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ABSTRACT  

Recognizing outcomes of DNA repair induced by CRISPR-Cas9 cutting is vital for precise genome 

editing. Reported DNA repair outcomes after Cas9 cutting include deletions/insertions and low 

frequency of genomic rearrangements and nucleotide substitutions. Thus far, substitution mutations 

caused by CRISPR-Cas9 has not attracted much attention. Here, we identified on-target point 

mutations induced by CRISPR-Cas9 treatment in the yeast Xanthophyllomyces dendrorhous by 

Sanger and Illumina sequencing. Different from previous studies, our findings suggested that the on-

target mutations are not random and they cannot render the gRNA effective. Moreover, these point 

mutations showed strong sequence dependence that is not consistent with the observations in Hela 

cells, in which CRISPR-mediated substitutions were considered lacking sequence dependence and 

conversion preferences. Furthermore, this study demonstrated that the NHEJ components Ku70, 

Ku80, Mre11, or RAD50, and the overlapping roles of non-essential DNA polymerases were 

necessary for the emergence of point mutations, increasing the knowledge on CRISPR-Cas9 

mediated DNA repair.  
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INTRODUCTION 

CRISPR-Cas9 genome editing relies on sequence-specific double-strand DNA cleavage by Cas9 

followed by DNA repair (1). Double-strand DNA breaks (DSBs) from Cas9 cutting can be repaired by 

non-homologous end joining (NHEJ), microhomology-mediated end joining (MMEJ), and homology-

directed repair (HDR) (2). NHEJ and MMEJ often result in nucleotide deletion or insertion (3-6). 

Although accurate genetic modifications can be introduced by HDR using exogenous donor DNA, the 

recombination efficiency is relatively lower than that of NHEJ in mammalian cells (7). A variety of 

strategies have been proposed to improve precise gene editing, such as modification of host repair 

pathways (8-10), use of Cas9 and gRNA mutants (11), providing single-stranded DNA donors (12), 

and computation prediction of mutations (6, 13, 14). Most of these methods were developed to 

address previously identified repair outcomes and mechanisms.  

Spontaneous repair of CRISPR-Cas9 mediated DNA cleavage usually leads to deletion and 

insertion (3-6). A low frequency of complex genomic rearrangements coming from the repair of 

CRISPR-Cas9-mediated DNA cleavage were also observed in mouse and human cell lines (15). In 

addition, single nucleotide substitutions around DNA cleavage sites after CRISPR-Cas9 treatment 

were reported in a few studies (4, 16, 17). Such substitution mutations caused by CRISPR-Cas9 are 

typically attributed to ineffective gRNA and spontaneous mutations, and this phenomenon has not 

attracted serious attention (4, 18). Recently, Hwang et al. developed a CRISPR-Sub method to 

statistically detect apparent substitutions in high-throughput sequencing data and proposed that DNA 

ligase IV, an essential component of the NHEJ repair pathway, is closely related with the nucleotide 

substitutions (18). However, the characteristics and the cause of nucleotide substitutions remain to be 

investigated. 

When using CRISPR-Cas9 to edit genes in an astaxanthin-producing yeast Xanthophyllomyces 

dendrorhous (19), we identified on-target nucleotide substitutions. This phenomenon motivated us to 

comprehensively characterize DNA repair outcomes in CRISPR-Cas9 genome editing using this 

yeast. In this study, we confirmed that the repair of CRISPR-Cas9-mediated DNA cleavage do lead to 

on-target point mutations. Furthermore, our data suggested that the on-target point mutations induced 

by the repair of CRISPR-Cas9 cleavage requires non-homologous end joining complex and non-

essential DNA polymerases. 

 

MATERIAL AND METHODS 

Yeast strains and manipulations 

X. dendrorhous strains used in this study are described in Supplementary Table S2. For standard 

growth, the yeast strains were grown with rotary shaking at 250 rpm and 22 °C in liquid YPD medium 

(1% yeast extract, 2% peptone, 2% glucose). Transformation of X. dendrorhous yeasts was 

performed using an electroporation procedure as previously described (20). Briefly, a single yeast 

colony growing on the YPD plate was inoculated into 40 ml of YPD broth in a 250 mL flask and 

incubated for 48 h at 22°C and 250 rpm. The pre-cultured cells were inoculated into 50 ml of YPD 

broth in a 500 mL flask to an optical density (OD600) of 0.02 and incubate at 22°C and 250 rpm 
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overnight until an OD600 of approximate 1.2. Then, cultures were centrifuged and the cell pellet was 

suspended in 25 mL of potassium phosphate buffer containing 25 mM freshly-made DTT and 

incubated for 15 min at room temperature. Next, the cells were washed twice using 25 mL of ice-cold 

