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ARTICLE INFO ABSTRACT

Keywords: CRISPR/Cas9 possesses the most promising prospects as a gene-editing tool in post-genomic re-
Drosophila searches. It becomes an epoch-marking technique for the features of speed and convenience of
CRISPR/Cas9

genomic modification. However, it is still unclear whether CRISPR/Cas9 gene editing can cause

?;\t/anons irreversible damage to the genome. In this study, we successfully knocked out the WHITE gene in
Indel Drosophila, which governs eye color, utilizing CRISPR/Cas9 technology. Subsequently, we con-

MSI ducted high-throughput sequencing to assess the impact of this editing process on the stability of
the entire genomic profile. The results revealed the presence of numerous unexpected mutations
in the Drosophila genome, including 630 SNVs (Single Nucleotide Variants), 525 Indels (Insertion
and Deletion) and 425 MSIs (microsatellite instability). Although the KO (knockout) specifically
occurred on chromosome X, the majority of mutations were observed on chromosome 3, indi-
cating that this effect is genome-wide and associated with the spatial structure between chro-
mosomes, rather than being solely limited to the location of the KO gene. It is worth noting that
most of the mutations occurred in the intergenic and intron regions, without exerting any sig-
nificant on the function or healthy of the animal. In addition, the mutations downstream of the
knockout gene well beyond the upstream. This study has found that gene editing can lead to
unexpected mutations in the genome, but most of these mutations are harmless. This research has
deepened our understanding of CRISPR/Cas9 and broadened its application prospects.

1. Introduction

In the past decades, genome manipulation technology has experienced rapid advancements across the globe [1]. Currently, the
most favored genome editing tool is CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/associated nuclease 9)
systems [2,3], which has revolutionized the field of genome engineering and regulation since its emergence. CRISPR/Cas9 system
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Abbreviations

CRISPR  Clustered Regularly Interspaced Short Palindromic Repeats

SNV single nucleotide variants
Indel Insertion and Deletion
MSI microsatellite instability
KO Knockout

sgRNA  small-guide RNA

CDS coding sequences

UTR untranslated Regions

serves as an RNA-guided nuclease capable of simultaneously editing multiple sites in the genome by encoding several guide sequences.
Due to the characteristics of simple composition and high editing efficiency [4-6], it has rapidly gained popularity and become as a
hallmark in biomedicine field. CRISPR/Cas9 can be universally applied to a wide range of biological studies, including nonhuman
primates [7], mice [8], rat [9], zebra fish [10], Drosophila [11], helminth [12], as well as a myriad of common plants [13] and
microbes [14]. CRISPR/Cas9 gene editing has found widespread application, however, there remains no definitive conclusion
regarding whether the process of gene editing and repair can potentially induce harmful effects on the genome.

The CRISPR/Cas9 system is composed of Cas9 protein and sgRNA [15]. In the progression of gene editing, Cas9 protein initially
recognizes a specific Protospacer adjacent motif (PAM). Subsequently, the sgRNA binds to the target gene sequence, followed by the
Cas9 protein cleaving the double-stranded DNA, thus producing double-stranded DNA breaks (DSB). Eventually the damaged DNA
could be repaired by non-homologous end joining (NHEJ) or homologous recombination (HR) [16-18]. Compared to HDR, NHEJ is
more common in the process of genome repair, as it does not require a template, thus resulting in a faster repair rate. However, this
repair is less precise and often leads to base mismatches, insertions, or deletions, ultimately triggering mutations [19]. While the
CRISPR/Cas9 gene editing system exhibits remarkable efficiency in cutting target genes, the off-target effects and unexpectable
mutations beyond target sites seem inevitable due to the activities of DNA damage and repair. Comprehensively understanding the
“side-effect” of CRISPR/Cas9 remains a challenge in the development of CRISPR/Cas9 gene editing system [20]. Mutations caused by
Cas9 can lead to changes in gene expression patterns [21], chromosomal rearrangements [22,23], and even promote the development
of certain diseases such as cancer [24,25]. The impact of mutations on the function of genes and proteins depends on the location of the
mutation within the gene. Mutations occurring in promoters may inhibit DNA transcription and translation [26,27], while missense
mutations in exons can alter the amino acid sequence of a protein, potentially disrupting its structure and function [28]. Regarding that
CRISPR/Cas has been applied in treatment of human inherited diseases, exploring the safety of CRISPR/Cas9 gene editing is crucial for
the health and well-being of human life. Investigation of the safety of CRISPR/Cas9 gene editing and its impact on genomic stability has
been carried out in various organisms, such as mouse [22], livestock [29], zebrafish [30], and human cells [31,32]. However, the
influence of CRISPR/Cas9 on the whole genome stability of lower animals, such as Drosophila, may have been underestimated and
remains unexplored.

