ~15% at 5 kb, to ~ 5% at 20 kb11. We hypothesize that 

flanking the targeted genomic region with two co-selection markers would sustain high levels of 

multisite editing across a longer genomic locus. To test this hypothesis, we constructed a five-gene 

construct URA3(FS)-BGR(FS)-ADE2(FS), comprising three fluorescent reporters (ymTagBFP2, 

ymUkG1 and yEmRFP) flanked by two selectable markers (URA3 and ADE2), each of which bears a 

predefined frameshift mutation (Fig. 2a). Applying the ssODN concentration and ratio from the 

optimization experiments described above (1 µM for each co-selection marker and 20 µM for each 

fluorescent reporter), we observed that co-selection using both URA3 and ADE2 markers led to 

significantly higher eMAGE ARF (50-70%) in all three fluorescent reporters, as compared to co-

selection using a single marker (Fig. 2b). Analysis of eMAGE multiplex editing further revealed that 

dual-marker co-selection enriched significantly more double- and triple-edited cells (~60% vs. ~30-40%) 

and dramatically reduced the unedited sub-population from ~30% to ~5% (Fig. 2c). Using the three 

fluorescent genes in the eMAGE reporter, we further compared three genetic architectures for dual-

marker co-selection by differentially gating the flow cytometry data to determine how the relative 

positions of the co-selection markers affect ARF (Extended Data Fig. 2a). We found that dual-marker 

co-selection in any placement configuration outperformed single-marker co-selection, and that markers 

flanking the targeted site resulted in the highest ARF (Extended Data Fig. 2b). 
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 Consistent with prior observations11, 13, we confirmed that deletion of MSH2 (msh2∆) increased 

editing frequency three- to five-fold in all five markers of the multi-gene URA3(FS)-BGR(FS)- 

ADE2(FS) reporter (Fig. 2a) after transfection of a pool of five ssODN at the optimal concentrations 

(i.e., 1 µM for URA3, ADE2 and 20 µM for B-, G-, RFP genes) (Extended Data Fig. 3). This msh2∆ 

background also led to a 10-fold increase of double-edited URA3, ADE2 cells, bolstering the dual-

marker co-selection strategy. To maintain high eMAGE ARF (~90% edited) while circumventing 

permanent MMR inactivation, we adopted a similar approach used successfully for MAGE in bacteria16: 

transient expression of dominant negative mutants of MMR proteins (MMR-DN) in DNA repair-

proficient cells to temporarily suppress MMR prior to ssODN electroporation (Fig. 3a). To gain tighter 

  

Fig. 2: Improved eMAGE multiplex editing with dual selectable markers. a, eMAGE reporter carrying three 
fluorescent and two selectable marker gene cassettes for rapid quantification of eMAGE multiplex ARF by flow 
cytometry. Sizes of the genetic elements are not shown in actual scale. Distance of frameshift mutations in each 
targeted gene to the replication origin is shown. b, Comparison of eMAGE ARF of three fluorescent genes in cells 
co-selected using either single or dual selectable markers. Typical eMAGE workflow and representative flow 
cytometry plots of cells passed through -Ura -Ade co-selection are shown on the right. c, Multiplex editing analysis 
of cells carrying the eMAGE reporter shown in a. Co-selected cells have different combinations of fluorescent 
signals based on the frameshift correction status in three fluorescent reporter genes. The internal numbers of the 
lower stack bars represent mean percentages of the sub-populations with different fluorescent signal combinations. 
The internal numbers of the lower stack bars represent mean percentages of the sub-populations with different 
fluorescent signal combinations. The upward facing error bars on top of the stacked bars represent SD of the mean 
percentages of the four editing categories (unedited, single-, double-, triple-edited cells). The downward facing 
error bars internal to the stacked bars represent SD of the mean percentages of each sub-population with the 
specified multiplex editing statuses by the color codes. All values represent mean ± SD for at least three replicates. 
Statistical significance analysis of the means of each editing category was performed. p values from ordinary one-
way ANOVA Dunnett’s test. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.  
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control of the expression level of MMR-DN mutants and enhance the reproducibility of this method, we 

modified a previously reported -estradiol inducible expression system by stably integrating the 

estradiol-responsive transcription activator (GEM) expression cassette in a defined genomic locus 