STM buffer (270 mM sucrose, 10 mM Tris–HCl pH 7.5, 1 mM MgCl2) and resuspended in STM buffer 

to approximate 3 × 109 cells/mL. DNA fragments were acquired by SmaI cutting, mixed with 60 μl of 

the competent cells on ice, and transferred into 0.2 cm cuvettes and then electroporated at 1000 Ω, 

800 V, and 25 μF using BTX ECM830 Electroporator (Genetronics, San Diego, CA). Transformants 

were selected on YPD plate containing 200 μg/ml of G418 or 100 μg/ml of hygromycin, or 200 μg/ml 

of Zeocin.  

Plasmid construction 

Plasmids and oligonucleotide primers used in this study are described in Supplementary Data S2. 

The Gibson assembly method was used to construct plasmids. DNA insertion fragments and 

backbones were amplified using the KAPA HiFi HotStart PCR kit (Kapa Biosystems, Boston, USA), 

and they were assembled at 50 °C for 1 h. 

Construction of a CRISPR-Cas9 system for X. dendrorhous 

The Cas9 gene from the plasmid pCAS1yl (21) was codon-optimized and synthesized. An eGFP gene 

was employed to confirm the function of an SV40 nuclear localization sequence (NLS) that was 

codon-optimized according to the codon usage of X. dendrorhous. The SV40 NLS sequences were 

fused to both the C-terminal and the N-terminal of the codon-optimized Cas9 gene. The eGFP or the 

Cas9 gene was placed under the control of an ADH4 promoter. Expression of the sgRNA cassette 

was driven by a fusion promoter SCR1-tRNAAla (Data S2). The SCR1 and tRNA sequences were 

obtained by BLASTN search using the query sequences from Saccharomyces cerevisiae and 

Yarrowia lipolytica, respectively. Structural analysis of the predicted tRNA-Ala sequence was retrieved 

by the tRNAscan-SE 2.0 software using ViennaRNA Package 2.0 algorithms (22). The gRNA 

targeting sequences were designed using the online tool CRISPy-web (23). Scaffold_69 (GenBank 

No. LN483157.1) and Scaffold_79 (GenBank No. LN483167.1) of the X. dendrorhous genome 

assembly were scanned. The DNA regions of geranylgeranyl pyrophosphate synthase gene CrtE 

(LN483167.1: 1539235 to 1541616) and astaxanthin synthase gene CrtS (LN483157.1: 1230024 to 

1233189) were selected as the CRISPR-Cas9 targets. For ease of generating detectable phenotypes, 

the protospacers were designed in or near the active centers of CrtE, the structure of which was 

predicted by structure homology modeling using SWISS-MODEL server (24) and the human ortholog 

2Q80 (PDB ID) as a template (25). The predicted structures were visualized using the program 

PyMOL version 1.7.0.0. Target sequences were fused to the upstream of the structural gRNA. The 

Cas9 and sgRNA sequences were assembled in the same plasmid. For homologous recombination of 

Cas9 and sgRNA in X. dendrorhous genome, rDNA fragments were flanked to the CRISPR-Cas9 

expression cassettes containing a geneticin resistant gene as the selective marker. 

Western blotting 

The protein extraction protocol was modified according to a previous publication (26). Yeast strains 

were cultured in the YPD broth at 22°C and 250 rpm until the OD600 reached 2 to 4. The cells were 

harvested from 50 ml culture by centrifugation at 5,000 × g for 5 min at 4°C. The pellet was 
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resuspended in a protein lysis buffer containing 100 mM NaHCO3, 0.5% Triton 100, cocktail protease 

inhibitors (Roche, Mannheim, Germany), and pH 8.5. Cells were disrupted for six times in a RiboLyzer 

for 20 s at 4.0 m/s and chilled on ice for 1 min between vortexing steps. The cell debris was removed 

by centrifugation at 14,000 rpm for 30 min at 4°C, and the supernatant was transferred to 1.5 ml tubes. 