Drosophila, belonging to the phylum Arthropoda, class Insecta, and order Diptera, has the features of easy feeding, short repro-
ductive cycle, and rich morphology, making it a widely used model animal [33]. The eye color of Drosophila is controlled by the
WHITE gene, which is located on the chromosome X of Drosophila. The silencing of the WHITE gene will turn the eyes of Drosophila
from white to red [34,35]. This phenotypic change serves as a convenient indicator for determining the success of gene knockdown
experiments, particularly when utilizing CRISPR/Cas9. By monitoring this visible phenotype, researchers can efficiently assess
whether the target gene has been effectively silenced. Recognizing the benefits of studying WHITE gene, we employed the
CRISPR/Cas9 gene editing system to generate Drosophila with WHITE knockout. This allowed us to assess the potential risks and
limitations of CRISPR/Cas9 for genetic modifications.

Our final results indicate that CRISPR/Cas9 gene editing can lead to the occurrence of unexpected mutations. The location of these
mutations may be related to the distance and spatial structure from the Cas9 target gene. Fortunately, most mutations occur in non-
coding regions and do not affect the survival and phenotype of Drosophila.

2. Materials and methods
2.1. Drosophila sample source

The Drosophila samples were donated by Professor Ni Jianquan, Dr. Jin Sun from Tsinghua University. The genotype of Drosophila
is y[1]sc[*]v[1]sev[21]; P{y[+t7.7]v[+t1.8] = nos-Cas9.R}attP40 [36].

2.2. Knockout of WHITE gene via CRISPR/Cas9 system

The Cas protein derived by nos promotor was transfected into the Drosophila fertilized eggs (nos > cas9). The sgRNAs were ob-
tained from our previous study. The sequence of sgRNAs: wl: CAGGAGCTATTAATTCGCGGAGG, w2: TAGTTGGCCGCTCCCT-
GAACCGG [36]. The sgRNAs were injected into the nos > cas9 fertilized eggs (GO). The hatched GO were hybrid with nos > cas9 to
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obtain the G1. The female G1 were hybrid with nos > cas9 to obtain the G2. The white-eye male Drosophila were chosen as the positive
group, and the red-eye male Drosophila as negative group to perform the whole genome sequencing. Each group was composed more
than 50 flies.