(YFL033C18) to constitutively express GEM at a moderate level in order to achieve tunable induction of 

MMR-DN upon -estradiol titrations. We then empirically characterized this regulator using RFP 

expression which showed a dynamic range of inducible expression levels with no detectable uninduced 

basal expression. (Extended Data Fig. 4a).  

 Next, we screened nine different MMR-DN mutants from three subunits (MSH2, MSH6 and 

MLH1) of the yeast mismatch repair MutS complexes, which have shown strong dominant negative 

effects in previous studies19-21, together with three wild-type subunit proteins (Extended Data Table 1), 

 

Fig. 3: Transient inactivation of mismatch repair enables efficient eMAGE editing in DNA repair-proficient 
cells. a, Rationally designed tunable overexpression of dominant negative subunits of the yeast DNA mismatch 
recognition and repair complex MutS/ causes transient MMR deficiency in DNA repair-proficient cells, 
resulting in high on-target editing efficiency with low spontaneous mutation rate. MMR: DNA mismatch repair. 
DN: dominant negative. RF: replication fork. b, Multiplex editing analysis of cells expressing selective MMR-DN 
mutants at three selective conditions. -E: -estradiol. The internal numbers of the lower stack bars represent mean 
percentages of the sub-populations with different fluorescent signal combinations. The internal numbers of the 
lower stack bars represent mean percentages of the sub-populations with different fluorescent signal combinations. 
The upward facing error bars on top of the stacked bars represent SD of the mean percentages of the four editing 
categories (unedited, single-, double-, triple-edited cells). The downward facing error bars internal to the stacked 
bars represent SD of the mean percentages of each sub-population with the specified multiplex editing statuses by 
the color codes. All values represent mean ± SD for at least three replicates. Statistical significance analysis of the 
means of each editing category was performed. p values from ordinary one-way ANOVA Dunnett’s test. ns, not 
significant, *p < 0.05, **p < 0.01, ***p < 0.001.  
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via episomal overexpression in a MMR-proficient strain (Extended Data Fig. 4b) harboring the 

URA3(FS)-BGR(FS)-ADE2(FS) reporter (Fig. 2a). Among the 12 tested MMR protein variants, 

moderate expression (-estradiol: 0.4 µM) of MSH2-DN mutants19 led to the highest frameshift 

correction frequencies in three fluorescent genes, followed by MLH1-WT (for which overexpression 

was reported to have a DN effect20) and MLH1-DN mutants20, while expression of MSH6-DN mutants21 

surprisingly showed no significant dominant negative effect in our assay (Extended Data Fig. 4c). 

Notably, we screened MMR-DN candidates using the frequency of fluorescent cells in ssODN-

transfected population prior to co-selection, which directly reflects the efficiency of ssODN 

incorporation and is thus more sensitive to MMR suppression than the post co-selection eMAGE ARF.  

We then selected MSH2-GGDD and MLH1-WT for further optimization by fine-tuning the 

expression level of both mutants alone and in combination. Expression of MSH2-GGDD alone at 

relatively high levels (-estradiol: 0.6-1 µM) or in combination with MLH1-WT at relatively low levels 

(-estradiol: 0.2-0.4 µM) yielded similar frameshift correction frequency as the msh2∆ cells with no 

statistically significant difference (Extended Data Fig. 4d). Importantly, analysis of eMAGE multiplex 

editing demonstrated that three selected MMR-DN mutant expression conditions each confer proportions 

of unedited, single-, double-, and triple-positive cells indistinguishable from msh2∆ background (Fig. 