The protein concentration was measured by Coomassie Brilliant Blue assay using bovine serum 

albumin (Sigma) as standard. Western detection was performed using the Cas9 (7A9-3A3) mouse 

mAb antibody (Cell Signaling Technology, Inc. MA, USA) and goat anti-rabbit antibody conjugated to 

horse radish peroxidase (Agrisera, Sweden). Images of the blots were exposed on films (Kodak, X-

OMAT BT, USA). 

Gene editing 

The CRISPR-Cas9 plasmids containing both Cas9 and sgRNA sequences were cut by SmaI and the 

expression cassettes were inserted into the rRNA gene loci by homologous recombination. 

Homologous recombination is the predominant mechanism in repair of DNA lesion in the yeast X. 

dendrorhous. In the gene editing procedure, no donor homologous DNA was supplied and thus the 

edited clones had been repaired by inherent cellular activities. The pigment-changed edited clones 

growing on YPD plates were picked up and used in characterizing the repair outcomes induced by 

CRISPR-Cas9 cleavage (Supplementary Data S3). Like in S. cerevisiae (27), the percent of edited 

clones was below 0.1% in X. dendrorhous seeing that no donor DNA had been supplied.  

Characterizing repair patterns by PCR 

To characterize the repair outcome of edited clones, PCR was initially used. The DNA region 

including the CRISPR-Cas9 target sites was amplified by a variety of primer pairs (Supplementary 

Figure S2, S3). The amplicons were sequenced using conventional Sanger sequencing technology. 

For the samples that DNA regions spanning the target sites were not successfully amplified from them, 

both an upstream and a downstream DNA region of the break sites were amplified to evaluate if 

chromosome rearrangement happened in them. Additionally, genome sequencing and chromosome 

karyotype detection were used in characterizing DNA repair patterns induced by CIRISPR-Cas9 

cleavage. 

Illumina genome sequencing and bioinformatic analyses 

The genome sequences of representative edited clones were sequenced by Illumina technique. 

Standard genome sequencing and standard bioinformatic analyses were provided by Oebiotech 

(Shanghai, China). The filtered reads were mapped to the reference genome X. dendrorhous 

rsharma.33.13 (EMBL: ERR575093-ERR575095) (28) using the BWA 0.7.16a software. Raw read 

sequencing data has been deposited in the NCBI database under the accession number 

PRJNA665546. The structural variations (SVs) of large genomic deletions, translocations, insertions, 

and inversions were predicted by BreakDancer (29). The aligned sequence reads were visualized by 

Integrative Genomics Viewer 2.8.0 (IGV) (30). 

Deep sequencing was performed on the Illumina NovaSeq sequencing platform (Illumina Inc., 

San Diego, CA, USA) by Oebiotech (Shanghai, China). The PCR products (250~280 bp) were purified 

using a MinElute PCR Purification Kit (QIAGEN, USA) and the libraries were constructed with VAHTS 

Universal DNA Library Prep Kit for Illumina V3 (Vazyme, Nanjing, China). Briefly, the purified products 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 31, 2021. ; https://doi.org/10.1101/2021.08.31.458371doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.31.458371


5 

 

were end repaired and then adapters were ligated onto the 3’ end of the products. After PCR 

amplification and purification, the final libraries were sequenced and 150 bp paired-end reads were 

generated. The raw sequence reads were assembled by the software PEAR v0.9.6 (31). Clean reads 

were compared with the reference sequence by bowtie2 v2.3.4.1 (32). Sequencing the DNA regions 

containing the CrtE site 3 was repeated independent twice with three and five technical replicates, 

respectively. Each of the other regions was sequenced for five technical replicates. The sequencing 

depth reached 4~6 × 106 times. 

Chromosome karyotype detection 

The chromosome karyotypes were detected by pulsed-field gel electrophoresis (PFGE) (33). Yeast 

protoplasts were made from the yeast cells in early exponential phase (OD600=1.0 to 1.2) that were 

exposed in protoplast-forming enzyme lywallzyme in 0.7 M KC1 supplemented with 0.2% β-

mercaptoethanol and kept at 30°C under gentle shaking for 1.5 h. Sample plugs were prepared 

according to a standard procedure (33). Separations were carried out with a CHEF Mapper XA 

electrophoresis system (Bio-Rad). Gels were cast from chromosomal-grade agarose (0.8%, Bio-Rad) 

in 0.5 ×TBE (TRIS-borate, 45 mM; EDTA, 50 mM, pH 8.0). The running buffer was 0.5 × TBE, 

continuously circulated at 10°C. Electrophoretic conditions for CHEF: 125 V for 48 h with a switch 

time of 450 s, and 125 V for 24 h with a switch time of 250 s. Gels were stained for 30 min in 0.5 mg 

ml-1 ethidium bromide.  