2.3. Whole genome sequencing of Drosophila

The whole genomic DNA (gDNA) of Drosophila were extracted by Invitrogen DNA kit (Thermofisher), according to the manu-
facturer’s instructions. The WGS DNA library was prepared to perform paired-end sequencing by MGISEQ-2000 to obtain raw
sequencing data with sequencing read length of 100 bp. The sequencing depth of control group was 175 x , of WHITE-KO group was
154 x . On average 20 Gb raw data were obtained for each sample. The raw data was purified via Cutadapt (version 1.12) to obtain the
clean data. The clean data was mapped to the Drosophila genome (Dmel, release = r6.30) by BWA Aln(Version: 0.7.12-r1039), then the
mapped results (.Sam, The Sequence Alignment/Map format) were analyzed by Samtools (version: 1.3.1) to remove the duplication.
The mutations of clean data were compared with the Drosophila reference genome to exclude the SNPs. Subsequently, mutations with
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Fig. 1. The distribution of mutations on the genome of CRISPR/Cas9 edited Drosophila. a. There were 1519 mutations, including 116 mutations on
the chr 2, 1328 mutations on the chr 3, 2 mutations on the chr 4, and 73 mutations on the chr X; b. There were more deletions than insertions on
every chromosome of Drosophila; c. There were 595 SNVs, including A > C(25/595), A > G(64/595), A > T(46/595), C > A(43/595), C > G(21/
595), C > T(99/595), G > A(79/595), G > C(29/595), G > T(36/595), T > A(41/595), T > C(86/595), T > G(26/595). d. 128 MSIs were distributed
on the chromosome 3L, single base repeats accounting for 75.58% (97/128), and 288 MSIs were distributed on the 3R, single base repeats ac-
counting for 72.92% (210/288).
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Fig. 2. The mutations on the chromosome X of CRISPR/Cas9 edited Drosophila. a. There were 19 SNVs, 15 insertions, 36 deletions and 3 MSIs on
the chromosome X; b. The distribution and rate of mutations on the chromosome X; c. There were 19 SNVs, including A > C(1/19), A > G(4/19), A
> T(2/19), C > A(1/19), C > T(3/19), G > C(3/19), G > T(2/19), T > A(2/19), T > C(1/19) on the chromosome X. d. There were 2 SNVs, 1 indel,
and 1 MSI located on the exon, 7 SNVs, 17 indels, 1 MSI located on the intron, 10 SNVS, 33 indels and 1 MSIs located on the intergenic region of the
chromosome X; e. The mutations on the intergenic region were located on the CDS and UTR region; f. The gene type that affected by mutations
included 2 IncRNAs and 25 mRNAs; g. There were 5 mutations located on the upstream of WHITE gene and 65 mutations located on the downstream
gf WHITE gene; h. The mutation rate and number showed no relationship with distance to the KO gene.

a mutation rate of more than 10% were retained.
2.4. Analysis of mutations on the drosophila chromosomes

The mutations acquired from the sequencing were mapped to the Genome Data Viewer of NCBI (ncbi.nlm.nih.gov/genome/gdv/)
to obtain the specific information of mutations. SNV and indel site filtering and genotype filtering were performed to obtain high-
confidence variants.

2.5. Analysis of MSI on the Drosophila chromosomes

MSIsensor (version: v0.6) was performed to assess the MSI of WHITE-KO Drosophila compared to the control group using Pearson’s
Chi-Squared Test. The statistical results of mutations were analyzed and visualized by Graphpad Prism 8.0.

3. Results
3.1. Global mutation on Drosophila chromosomes

To investigate the impact of Cas9 gene editing on the Drosophila genome, we designed two sgRNAs targeting the WHITE gene.
These sgRNAs were derived from our previous work, ensuring no potential off-target effects [36,37]. sgRNA targeting the WHITE gene
was injected into Drosophila embryos, and the flies were subsequently grouped into positive knockout (red-eyed) and negative
knockout (white-eyed) cohorts based on their eye color phenotype. Globally, we found 630 SNVs (single nucleotide variants), 525
indels (insertion and deletion) and 425 MSIs (microsatellite instability), distributed on all chromosomes. To assess whether the mu-
tations introduced by Cas9 editing contained off-target sites, we compared the identified mutations with the 1771 potential off-target
sites predicted using the Cas-OFFinder tool (www.rgenome.net/cas-offinder/). Upon comparison, no match was found between the
mutations and the potential off-target sites predicted by Cas-OFFinder. This result indicates that the sgRNA designed to target the
WHITE gene was effective and specific, and the mutations we identified are not related to off-targets effect (Supplementary material).

Although the target gene WHITE is located on the chr X: 2790599-2796466, the X chromosome does not harbor the highest number
of mutations. Unexpectedly, the majority of single nucleotide variants (SNVs) and insertions/deletions (indels) are situated on
chromosomes 3L and 3R, regions that also exhibited massive MSIs (Fig. 1a). The number of deletions on each chromosome surpasses
the count of insertions, aligning with observations made in mice embryos [38] (Fig. 1b). In deeper exploration of SNV types, we
discovered that cytosine to thymine (C > T) transitions account for the highest proportion, while cytosine to guanine (C > G) tran-
sitions constitute the lowest proportion (Fig. 1c). MSIs are mainly concentrated on the 3L and 3R chromosomes, with the core repeat
units primarily composed of mononucleotide repetitions (Fig. 1d). No mutation has been found on chromosome 4.