3b). Interestingly, albeit having significantly less total edited cells than other strains with permanent or 

transient MMR inactivation, the MMR-proficient (WT) strain is capable of considerably improved 

eMAGE editing as compared to our prior results11, due to the optimization of ssODN condition and the 

new eMAGE co-selection design described in this study (Fig. 1 and 2). This provides a new opportunity 

to conveniently apply the reported optimized conditions to enable eMAGE with modest efficiency in 

DNA repair-proficient cells independent of MMR modulation. Assessment of spontaneous mutation rate 

by Luria-Delbrück fluctuation analysis22 revealed that MMR-proficient cells carrying episomal MSH2-

GGDD have a similar frequency of spontaneous mutations to wild-type cells, which can be transiently 

toggled to a level similar to msh2 cells upon MMR-DN expression (Extended Data Table 2, column 

A). Further analysis of data collected in this study demonstrates that tunable expression of MSH2-

GGDD not only preserves wild-type levels of low spontaneous mutations (Extended Data Table 2, 

column B), but also inducibly enables msh2 levels of high-efficiency multiplex editing in a transiently 

relaxed genomic context with up to 104 possible combinations of genomic diversity (Extended Data 

Table 2, column C-E).  
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 In summary, this study accelerates the eMAGE editing workflow by ~40%, improves on-target 

editing efficiency up to 70% for single edits and >60% for multiplex editing, resulting in ~90% of cells 

carrying intended genomic modifications after one round of eMAGE. The engineered MMR system for 

transient suppression of DNA repair genes permits high-efficiency eMAGE editing in DNA repair-

proficient cells, reducing unintended mutations by at least 4-fold during the editing process and ~17-fold 

in long-term outgrowth, thereby stabilizing the genome in eMAGE strains (Fig. 1b). We expect that 

these advances will empower eMAGE for tasks that demand precise and combinatorial diversification of 

targeted genetic elements with prolonged cultivation23, such as protein engineering, molecular evolution, 

heterologous pathway optimization, and synthetic genome construction. Given the highly conserved 

nature of eukaryotic DNA replication and repair, we envision that the reported advances of eMAGE can 

guide subsequent development of analogous nuclease-independent genome editing technologies in other 

yeast and eukaryotic cells. 

 

Methods 

Strain construction. Yeast strains used in this study can be found in Supplementary Table 1 and 

sequences of important genomic loci can be found in Supplementary File 1. To construct the yeast 

strain harboring the URA3(FS)-RFP(FS) eMAGE reporter (Fig. 1c), the URA3 cassette of EMB10111 

was first replaced by a PCR product of ymUkG124(FS)-yEmRFP25(FS) cassettes via standard 

homologous recombination (HR) and 5-FOA counterselection, resulting in yeast strain SZL149. Next a 

URA3 cassette was reintroduced to replace the ymUKG1(FS) cassette via HR and uracil drop-out 

selection, resulting in strain SZL238 with URA3-yEmRFP(FS). Next a frameshift mutation was 

introduced in the URA3 coding sequence by eMAGE with an ssODN, OZL327 (information of PCR 

primers can be found in Supplementary Table 3), followed by 5-FOA counterselection, resulting in 

strain SZL247. Finally, the MSH2 gene was deleted by a KanMX4 cassette conferring G418 (geneticin) 

resistance, resulting in strain SZL335 that was used in Fig. 1e. To construct strains capable of -estradiol 

inducible expression, GEM effector expression cassette together with the LEU2 marker was PCR 

amplified from pHES83917 (Addgene # 87941) using primers OZL348 and OZL349 and integrated 

downstream of the YFL033C locus of SZL149 and SZL281 (SZL149+msh2), resulting in strain 

SZL281 and SZL308, respectively. To construct the yeast strains harboring the URA3(FS)-BGR(FS)-