Gene deletion 

Gene deletion was performed by homologous recombination. Diagnostic PCR and Sanger 

sequencing were employed to identify positive gene-disruption clones. The sequences of homologous 

arms and primers used for diagnostic PCR were showed in Supplementary Data S4. For double-gene 

deletion, two rounds of homologous recombination were carried out and transformants were grown on 

YPD plates supplemented with 100 μg/ml of hygromycin or 200 μg/ml of Zeocin, respectively. 

Statistical analysis 

To investigate on-target point mutations in clones without color change, the base frequency data 

acquired by deep sequencing on the Illumina X ten platform were employed. Base percentage of 

target DNA regions between edited clones and controls was analyzed. Standard deviation of the 

quotient of base frequency was calculated by the following equation: 

 

𝜎, standard deviation of the quotient of base frequency between edited clones and controls; 𝜎x, the 

standard deviation of base frequency of edited clones. 𝜎y, the standard deviation of base frequency of 

controls. x, average base frequency of edited clones. y, average base frequency of controls. 

 

RESULTS 

CRISPR-Cas9 genome editing induces diverse DNA repair patterns 
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We used the geranylgeranyl pyrophosphate synthase gene (CrtE) and the astaxanthin synthase gene 

(CrtS) as targets of CRISPR-Cas9 because inactivation of CrtE and CrtS results in color changes of 

red X. dendrorhous clones to white and yellow, respectively. The Cas9 and gRNA genes were 

inserted at the ribosomal RNA gene loci and confirmed to show constitutive expression 

(Supplementary Figure S1A-C). Nineteen target sites in CrtE and CrtS of the wild type strain CBS 

6938 were edited to generate mutants with changed pigment (Supplementary Figure S1D,E).  

We identified 248 white mutants and 35 yellow mutants from 623,727 colonies after targeting 

strain CBS 6938. DNA deletion at target sites was detected by PCR amplification and Sanger 

sequencing. Most deletions were smaller than 1 kb in size and the largest deletion was 6.1 kb (Figure 

1A), similar to previous reports (3-6, 15). In addition to DNA deletion, unexpected DNA repairs were 

also observed. Notably, we detected nucleotide substitutions near the PAM sequences of site 3 and 

site 7 in the CrtE gene (Figure 1B,C), representing a new kind of repair outcome of CRISPR-Cas9 

genome editing. At CrtE site 3, more than half (54/84) of the sequenced mutants contain a TA to AT 

point mutations at position –2 and/or a CG to AT mutation at position –5 (Figure 1B). At CrtE site 7, 

a GC to AT point mutation at position –1 was observed (Figure 1C). These unexpected DNA repairs 

may profoundly influence the evaluation of precise editing by CRISPR-Cas9. PCR amplifications 

failed to obtain DNA amplicons from all the mutants edited at CrtE site 2, most of the mutants edited 

at CrtE site 7, and all CrtS sites (Supplementary Figure S2, S3), indicating that complex chromosome 

rearrangements occurred in the edited clones. Additionally, short reverse complement and deletion 

accompanying the insertion of short repeats were found at CrtE site 3 (Figure 1D-F). 

On-target point mutations resulting from CRISPR-Cas9 genome editing 

We further assessed whether the identified nucleotide substitutions resulted from random mutation or 

DNA repair induced by on-target cleavage of Cas9. The point mutations TA to AT at position –2 and 

CG to AT at position –5 of CrtE site 3 encode amino acid variations V88E and A89D, respectively, 

and both changes resulted in white clones (Supplementary Figure S4A). Mutation analysis of CrtE site 

7 showed that the nucleotide substitution GC to AT corresponding to the amino acid variation R84H 

resulted in white clones (Supplementary Figure S4B and Figure 1C). Saturated mutation analysis at 

Val88 and Ala89 sites demonstrated that variations V88L, V88M, and A89V also produced white 

clones, but these mutations were not observed in sequenced CRISPR-Cas9 edited clones 

(Supplementary Figure S4A, and Figure 1B,C). Structural modeling of CrtE showed that Val88 and 

Ala89 are located near the active sites (Supplementary Figure S4C,D). These results indicated that 

the observed on-target point mutations resulted from endogenous repair induced by CRISPR-Cas9 

cleavage rather than random mutation.  