3.2. Mutation on chromosome X

Since WHITE gene knocked-out by Cas9 is located on the chr X: 2790599-2796466, we prioritized the analysis of mutations on this
chromosome. Sequencing data revealed that indels constitute the majority of mutations on chromosome X (Fig. 2a). No clustering of
mutations was observed on chromosome X, but the count and average mutation rate of indels were notably higher than those of SNVs
(Fig. 2b). Remarkably, three specific SNV sites exhibited a mutation rate of 100% (Table 1). Among all the SNVs, the A > G point
mutation constituted 21.05% of the total (Fig. 2c). On chromosome X, the majority of the mutations, particularly indels, occurred in
intron and intergenic regions (Fig. 2d and e). After examining the gene types impacted by mutations, we found that mRNA was the
gene type most severely affected by the mutations detected on chromosome X, which is consistent with observations made on other
chromosomes (Fig. 2f). Based on the sequencing data, we identified 2 SNVs, 2 indels and 1 MSIs located upstream of WHITE, while the
majority of mutations were situated downstream of WHITE (Fig. 2g). Notably, while the number of mutations downstream of WHITE

Table 1
The mutation frequency of 3 SNV is 100%.
Chromosome SNV site Mutation Frequency FDR Gene Gene Type Location
X 1963065 100.00% 1.03E-28 Hr4 mRNA intron
X 2836289 100.00% 7.58E-29 kirre mRNA intron
X 3425585 100.00% 5.03E-18 CR44999 IncRNA intron
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increased substantially, no correlation was observed between the mutation rate and the distance from the WHITE gene (Fig. 2h). In
addition, we discovered 3 mononucleotide microsatellites on chromosome 3 that exhibited more than 10 repeats (Table 2).

3.3. Mutation on chromosome 3

Chromosome 3 is the largest chromosome in Drosophila, and consequently, we prioritized the analysis of its mutation charac-
teristics. On chromosome 3L, we detected 533 SNVs, representing 54.89% of all mutations, and 309 indels, of which 135 were in-
sertions and 174 were deletions (Fig. 3a). The distribution of SNVs and indels on chromosome 3L revealed a pattern of clustering, with
the highest concentration of SNVs observed in the chromosomal regions of chr: 3L 2000000-3000000 and 4000000-5000000 bp.
Similarly, the majority of indels were clustered in the regions of chr: 3L 2000000-3000000 and 4000000-5500000 bp. Intriguingly,
the high-frequency mutation of SNV and indel exhibited a significant regional coincidence (Fig. 3b). Regarding the SNVs, the C > T
mutation accounted for 16.89%, while the C > G comprised 3.75% of the total (Fig. 3c). The majority of mutations were detected in
intron and intergenic regions (Fig. 3d). When mutations occurred in exons, they exhibited a higher frequency in the CDS region
compared to the UTR (Fig. 3e). When analyzing the type of genes harboring mutations, we discovered that mRNA was more susceptible
to mutations compared to IncRNA, regardless of MSI, indel or SNV (Fig. 3f). In the regions of the high-frequency, the majority of
mutations still occurred in the intergenic region (Fig. 3g). Further investigation about the mutational position displayed that mutations
were concentrated in the Svil gene, including the introns, CDS and UTR (Fig. 3h). Considering most of MSIs were located on the chr 3,
we screened MSI sites based on FDR values and found out 3 MSI sites with significant difference (Fig. 3i and Table 3).