ADE2(FS) eMAGE reporter (Fig. 2a), URA3-ymTagBFP2(FS) cassettes (ymTagBFP2: codon-optimized 

mTagBFP226 for S. cerevisiae from this study, coding sequence can be found in Supplementary File 1) 
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was integrated between ARS1516 and the ymUkG1(FS) cassette of SZL281 and SZL308, resulting in 

strain SZL345 and SZL347, respectively. Next a frameshift mutation was introduced in the URA3 and 

ADE2 coding sequences by a round of eMAGE with ssODN OZL327 and OZL428, resulting in strain 

SZL376 that was used in Fig. 3b and Extended Data Fig. 3c,d (MMR-WT), and strain SZL348 that was 

used in Fig. 2b,c, Fig. 3b and Extended Data Fig. 3c,d (msh2). Yeast transformation was performed 

via the optimized PEG/lithium acetate protocol of the Wilson lab27. All eMAGE reporter loci were 

sequence verified in the final strains.  

 

Media. For yeast cultivation, cells were grown in nonselective YPADU liquid medium, which consists 

of YPD (10 g/l Yeast Extract, 20 g/l Peptone, 20 g/l Dextrose), supplemented with 40 mg/l adenine hemi 

sulfate, and 20 mg/l uracil. For auxotrophic selection, synthetic defined media with 2% glucose and 

drop-out of corresponding nutrients were used. For eMAGE with frameshifted markers, yeast was 

cultured in YPADU and recovered immediately after ssODN electroporation in YPADU with 0.5 M 

sorbitol. For culturing yeast strains carrying episomal expression vectors of MMR genes, YPADU with 

200 µg/ml zeocin was used. 

 

Plasmid cloning. Plasmids used in this study can be found in Supplementary Table 2. For inducible 

expression of MMR subunits, the LEU2 cassette of pRSII42528 (Addgene #35468) was replaced by a Sh 

ble cassette conferring zeocin resistance, resulting in a shuttle vector pRSII42B (this study) harbored in 

strain SZL134. Wild-type MMR genes (MSH2, MSH6, MLH1) were PCR amplified from genomic DNA 

of yeast strain BY474129 and cloned together with the bidirectional inducible Gal1-10 promoter into the 

PCR amplified pRSII42B backbone with OZL14 and OZL15 via Gibson assembly30 using NEBuilder 

Kit (NEB, catalog E2621). MMR-DN mutant genes were subsequently generated via site-directed 

mutagenesis using either Q5 Site-Directed Mutagenesis Kit (NEB, catalog E0554S) or QuikChange 

Lightning Multi Site-Directed Mutagenesis Kit (Agilent, catalog 210515) according to the manufacturer 

protocols.  

 

ssODN electroporation. ssODN electroporation was carried out using the previously reported 

protocol11. In brief, a single colony was inoculated in a 2 ml starter culture of appropriate media and 

grown overnight to saturation. The next day, the culture was diluted 1:100 into 10 ml fresh media and 

grown until the OD600 is between 0.6 and 1.0 in 4-6 hours. Cells were then pelleted and incubated in 
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DTT-LiTE buffer (100 mM lithium acetate, 25 mM DTT, 500 mM hydroxyurea, 1x TE at pH 8.0) for 30 

min at 30˚C. Cells were then washed with ice cold water and 1 M sorbitol. The specified combinations 

and concentrations of ssODNs were prepared in 200 ul 1 M sorbitol, and used to resuspend the washed 

cells. ssODN electroporation was carried out in a 2-mm cuvette (Biorad, catalog 1652086) at 1500 V, 25 

µF, 200 Ω. Immediately after electroporation, 1 ml eMAGE recovery medium (YPADU with 0.5 M 

sorbitol) was added to the cuvette, and the resuspended cells were added to a 15 ml culture tube 

containing 4 ml recovery media (final volume: 5 ml). Cells were then incubated at 30˚C in a drum 

rotator (Fisher Scientific, catalog 14251- 228Q/ 232Q) for 12 hours prior to co-selection. Information of 

ssODNs used in this study can be found in Supplementary Table 3. 