Nucleotide substitutions that do not produce different color colonies cannot be identified by plate 

screening. To further investigate the extent of mutation at the CRISPR-Cas9 editing sites, we 

performed deep sequencing on Illumina platforms. DNA regions containing CRISPR-Cas9 target sites 

with a size of 250 bp to 280 bp were amplified from ~1×104 colonies for each edited site and 

sequenced. No on-target mutations were observed at CrtS sites 1 and 8 (Supplementary Figure S5), 
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consistent with the results of DNA amplification and Sanger sequencing. At CrtE site 3, in addition to 

the mutations identified by sequencing white mutants, a low-frequency mutation TA to CG at 

position –2 was detected (Figure 2A). The sequencing results showed the occurrence of rare on-

target mutations, with GC to CG at position –1 and CG to TA at position –7 of CrtE site 3, and GC 

to CG inside the PAM sequence of CrtE site 7 (Figure 2). The results indicate that both high-

frequency and rare on-target mutations can occur during DNA repair induced by CRISPR-Cas9 

cleavage.  

Chromosomal rearrangements induced by CRISPR-Cas9 

Chromosomal rearrangements in edited clones were evaluated by chromosomal karyotype analysis 

using pulsed-field gel electrophoresis (PFGE) and Illumina sequencing. Electrophoretic karyotype 

analysis revealed the loss of a large chromosome and the appearance of a mid-size chromosome in 

some of the CRISPR-Cas9 edited clones compared with the controls, indicating chromosomal 

rearrangements that also explained the failure of PCR amplification to produce amplicons 

(Supplementary Figure S2, S6). The altered chromosomes in the edited mutants at CrtE sites 2, 3, 5, 

and 7 showed equal sizes in the PFGE gels, suggesting a similar rearrangement mechanism had 

occurred (Supplementary Figure S6). 

Structural variation analysis using Illumina sequencing data revealed interchromosomal 

translocations in the edited clones in which DNA regions spanning CrtE site 2 or CrtS sites were not 

successfully amplified by PCR (Figure 3A). The translocations happened between the promoter of the 

alcohol dehydrogenase gene ADH4 (LN483144.1) and the Cas9 cutting positions in all tested strains 

(Supplementary Table S1). In different edited clones, there were identical break positions from Cas9 

cutting at the same target sites (Supplementary Table S1). In detail, the breaks occurred at position –

1 of CrtE site 2 (Figure 3B) and adjacent to the PAM regions of CrtS sites (Figure 3C and 

Supplementary Figure S7A,B). In the clones edited at the CrtE target site 3, the break positions were 

not confirmed due to DNA deletions (Figure 3D). Cas9 expression was controlled by the endogenous 

ADH4 promoter, and this may result in DNA breaking due to homologous recombination. Thus, we 

suggest that the observed interchromosomal translocations were generated through two breaks, one 

from homologous recombination at the ADH4 locus and the other from on-target cutting by Cas9. 

Pathways controlling the DNA repair in CRISPR-Cas9 genome editing 

Point mutations and deletions were identified as the main repair patterns from editing CrtE site 3 

(Figure 1). Repair of CRISPR-Cas9 cleavage requires endogenous cellular pathways (Supplementary 

Figure S8A). Analysis of deletion sequences showed that high frequency of microhomologies 

represented at the ends of the deletions (Supplementary Figure S8 and Data S1), indicating the 

involvement of the MMEJ pathway (34,35). However, it is unclear how the on-target point mutations 

were generated. To address this issue, we performed gene editing at the CrtE target site 3 in a series 

of strains disrupted for specific genes in repair pathways and acquired 193 white mutants from 

400,187 colonies.  
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Disruption of the mismatch repair (MMR) proteins encoded by genes MSH2 and MLH1 (36) did 

not significantly alter the frequency of edited white clones (all observed mutants) or point mutations at 

CrtE site 3 (Figure 4A,B). We next investigated the NHEJ repair pathway. Deletion of the genes 

encoding Ku70 or Ku80 led to a sharp drop-off in the frequency of white edited clones and point 

mutation repair clones (Figure 4A,B). The Mre11-Rad50-Xrs2 (MRX) complex is one of the primary 

complexes responsible for DSBs repair in eukaryotes (4,37). Deletion of Mre11 or RAD50 resulted in 

a loss of white edited clones, indicating the dependence of DNA repair induced by CRISPR-Cas9 

cleavage on MRX (Figure 4A,B). The Sae2 protein in budding yeast and the human ortholog CtIP 

stimulate Mre11 endonuclease activity (34). However, deletion of Sae2 in X. dendrorhous did not 

reduce the frequency of white edited clones (Figure 4A,B), indicating that the endonuclease activity of 

Mre11 did not contribute to the DNA repair induced by Cas9 cleavage.  