The situation on the chromosome 3R is quite different from that on 3L. MSIs comprised the largest proportion of mutations at
80.45%, followed by deletions at 10.34%. The number of deletions exceeded insertions, and SNVs accounted for the smallest pro-
portion at 3.35% (Fig. 4a). Unlike the chromosome 3L, the SNVs and indels on chromosome 3R did not demonstrate a tendency of
aggregation (Fig. 4b). Of all the SNVs, the A > T point mutation constituted the largest proportion at 25.00%, followed by T > A, T > C,
and T > G, each accounting for 16.67% respectively (Fig. 4c). Although rarely observed in other chromosomes, a significant number of
MSIs (288) were present on the chromosome 3R. Most of MSIs were located within the region chr: 10000000-18000000 on the
chromosome 3R (Fig. 4d). After sequencing, we identified the most significantly different MSI sites based on the FDR values (Table 4).
Similarly to other chromosomes, the majority of these mutations were located in the intergenic region and intron (Fig. 4e). Within the
exon mutations, we observed 3 indels and 18 MSIs. The majority of these mutations were situated in the UTR sequence, while the
remaining mutations resided in the CDS of 3 genes detailed in Table 5 (Fig. 4f). The mutated genes primarily consisted of mRNA, along
with IncRNA and antisense-RNA (asRNA), with mRNA being the most commonly affected (Fig. 4g).

3.4. Mutation on chromosome 2

Lastly, we analyzed the mutational profile of chromosome 2, finding a total of 116 mutations, which were fewer than those on other
chromosomes. As to chromosome 2L, 69.09% of the mutations were indels, of which deletion was predominant, accounting for 45.45%
of all mutations (Fig. 5a). On chromosome 2L, the mutations did not exhibit significant clustering, and the mutation rate of each indel
was generally higher than that of SNV, typically exceeding 40%. In contrast, the mutation rate for SNVs was below 40% (Fig. 5b).
Among all SNVs on chromosome 2L, the T > C point mutation comprised 20.00% of the total (Fig. 5¢). Mutations were observed
predominantly in intergenic regions, totaling 41 mutations, while exons and introns exhibited fewer mutations, with 6 and 8 muta-
tions, respectively (Fig. 5d). Besides, there were 3 indels located in CDS region (Fig. 5e). To identify the specific types of genes affected
by these mutations, we mapped the precise location of these mutations and found that most mutations were situated within mRNA
region (Fig. 5f).

Mutations detected on chromosome 2R were exclusively SNVs and indels, with MSI mutations absent. Specifically, SNVs made up
24.59% of the total mutations, while deletions were the most prevalent type of indel, accounting for 55.74% of all mutations (Fig. 6a).
On chromosome 2R, mutations did not exhibit significant clustering, but were instead concentrated primarily within the first 250,000
bp of the chromosome. The majority of SNVs had mutation rates below 40%, while the average mutation rate of indels was signifi-
cantly elevated compared to SNV mutation rates (Fig. 6b). Of all the SNVs, the C > T point mutation accounted for 20.00% (Fig. 6c).
Similar to chromosome 2L, mutations in intergenic regions were more prevalent on chromosome 2R compared to intronic regions, with
no mutations observed in exon regions (Fig. 6d). Consistently, the majority of mutations were located on the mRNA-coding sequence
(Fig. 6e), rather than within exons.

Table 2
The repeat of 3 MSI located on the Chr X.
Chromosome  Site Left Repeated Number of Right P_value FDR Gene Gene Location
Flank Base replicates Flank Type
X 4227835  TGAGC A 12 TTGTA 1.69E-05  0.00705 intergenetic
region
X 1660613 AACGG T 11 AATAG 9.63E-05 0.019098 br mRNA exon
X 4847161  GCCAT A 11 GCACA 0.000119  0.022685  CG42594 mRNA intron
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Fig. 3. The mutations on the chromosome 3L of CRISPR/Cas9 edited Drosophila. a. There were 533 SNVs, 135 insertions, 174 deletions and 128
MSIs on the chromosome 3L; b. The distribution and rate of mutations on the chromosome 3L; c. There were 533 SNVs, including A > C(21/533), A
> G(58/533), A > T(40/533), C > A(37/533), C > G(20/533), C > T(90/533), G > A(77/533), G > C(23/533), G > T(31/533), T > A(35/533), T >
C(79/533), T > G(22/533) on the chromosome 3L; d. There were 53 SNVS, 10 indels and 2 MSIs located on the exon, 148 SNVS, 95 indels and 42
MSIs located on the intron, 332 SNVS, 204 indels and 84 MSIs located on the intergenic region of chromosome 3L; e. The mutations on the exon
region were located on the CDS and UTR region; f. The gene type that affected by mutations included 8 IncRNAs and 342 mRNAs; h. There were 58
single base insertions and 61 single base deletions of all the indels on the chromosome 3L; i-j. There were 81 short insertions and 89 short deletions
that shorter than 10 bp, and 11 long insertions and 29 long deletions; g. In the high-frequency mutation region, there were 50 SNVS, 10 indels and 1
MSI located on the exon, 141 SNVS, 75 indels and 8 MSIs located on the intron, 320 SNVS, 156 indels and 29 MSIs located on the intergenic region;
h. There were 9 mutations located on the CDS of Svil, 8 on the UTR and 98 on the intron;