 

eMAGE co-selection. After overnight recovery after ssODN electroporation, 500 µl of saturated 

culture was spun down, washed once with 1 ml sterile water, and transferred to 5 ml synthetic 

defined media with drop-out of auxotrophic nutrients based on the applicable selectable markers. 

This 10-fold diluted culture was first grown for 24 hours (single-marker co-selection) or 48 hours 

(dual-marker co-selection), then diluted 100-fold in 3 ml of the same synthetic defined media and 

incubated for another 24 hours to saturation. Sequential dilutions of 10- and 100-fold in two steps 

ensure that unedited cells represent less than 0.1% in co-selected population and therefore exert 

negligible influence on eMAGE ARF quantification, while making sure sampling errors in each 

dilution are within acceptable range (95% confidence level and 2% margin of error).   

 

Flow cytometry analysis. Flow cytometry was carried out on BD FACSAria II. ymTagBFP2 was 

excited by the violet laser (405-nm) with the DAPI emission filter (450/40); ymUkG1 was excited 

by the blue laser (488-nm) with the FITC emission filter (530/30); yEmRFP was excited by the 

green laser (561-nm) with the Texas-Red emission filter (610/20). Yeast cells were washed and 

resuspended in 1x PBS prior to flow cytometry. Flow cytometry data were analyzed in FlowJo V10. 

 

Cell survival assay. To measure the effect of ssODN concentration on cell survival, strain SZL335 was 

prepared the same way as in eMAGE and electroporated with representative concentrations of RFP- and 

URA3-ssODN. Immediately after ssODN electroporation, cells were plated onto YPADU plate with 0.5 

M sorbitol and incubated at 30˚C for 2 days. The number of colonies on each plate was counted and 
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normalized with the plating volumes and dilution factors to calculate the percentage of viable cells in 

each condition. Cell viability data were normalized to untreated cells (100 % viable). 



-estradiol inducible expression. The -estradiol inducible system was constructed as above (Strain 

construction and Plasmid cloning). Constitutively expressed GEM translocates from cytosol to nucleus 

upon -estradiol binding and activates transcription of the Gal1-10 promoter. -estradiol (Sigma, catalog 

E1024) was prepared as a 10 mM stock solution in 100% ethanol, then diluted in media to working 

concentrations between 0 and 1 µM. Titration of inducible expression levels was empirically determined 

using RFP expression. Plasmids were maintained via zeocin selection. RFP fluorescence and cell density 

(OD600) were measured in each -estradiol concentration along a 24-hour time course using a BioTek 

plate reader (Synergy H1), and selective time points were plotted to visualize the dose-response curve of 

gene expression as shown in Extended Data Fig. 4a. 

 

Fluctuation analysis. To quantify the spontaneous mutation rate of selective eMAGE strains in Fig. 3d, 

Luria-Delbrück fluctuation analysis was performed using a protocol modified from Lang22. In brief, a 2 

ml starter culture was inoculated from a single colony in synthetic defined medium with drop-out of 

uracil and grown overnight to saturation. The next day different cultures were adjusted to the same OD 

of 1.0 and then diluted 5,000-fold in nonselective YPADU medium without or with -estradiol in the 

specified concentration. 100 ul of diluted yeast culture was added to each well of a 96-well plate at a 

seeding density of 200-600 cells and incubated at 30˚C without shaking for 2 days until saturation. For 

each 96-well plate, cultures of 12 wells were pooled and used to determine the average number of cells 

per culture (N) by limited-dilution plating. The entire cultures (100 µl) of the remaining 84 wells were 

spot plated on 5-FOA media and incubated at 30˚C for 4 days. Mutation rate (µ): mutation events per 

cell per division or generation, was calculated using the p0 method with formula: µ = -ln(p0)/N, where 

p0 is the fraction of spot cultures with no colony. 