We also assessed the influence of non-essential DNA polymerases on DNA repair induced by 

CRISPR-Cas9 cleavage, given their low-fidelity properties. Disruptions of polymerases Pol4, Rev1, 

Rev3, and RAD30, orthologs of Saccharomyces cerevisiae (38), by single-gene deletion in X. 

dendrorhous did not significantly alter gene editing at the CrtE target site 3 (Figure 4C,D). Considering 

the redundancy of non-essential DNA polymerases, double deletion analysis was next performed. 

CRISPR-Cas9 editing tests showed that double deletion of REV3/RAD30 (p=0.0266) and 

POL4/RAD30 (p=0.0229) both led to significant reduction in the survival of white clones (Figure 4C,D). 

Noticeably, double deletion of REV3 and POL4 genes resulted in a 10-fold reduction in the survival of 

white clones and loss of the point mutation repair clones (Figure 4C,D). These results demonstrated 

overlapping roles effects of non-essential DNA polymerases, particularly REV3 and POL4, to affect 

DNA repair induced by CRISPR-Cas9 cleavage. 

We further analyzed the influence of deaminases on the DNA repair induced by CRISPR-Cas9 

cleavage because deaminases can induce both transition and transversion events (39). Single 

deletion of the genes encoding the deaminases ADA1, CDA1, CDA2L, GUD2, and FCY1-2 did not 

evidently reduce the survival of white clones and point mutations (Figure 4E,F). In the budding yeast 

S. cerevisiae, Cas9 protein can also exhibit nickase activities, although this activity is not predominant 

(40). We tested previously characterized nicking Cas9 variants, D10A and H840A (41), but no point 

mutations were observed, indicating that the point mutations were not due to DNA nicking. Based on 

these findings and previous studies on DNA repair (42,43), we proposed that on-target point 

mutations were generated as a result of the low-fidelity of the non-essential DNA polymerases that 

participate in NHEJ repair induced by CRISPR-Cas9 gene editing (Figure 5) 

 

DISCUSSION 

Repair of CRISPR-Cas9-mediated DSBs is one of the key events in the application of CRISPR-Cas9 

technique. Such DNA repair can be finished by hosts themselves or by hosts with exogenous donor 

DNA. When no donor DNA is supplied, hosts repairing DSBs cause DNA deletion/insertion (3-6) or 
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low frequency of genomic rearrangements (15) and nucleotide substitutions (4, 16-18). Nucleotide 

substitutions or point mutations are not easily detected in genome editing for several reasons. First, 

the frequency of point mutations induced by Cas9 cutting is far lower than deletion/insertion. Second, 

most point mutations do not typically lead to obvious phenotypes. Third, present detection methods 

cannot fully identify all DNA repair outcomes after Cas9 cleavage (44). In this study, we identified 

high-frequency on-target mutations in specific gene sites induced by repairing of CRISPR-Cas9 

cleavage in X. dendrorhous. Different from a previous study on Saccharomyces cerevisiae (4), our 

findings suggested that the on-target mutations in X. dendrorhous cannot render the gRNA effective 

and they are not random mutations. The point mutations TA to AT at position –2 and CG to AT at 

position –5 of CrtE site 3 are reproducible (Figure 1B). Moreover, these point mutations showed 

strong sequence dependence that is not consistent with the observations in Hela cells, in which 

CRISPR-mediated substitutions were considered lacking sequence dependence and conversion 

preferences (18). The differences may be attributed to different organisms and/or methods used in 

these studies.  Additionally, similar to previous studies (4, 18), this study also found that substitutions 

frequently occur near CRISPR-Cas9 cleavage sites and the substitution frequency in most gRNA 

sites was extremely low while in some specific sites was even high than 40%. 