i‘. There were 3 significantly different MSI sites that -log10(FDR) > 3.

Table 3
3 MSI with significant difference located on the Chr 3L.
Chromosome Site Left Repeated Number of Right P_value FDR -LOG10 Location
Flank Base replicates Flank (FDR)
3L 2351768 AATAG A 10 GAGCA 9.51E- 6.18E-05 4.208759 intergenetic
09 region
3L 5169364  TGGGT G 10 CGGCA 4.28E- 0.000232 3.634624 intergenetic
08 region
3L 4324818 GAAAG AT 7 AAACA 2.27E- 0.000739 3.131403 intergenetic
07 region

4. Discussion

The widespread application of CRISPR/Cas9 gene editing systems across various fields, including agriculture, biology, and
particularly clinical gene therapy, has led to a significant increase in the scrutiny of associated biosafety and side effects [4,39,40].
Currently, there are successful cases of CRISPR/Cas9 gene editing being applied in clinical therapy to treat diseases. In 2016, Professor
Lu from the West China Hospital in China completed the world’s first human injection of gene-edited cells. Lu and his team extracted
T-cells from the blood of NSCLC patients, knocked out the PD-1 gene using CRISPR/Cas9 technology, and then reinfused the edited
T-cells into the patient’s bloodstream. After four years of evaluation, it was found that CRISPR/Cas9 had improved the patient’s
survival period, confirming the safety and effectiveness of CAS9 in human applications [41]. In another study, Corbacioglu et al.
targeted and knocked out the BCL11A erythroid-specific enhancer using Cas9, which is a transcriptional factor that suppresses the
expression of erythroid y-globin and fetal hemoglobin. Two patients, one with transfusion-dependent p-thalassemia (TDT) and the
other with sickle cell disease (SCD), were effectively cured after receiving treatment for one year [42].

However, as CRISPR/Cas9 has become widely used in clinical treatments and scientific research, there have also been concerns
raised about its safety. Bao et al. revealed that CRISPR-Cas9 genome editing can induce large gene modifications, such as deletions,
insertions, and complex local rearrangements in different primary cells and cell lines [43]. Previous studies have established the in-
fluence of CRISPR/Cas9 gene editing in higher animals, including humans [5], orangutans [44], and mice [22]. However, few studies
have delved into whether CRISPR/Cas9 has any adverse effects on lower animals. Herein, we present the first systematic analysis of the
CRISPR/Cas9 gene editing impact on the Drosophila genome. By performing whole genome sequencing after successfully knocking out
WHTIE gene in Drosophila genome via CRISPR/Cas9, we identified a significant number of mutations induced during the process.
These mutations included 630 SNVs, 525 indels and 425 MSIs. Given the relatively small size of the Drosophila genome, totaling
approximately 180 Mb, compared to the much larger genomes of humans or mice, the identification of unexpected mutations within
the Drosophila genome was unexpected.