 

Calculations of spontaneous mutation and eMAGE on-target editing. In Extended Data Table 2, 

spontaneous mutations rates of the URA3 gene shown in column A were determined by the fluctuation 

analysis described above. Estimated numbers of spontaneous mutations shown in column B were 

calculated by normalizing the size of the URA3 gene (804 bp) to S288c genome (12 mb) and multiplying 

the numbers of cell division in a typical round of eMAGE (~66 cell divisions) or after accumulative 
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cultivation of 10 days (~120 cell divisions). The cell division numbers were estimated based on the total 

time of yeast cultivation (i.e., ~132 hours during eMAGE comprising 48-hour: isolated colony forming 

from frozen glycerol stock, 24-hour: eMAGE starter culture incubation, 12-hour: recovery post ssODN 

electroporation, and 48-hour: eMAGE co-selection) with an average 2-hour doubling time. The Average 

numbers of eMAGE on-target edits shown in column C were derived from data of the eMAGE multiplex 

editing experiments shown in Fig. 3b using formula: Avg. edits= Σ[(% of sub-population)×(number of 

edits)], where ‘% of sub-population’ is the percentage of cells with either 0, 1, 2 or 3 edits. The number 

of double-edited URA3, ADE2 cells after ssODN electroporation and recovery shown in column D were 

calculated with cell viability data (~10% at 60 µM ssODN) shown in Extended Data Fig. 1c and the 

URA3, ADE2 double frameshift correction frequency (~0.0015% for WT, ~0.015% for msh2 and 

MSH2-GGDD (-E: 0.6 µM)) shown in Extended Data Fig. 3. Total numbers of eMAGE edited sites 

shown in column F were calculated by multiplying the values in column C and D.  

 

Statistical analysis. GraphPad Prism 8 was used for all statistical analysis. All data sets were generated 

with at least three replicates unless specified otherwise, and error bars are reported as mean ± SD. 

Ordinary one-way ANOVA Dunnett’s tests were used to measure significance of data of multiple 

groups, and unpaired t-tests were used to measure significance of data of two groups with confidence 

level cutoff of ns, not significant ≥ 0.05, *p < 0.05 **p < 0.01, ***p < 0.001, ****p < 0.0001.  
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Extended Data Table 1: Subunit variants of DNA mismatch repair MutS complexes tested in this study. 

  

MMR gene Variant Mutated domain Protein biochemistry 
Reported spontaneous 

mutation ratea (vs. wild-type) 
Sources 

MSH2 

Wild-type - - Unchangedb 

Alani et al, 
Mol Cell Biol. 
199719 

G693D 

ATPase (MSH2) 

Defective ATP binding 

~50-foldb G855D 
Defective ATP binding, hydrolysis and 
MutS-DNA complex formation 

G693D, G855D 
(GGDD) 

Combined effects of two single mutants 

MSH6 

Wild-type - - Unchangedb 

Gupta et al, 
Nat Genet. 
200021 

S1036P ATPase (MSH6) Defective ATP hydrolysis 

~15-foldb G1067D 
Domain interacting 

with ATPase (MSH2) 
Defective ATP hydrolysis and MutS-
DNA complex formation 

G1142D 

MLH1 

Wild-type - Imbalanced MLH1-PSM1 stoichiometry ~13-foldb 

Shcherbakova 
et al, Mol Cell 
Biol. 199920 

G64R 

ATPase (MLH1) Defective ATP binding and hydrolysis ~6-foldc I65N 

T114M 

a Based on reported data of the referenced literatures, showing the fold increases of mutation rate upon overexpression of specific MMR proteins as 
compared to the corresponding wild-type strains.  
b Overexpressed from high-copy 2µ plasmids. Mutation rates of CAN1 gene were measured by quantification of canavanine resistance colonies. 
c Expressed from the endogenous MLH1 locus. Mutation rates of lys2::InsE-A14 locus were measured by quantification of Lys+ colonies. 
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Extended Data Table 2: Influence of MMR proficiency on eMAGE genome editing and spontaneous mutations.  
 