The factors leading to point mutations in repairing Cas9 cleavage in X. dendrorhous were 

systematically analyzed in this study. Our data supported that all repair events were not induced by 

nicking Cas9. Although deaminases fused with dead or nicking Cas9 have been developed as base 

editing techniques to introduce point mutations (39,45,46), the point mutations observed in this study 

were not resulted from the activity of host’s deaminases. Dead Cas9 targeting induces mutations in S. 

cerevisiae (47,48).  In this study, although the transformation efficiency was improved 2-3 fold using 

CRISPR-Cas9 system than traditional homologous recombination (data not shown), the repair events 

might mediated by either DSBs or not-working Cas9. By gene-deletion analysis, we demonstrated 

that on-target point mutations were generated as a result of the low-fidelity of the non-essential DNA 

polymerases that participate in NHEJ repair induced by CRISPR-Cas9 genome editing. A previous 

study pinpointed the correlation between DNA ligase IV and nucleotide substitutions (18). Our study 

further demonstrated that each of the genes Ku70, Ku80, Mre11, or RAD50, and the overlapping roles 

of REV3 and POL4 were necessary for the emergence of point mutations. When these genes were 

disrupted, other repair patterns also dramatically decreased along with point mutations. Therefore, the 

specific mechanism of point-mutation formation in self-repairing the Cas9-mediated DSBs remains to 

be elucidated. The enzymes Mre11 and POL4 were involved not only in the formation of point 

mutations as shown in this study, but also in the repair pattern of insertion/deletions induced by 

CRISPR-Cas9 treatment (4). Nevertheless, the dependence of point mutations on Ku70, Ku80, and 

DNA ligase 4 is not in accordance with the viewpoint that NHEJ of Cas9 cleavages are not more 

sensitive to the absence of Ku or DNA ligase 4 in S. cerevisiae (4). Study on different repair patterns 

may lead to the difference. Our study focused on point mutants, while the previous publication 

highlighted the repair pattern of insertion/deletions (4). 
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For safe clinical use, genome editing needs to be accurate. The efficacy of CRISPR–Cas9-

induced genome editing has been demonstrated in various cells, but control of an exact editing 

outcome remains a challenge (49, 50). Recognizing the potential DNA repair outcomes and 

understanding the DNA repair mechanisms after on-target DNA cleavage facilitate precise gene 

editing. Our study suggested that the overlapping roles of the non-essential DNA polymerases and 

the components (Ku70, Ku80, Mre11, or RAD50) of NHEJ are among the key factors leading to on-

target point mutations in CRISPR-Cas9 genome editing. Given that many point mutations occurring in 

human cancer cells arise from the error-generating activities of low-fidelity DNA polymerases (51,52) 

and NHEJ is an evolutionarily conserved pathway to repair DSBs (53), more attention should be paid 

to on-target point mutations induced by CRISPR-Cas9. 
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TABLE AND FIGURES LEGENDS 

Figure 1. DNA repair patterns identified in CRISPR-Cas9 editing CrtE and CrtS in X. 

dendrorhous. (A) The size and number of the deleted DNA regions observed in white edited clones. 

(B and C) Nucleotide substitutions adjacent to the PAM sequences of the target CrtE site 3 (B) and 

site 7 (C) identified in white edited clones. The total numbers of white edited clones and those 

possessing nucleotide substitutions are shown. The light green highlights indicate the point-mutations 

after CRISPR-Cas9 gene editing. (D and E) DNA repair patterns: short reverse complement (D) and 

deletion accompanying insertion of short repeats (E) identified in edited CrtE site 3. (F) Diverse DNA 

repair patterns were observed in white edited clones in editing CrtE site 3. No donor DNA was 

supplied for these editing experiments. PAM, protospacer-associated motif. Num, numbers. CK, 

control. 

Figure 2. Identification of on-target nucleotide substitutions from DNA repair induced by 

CRISPR-Cas9 cleavage using deep sequencing. Ratio of base frequency of edited clones to the 

control for the four possibilities. (A) Ratio of base frequency at CrtE site 3 calculated based on the 

sequencing data for the DNA region containing the site; three technical repeats. (B) Results of a 

separate biological replicate experiment; data from sequencing the DNA region containing CrtE site 3; 

five technical repeats. (C) Ratio of base frequency at CrtE site 7 calculated using the sequencing data; 

five technical repeats. The light gray regions denote the 20-bp target sequence. PAM, protospacer-

associated motif. 