According to the data of previous studies, the spontaneous mutation rate in Drosophila genome is approximately 3 x 107° [45,46].
In contrast, the spontaneous mutation rate in human is about 1.61 + 0.13 x 1078 [47], of mice is about 5.4 x 1079 [48]. Therefore, we
firmly believe that spontaneous mutations within the genome will not influence our research. In addition, we have meticulously
compared the sequence data with the reference genome of Drosophila, thus ruling out any interference from known SNPs. Further-
more, it is imperative to eliminate any potential interference from off-target sites of the sgRNA in our mutational analysis. Fortunately,
the sgRNA we have utilized to target the WHITE gene has undergone rigorous validation in numerous previous studies, and no
off-target sites have been identified [37,49]. Moreover, our analysis revealed that none of the 1771 predicted off-target sites were
present among the genome-wide mutations we identified. Taken together, we confidently assert that all the mutations we detected are
independent of SNP, off-target or spontaneous mutations.

Previous studies have shown that the CRISPR/Cas9 gene editing system could have adverse effects on the stability of genome. For
example, sgRNA transfected in mice could lead to significant deletions and intricate genomic rearrangements proximal to the target
site [31]. It has been found that about half of DNA breaks persist as unrepaired after treatment, leading to the loss of several chro-
mosome arms [50]. This indicates that the repair mechanisms for DNA breaks are not always effective, resulting in genomic instability.
In addition, it has been revealed that Cas9 can directly induce DNA double-strand breaks and genomic instability in human cells lines
[51]. These breaks can lead to structural defects within the nucleus, including the formation of micronuclei and chromosome bridges.
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Fig. 4. The mutations on the chromosome 3R of CRISPR/Cas9 edited Drosophila.a. There were 12 SNVs, 21 insertions, 37 deletions and 288 MSIs
on the chromosome 3R; b. The distribution and mutation rate of mutations on the chromosome 3R; c. There were 533 SNVs, including A > T(3/12),
C>A(1/12),G > A(1/12), G > T(1/12), T > A(2/12), T > C(2/12), T > G(2/12) on the chromosome 3R; d. There were 9 significantly different MSI
sites which are with -log10(FDR) > 3; e. There were 3 Indels and 18 MSIs located on the exon, 6 SNVS, 17 Indels and 60 MSIs located on the intron, 6
SNVS, 38 Indels and 210 MSIs located on the intergenic region of the chromosome 3R; f. The mutations on the exon region were located on the CDS
elnd UTR region; g. The gene type that affected by mutations included 5 IncRNAs, 98 mRNAs and 1 asRNA.

Table 4
9 MSI with significant difference located on the Chr 3R.
Chromosome  Site Left Repeated Number of Right P_value FDR -LOG10 Location
Flank Base replicates Flank (FDR)