 

Column A shows spontaneous mutation rate of yeast strains determined by fluctuation analysis of URA3 loss-of-function mutagenesis. The MMR fidelity 

of the yeast strain carrying p[MSH2-GGDD] (episomal vector of MSH2-GGDD inducible expression) can be toggled between the levels of wild-type 

(uninduced) and msh2-E: 0.6 µM) cells. Mutation rates of the wild-type and msh2 strains observed in our study are consistent with previous reports31. 

Column B shows the estimated number of spontaneous mutations in the compared strains. Because MSH2-GGDD is only expressed prior to ssODN 

electroporation for 18 hours out of the 5.5 days of total cultivation time needed for one round of eMAGE (2-day of isolated colony forming from frozen 

glycerol stock and 3.5-day of eMAGE protocol time), the transient expression scheme greatly reduces the accumulated spontaneous mutations during one 

round of eMAGE by >4-fold as compared to msh2cells, to a level similar to the MMR-proficient (wild-type) cells (column B, eMAGE). Notably, 

eMAGE strains often go through multiple rounds of editing and are used in applications require prolonged cultivation. Therefore, wild-type levels of 

  A B C D E 

MMR status Spontaneous mutation rate  
Est. number of            

spontaneous mutations (per cell) 
Avg. number of       
on-target edits 

Approx. number of 
URA3, ADE2 cells 

Total number of 
eMAGE edited sites 

(ura3 per cell per division) eMAGEa 10-day cultivationb (per cell per eMAGE) (electrop. cells: 109) (edited sites=C×D) 

Wild-type 5.45×10-8 0.05  0.10 1.4 ~1.5×103 2.1×103 

msh2 1.38×10-6 1.37  2.50 1.7 ~1.5×104 2.6×104 

Wild-type 
+ 

p[MSH2-GGDD] 

8.02×10-8  

(uninduced) 

0.33 0.15 1.7 ~1.5×104 2.6×104 
1.93×10-6  

(-E: 0.6 µM) 

a One round of eMAGE involves ~66 cell divisions; MSH2-GGDD was induced for 18 hours (~9 cell divisions). Detailed calculations in Method. 
b Est. cultivation time of eMAGE relevant applications (e.g., metabolic variant selection or engineered protein production).  
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genome stability of the eMAGE strain carrying p[MSH2-GGDD] lead to a substantial 17-fold reduction of secondary mutations during cell cultivation 

(column B, 10-day cultivation). Meanwhile, tunable expression of MSH2-GGDD allows msh2 levels of high editing efficiency (column C) and provides 

a 10-fold increase of double edited URA3, ADE2 cells (column D), resulting in significantly increased genomic diversification up to 104 unique variants as 

compared to MMR wild-type strain (column E). -E: -estradiol. Data sources and information of the calculations involved in this table can be found in 

Method. 
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Extended Data Fig. 1: Effect of ssODN concentration and modification on frequency of edited cells 

and cell viability. a, Frequency of RFP positive cells in ssODN-transfected population prior to -Ura 

selection under different ssODN concentrations and ratios used in Fig. 1e. It positively correlates with 

the concentration of RFP-ssODN. b, Frequency of URA3 cells decreases with URA3-ssODN 

concentration. c, Cell survival of selective conditions used in Fig. 1e, showing decreased viability after 

electroporation with increased ssODN concentration. Cell viability data were normalized to untreated 

cells (100 % viable). d, Protecting ssODN from exonuclease degradation by modifying the last 4 nt of its 

5’ and 3’ ends with phosphorothioate bonds does not result in major enhancement of eMAGE ARF as 

compared to unprotected ssODNs. All values represent mean ± SD for at least three replicates. p values 

of multiple-group comparisons from ordinary one-way ANOVA Dunnett’s test and p values of two-

group comparisons from unpaired t-test. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.  
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Extended Data Fig. 2: Comparison of three dual-marker placement strategies. a, eMAGE reporter 

used in this analysis containing the same frameshifted fluorescent reporter genes as the one in Fig. 2a. 