Figure 3. Analysis of chromosome rearrangements induced by CRISPR-Cas9 using genome 

sequencing. (A) Strains whose genomes were sequenced on Illumina platform. Structural variations 

(SVs) of large genomic deletions, translocations, insertions, and inversions are predicted by 

BreakDancer software package. CTX, interchromosomal translocation; ITX, intrachromosomal 

translocation; Y, positive PCR amplification; N, negative PCR amplification. (B and C) Break sites 

near PAM sequences induced by editing CrtE site 2 (B) and CrtS sites (C). PAM, protospacer-

associated motif. (D) Diagram showing DNA deletion near CrtE site 3 in DNA repair induced by 

CRISPR-Cas9 editing. 

Figure 4. Identification of the cellular repair pathways participating in DNA repair induced by 

CRISPR-Cas9 cleavage. (A and B) Elucidation of the influence of genes in MMR and NHEJ 

pathways on DNA repair induced by Cas9 cleavage. (C and D) Elucidation of the influence of non-

essential DNA polymerases on DNA repair induced by Cas9 cleavage. (E and F) Evaluation of the 

effect of deaminases on DNA repair induced by Cas9 cutting. The ratio of white edited clones (A, C, E) 

and nucleotide substitution repair clones (B, D, F) to all transformants growing on antibiotic-resistant 

plates, respectively. A-F, Data are the mean ± SD of at least three biological replicates. P values were 

determined by one-way analysis of variance (ANOVA) with Dunnett's multiple comparisons test. 

Figure 5. A model of nucleotide substitution repair induced by CRISPR-Cas9 editing. Low-

fidelity and non-essential DNA polymerases, such as Rev3 and Pol4, may contribute to the observed 
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DNA repair pattern of nucleotide substitutions. PAM, protospacer-associated motif. DSB, double 

strand break. 
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Figure 2. Identification of on-target nucleotide substitutions from DNA repair induced by 

CRISPR-Cas9 cleavage using deep sequencing. Ratio of base frequency of edited clones to the 

control for the four possibilities. (A) Ratio of base frequency at CrtE site 3 calculated based on the 

sequencing data for the DNA region containing the site; three technical repeats. (B) Results of a 

separate biological replicate experiment; data from sequencing the DNA region containing CrtE site 3; 

five technical repeats. (C) Ratio of base frequency at CrtE site 7 calculated using the sequencing data; 

five technical repeats. The light gray regions denote the 20-bp target sequence. PAM, protospacer-

associated motif. 
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Figure 3. Analysis of chromosome rearrangements induced by CRISPR-Cas9 using genome 

sequencing. (A) Strains whose genomes were sequenced on Illumina platform. Structural variations 

(SVs) of large genomic deletions, translocations, insertions, and inversions are predicted by 

BreakDancer software package. CTX, interchromosomal translocation; ITX, intrachromosomal 

translocation; Y, positive PCR amplification; N, negative PCR amplification. (B and C) Break sites 

near PAM sequences induced by editing CrtE site 2 (B) and CrtS sites (C). PAM, protospacer-

associated motif. (D) Diagram showing DNA deletion near CrtE site 3 in DNA repair induced by 

CRISPR-Cas9 editing. 
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Figure 4. Identification of the cellular repair pathways participating in DNA repair induced by 

CRISPR-Cas9 cleavage. (A and B) Elucidation of the influence of genes in MMR and NHEJ 

pathways on DNA repair induced by Cas9 cleavage. (C and D) Elucidation of the influence of non-

essential DNA polymerases on DNA repair induced by Cas9 cleavage. (E and F) Evaluation of the 

effect of deaminases on DNA repair induced by Cas9 cutting. The ratio of white edited clones (A, C, E) 

and nucleotide substitution repair clones (B, D, F) to all transformants growing on antibiotic-resistant 

plates, respectively. A-F, Data are the mean ± SD of at least three biological replicates. P values were 

determined by one-way analysis of variance (ANOVA) with Dunnett's multiple comparisons test. 
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Figure 5. A model of nucleotide substitution repair induced by CRISPR-Cas9 editing. Low-

fidelity and non-essential DNA polymerases, such as Rev3 and Pol4, may contribute to the observed 

DNA repair pattern of nucleotide substitutions. PAM, protospacer-associated motif. DSB, double 

strand break. 
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