3R 16644912  TACAG A 10 CTCGG 7.68E- 2.50E- 5.602616 exon
11 06

3R 16942403  CCCGG T 10 CATTT 1.39E- 3.01E- 5.521737 intergenetic
10 06 region

3R 16813319  AGCTG A 10 CAGCG 4.96E- 3.23E- 5.491228 intergenetic
11 06 region

3R 8402572 GAGCC TG 6 TATGT 3.04E- 3.96E- 5.402788 intergenetic
10 06 region

3R 8493033 GCAGT TGC 6 AGTTG 2.62E- 4.25E- 5.371427 intergenetic
10 06 region

3R 10721790 AACTA T 10 CAGTG 1.30E- 1.41E- 4.852046 intergenetic
09 05 region

3R 16427824  TGTGA GT 8 CTGGC 4.24E- 3.45E- 4.462068 intergenetic
09 05 region

3R 8366486 GTCGA TGT 6 TGATG 4.02E- 3.73E- 4.427884 intergenetic
09 05 region

3R 15712602  TTTGA T 10 ACCAC 7.77E- 5.61E- 4.250867 intergenetic
09 05 region

These structural defects, in turn, can initiate a mutational process known as chromothripsis [52]. There are two main factors that
influence CRISPR/Cas9 gene editing, leading to off-target effects and mutations [53,54]. The first is the misrecognition of PAM se-
quences by the Cas9 protein. PAM sequences, which come in multiple patterns such as "NAG" and "NGA", can be erroneously
recognized by the CRISPR/Cas9 system, leading to varying cleavage efficiencies depending on the PAM pattern [55]. The second factor
is a mismatch between the sgRNA and the target gene sequence. Studies have shown that sgRNAs exhibit a degree of fault tolerance,
accommodating up to 1-5 base mismatches. Excessive mismatches could be responsible for mutations such as insertions or deletions
[56]. However, recent studies have demonstrated that the mutation rate of SNV caused by Cas9 is statistically indistinguishable from
the probability of SNVs arising from other reasons [57]. We have also discovered that almost all observed SNVs occurred in intronic
and intergenic regions of genes, which exert far less effect on gene expression and function. Additionally, several studies have
demonstrated that Cas9 gene editing in human embryos and mice could lead to large chromosomal deletions [22,31]. However, our
analysis did not reveal any abnormalities at the chromosomal level within the Drosophila genome. Similarly, we found that indel
mutations mostly occurred in introns and intergenic regions, which would have minimal effects on gene function as well.

Microsatellite instability is a key indicator of genomic stability and chromatin mismatch repair capacity. Our previous studies have
discovered a high occurrence of MSI in CRISPR/Cas9 gene-edited mice when detected by hotspot MSIs loci or KO gene-linked loci [58,
59]. Meanwhile, we compared CRISPR/Cas9 gene editing with traditional gene targeting techniques and found that mice edited with
CRISPR/Cas9 exhibited a significantly higher incidence of MSI [59]. In the present study, the MSIs identified in Drosophila are pri-
marily concentrated on the 3R chromosome, in contrast to the randomized distribution observed in mice. Furthermore, our recent
findings indicate that there is rarely any unexpected mutation in CRISPR/Cas9 edited pigs, whether it be SNV, Indel, or MSI (data not
shown). Therefore, we speculate that animals with a higher level of evolution would exhibit greater stability in their genomes during
the process of DNA damage repair.

5. Conclusion

Collectively, our study described the effect of the CRISPR/Cas9 gene editing system on the stability of Drosophila genome for the
first time. Through a thorough analysis of mutations including SNV, indel, and MSI, our study revealed numerous mutations in the
genome of CRISPR/Cas9 edited Drosophila. Fortunately, the majority of mutations occurred in the non-coding region, ensuring that

the structure and stability of the chromatin remained uncompromised. This study provides a novel insight into the application of the
CRISPR/Cas9 gene editing system in lower animals.
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Table 5

MSI located in the CDS of 3 genes.
Chromosome Site Left Flank Repeated Base Number of replicates Right Flank P_value FDR -LOG10(FDR) Gene Gene Type Location
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Fig. 5. The mutations on the chromosome 2L of CRISPR/Cas9 edited Drosophila.a. There were 15 SNVs, 13 insertions, 25 deletions and 2 MSIs on
the chromosome 2L; b. The distribution and rate of mutations on the chromosome 2L; c. There were 15 SNVs including A > C(1/15), A > G(1/15), C
> A(2/15), C > T(2/15), G > A(1/15), G > C(1/15), G > T(1/15), T > A(1/15), T > C(3/15), T > G(2/15) on the chromosome 2L; d. There were 1
SNV, 5 Indels located on the exon, 3 SNVS, 5 Indels located on the intron, 11 SNVS, 28 Indels and 2 MSIs located on the intergenic region of the
chromosome 2L; e. The mutations on the exon region were located on the CDS and UTR region;

f. The gene type that affected by mutations included 1 IncRNA and 13 mRNAs.
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Fig. 6. The mutations on the chromosome 2R of CRISPR/Cas9 edited Drosophila. a. There were 15 SNVs,12 insertions and 34 deletions on the
chromosome 2R; b. The distribution and mutation rate of mutations on the chromosome 2R; c. There were 15 SNVs including A > C(2/15), A > G(1/
15), A > T(1/15), C > A(2/15), C > G(1/15), C > T(3/15), G > C(2/15), G > T(1/15), T > A(1/15), T > C(1/15) on the chromosome 2R; d. There
were no mutations located on the exon, 5 SNVS and 10 indels located on the intron, 10 SNVS and 29 indels located on the intergenic region of the
chromosome 2R. e. The gene type that affected by mutations included 1 IncRNA, 2 asRNA and 19 mRNAs.
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