To simulate the three possible architectures for co-selection marker placement: (i) proximal to ARS, (ii) 

distal to ARS, and (iii) flanking targeted loci, the flow cytometry data collected from the same 

experiments were analyzed as follows: two of the three fluorescent markers were used as parental gates 

to select the cells with either single or double positive fluorescent phenotypes. The percentage of these 

gated cells that are positive for the remaining (third) fluorescent gene represents the eMAGE co-

selection ARF. b, Comparison of eMAGE ARF using co-selection with either a single or dual 

fluorescent marker in the above three placement configurations. In all scenarios, co-selection with two 

markers (last bar) yields higher eMAGE ARF compared to co-selection with only a single marker. 

Architecture (iii), in which the co-selection markers flank the targeted loci, resulted in the highest ARF 

gain among the tested dual-marker placement strategies. All values represent mean ± SD for at least 

three replicates. p values from ordinary one-way ANOVA Dunnett’s test. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001.   
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Extended Data Fig. 3: MMR deficiency promotes eMAGE editing and benefits implementation of 

dual-marker co-selection. a, Comparison of MMR wild-type (WT) and MSH2 knockout (msh2 

strains for their frameshift correction frequency of each marker in the eMAGE reporter shown in Fig. 2a. 

Deletion of MSH2 confers a three to five-fold increase in frameshift correction frequency and a 10-fold 

increase of double-edited URA3, ADE2 cells. All values represent mean ± SD for at least three 

replicates. p values from unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  

.CC-BY-NC-ND 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 31, 2020. ; https://doi.org/10.1101/2020.08.30.256743doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.30.256743
http://creativecommons.org/licenses/by-nc-nd/4.0/


  23

 

Extended Data Fig. 4: Engineering tunable expression of dominant negative mutants to modulate 

MMR fidelity during eMAGE editing. a, RFP induction over 24 hours with titration of -estradiol 

concentration reveals a robust dose-response and time-dependent expression curve. b, Selected MMR 

subunit variants of three wild-type proteins and nine dominant negative mutants overexpressed using our 

improved -estradiol inducible system from high-copy 2µ plasmids (see plasmids used in this study in 

Supplementary Table 2). This vector allows inducible expression of up to two MMR subunits 

simultaneously using the bidirectional Gal1-10 promoter upon supplying -estradiol in growth media of 

strains with GEM expression. Expression of subunit variants from episomal vector was induced with -

estradiol for 18 hours prior to ssODN electroporation. After electroporation cells were recovered 

overnight in medium without -estradiol and analyzed by flow cytometry without co-selection. Notably, 

this vector is also compatible with conventional galactose induction providing flexibility for yeast strains 

.CC-BY-NC-ND 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 31, 2020. ; https://doi.org/10.1101/2020.08.30.256743doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.30.256743
http://creativecommons.org/licenses/by-nc-nd/4.0/


  24

without a pre-integrated GEM cassette. However, galactose induction is not preferable due to the 

expression level of MMR-DN is more difficult to be controlled and it requires carbon source changes 

that could perturb cell growth and increase protocol time. c, Influence of 12 MMR subunit variants on 

ssODN-mediated frameshift correction frequency in three fluorescent reporter genes shown in Fig. 2a, 

as compared to MMR-proficient (WT) and MMR-deficient (msh2 cells. Expression of subunit variants 

from episomal vector was induced with 0.4 µM -estradiol for 18 hours (~50% of maximum 

overexpression) prior to ssODN electroporation. d, Modulation of MMR fidelity by titrating MSH2-

GGDD and MLH1-WT expression with different -estradiol concentrations. p values of multiple-group 

comparisons from ordinary one-way ANOVA Dunnett’s test and p values of two-group comparisons 

from unpaired t-test. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.  
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Supplementary Table 1: Yeast Strains used in this study. 
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Supplementary Table 3: ssODNs and selective PCR primers used in this study. 

 

Supplementary File 1: DNA sequence files of important genomic loci and plasmids.  
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