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Detection of in vivo mutagenicity in rat liver samples using error-corrected sequencing techniques
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Abstract
Background
Mutagenicity, the ability of chemical agents to cause mutations and potentially lead to cancer, is a critical aspect of substance safety assessment for protecting human health and the environment. Metabolic enzymes activate multiple mutagens in living organisms, thus in vivo animal models provide highly important information for evaluating mutagenicity in human. Rats are considered suitable models as they share a similar metabolic pathway with humans for processing toxic chemical and exhibit higher responsiveness to chemical carcinogens than mice. To assess mutagenicity in rats, transgenic rodents (TGRs) are widely used for in vivo gene mutation assays. However, such assays are labor-intensive and could only detect transgene mutations inserted into the genome. Therefore, introducing a technology to directly detect in vivo mutagenicity in rats would be necessary. The next-generation sequencing (NGS) based error-corrected sequencing technique is a promising approach for such purposes.

Results
We investigated the applicability of paired-end and complementary consensus sequencing (PECC-Seq), an error-corrected sequencing technique, for detecting in vivo mutagenicity in the rat liver samples. PECC-Seq allows for the direct detection of ultra-rare somatic mutations in the genomic DNA without being constrained by the genomic locus, tissue, or organism. We tested PECC-Seq feasibility in rats treated with diethylnitrosamine (DEN), a mutagenic compound. Interestingly, the mutation and mutant frequencies between PECC-Seq and the TGR assay displayed a promising correlation. Our results also demonstrated that PECC-Seq could successfully detect the A:T > T:A mutation in rat liver samples, consistent with the TGR assay. Furthermore, we calculated the trinucleotide mutation frequency and proved that PECC-Seq accurately identified the DEN treatment-induced mutational signatures.

Conclusions
Our study provides the first evidence of using PECC-Seq for in vivo mutagenicity detection in rat liver samples. This approach could provide a valuable alternative to conventional TGR assays as it is labor- and time-efficient and eliminates the need for transgenic rodents. Error-corrected sequencing techniques, such as PECC-Seq, represent promising approaches for enhancing mutagenicity assessment and advancing regulatory science.
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Background
Mutagenicity refers to the potential of chemical agents to cause mutations and potentially leading to cancer development. Hence, evaluating mutagenicity is a crucial aspect of chemical safety assessment, aimed at safeguarding human health and the environment [1]. Multiple chemical mutagens and carcinogens are mutagenic as they are converted into mutagens by metabolic enzymes in vivo. In addition, the tissue affected by toxicity might differ from where activation takes place as metabolites could be transported to different target tissues [2]. Therefore, in vitro models cannot fully replicate all the metabolic and distribution complexities of in vivo exposures, evaluating mutagenicity in an in vivo animal model would be required.
Rats are considered more similar to humans than mice as they share a similar metabolic pathway to humans for processing chemicals [3, 4]. In addition, the guidelines of the International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) suggest using rats as the standard animal species for testing the carcinogenicity of pharmaceuticals [5]. This recommendation relies on the fact that rats are more responsive to chemical carcinogens than mice, and positive results observed in the liver of mice might not necessarily prove relevant to human carcinogenic risks. Indeed, the rats are the preferred animal in general toxicity tests such as the 28-day short-term toxicity test. Therefore, rat-based in vivo mutagenicity tests hold an important position in regulatory science.
In vivo gene mutation assays utilizing transgenic rodents (TGR) represents a promising approach to assess in vivo mutagenicity, as they reflect whole-organism biology. The TGR assay uses transgenic rats and mice carrying multiple copies of chromosomally integrated plasmids or phage shuttle vectors containing reporter genes. The assays enable the scoring of mutations induced in a transgene in any tissue of the rodent [6–8]. Assessing mutational spectra from TGR assays involves manually selecting hundreds of Escherichia coli colonies or phage plaques for sequencing, this approach is thus highly labor-intensive and time-consuming. In addition, the TGR assay only detects mutations on transgenes inserted into the genome; however, evidence showing to indicate that it perfectly reflects mutations occurring in the whole genome is insufficient. Therefore, introducing a technology for direct mutation detection in the genome, not in the transgene, would be highly desired.
The potential to directly detect ultra-rare somatic mutations from the extracted DNA without being constrained by the genomic locus, tissue, or organism is highly attractive. Next-generation sequencing (NGS) is an advanced technology for determining DNA sequences rapidly and with high throughput. However, the NGS technical error rate (∼1.0 × 10−3) is significantly higher than the true nucleotide mutation frequency of normal tissues (< 1.0 × 10−7) [9, 10]. Recently, various error-corrected next-generation sequencing techniques (ecNGS) have been developed using the NGS technology, aiming at detecting rare somatic mutations from genomic samples derived from a bulk of somatic cells [9–14]. ecNGS uses the concept of consensus sequencing of DNA fragments coupled with bioinformatics to eliminate sequencing errors, leading to error rates below one per one million sequenced bases [15]. There is difference between using unique molecular identifiers or not, the common strategy of ecNGS techniques increases read redundancy from a unique DNA molecule and the error tolerance of each base in the reads [9–15]. These techniques have also been considered important and applied for detecting in vivo mutagenicity in mice [13, 16]. Beyond the labor- and time-efficiency of the ecNGS techniques compared to the TGR assay, they also display the potential to detect in vivo mutagenicity without transgenic rodents. This means that animal samples from other toxicological assays can be shared to detect in vivo mutagenicity. This also enables a great reduction in animal testing and contributes to the 3Rs of animal testing. Thus, the ecNGS assay results from rat samples are an urgent need for developing a multi-endpoint assay in rats.
We previously developed paired-end and complementary consensus sequencing (PECC-Seq), which is an ecNGS technique that uses a simple modified PCR-free sequencing process to enhance consensus creation efficacy from whole genome sequencing data [10]. Both library preparations and subsequent bioinformatic analysis were further streamlined. We successfully detected in vitro mutagenicity using the TK6 human cell line with PECC-Seq [10].
In this study, we tested the feasibility of in vivo mutagenicity measurements in rat liver samples using PECC-Seq. We assessed the genomic DNA of gpt delta rats treated with diethylnitrosamine (DEN), a mutagenic compound in the liver, and analyzed mutational signatures. Consistent with the TGR assay, PECC-Seq detected the A:T > T:A mutation in the investigated rat liver samples. To the best of our knowledge, this study is the first to demonstrate the detection of in vivo mutagenicity in rat liver samples using PECC-Seq.

Results and discussions
The F344/Nslc gpt delta rat strain is used for TGR assays. In previous study, the rats were DEN-treated once a week for 5 weeks. In the gpt assays, approximately 120-fold increase in mutant frequency was observed in the livers of DEN-treated rats [17]. We conducted PECC-Seq on rat liver samples using non-treated control (Control 3, 8, and 9) and DEN-treated (DEN P11, P13, and P15) group of the above-described samples.
We measured 1.00 × 10−6 and 6.56 × 10−6 in the non-treated control and DEN-treated groups, respectively, as average mutation frequencies using PECC-Seq (Table 1). Our statistical analysis demonstrated that the mutation frequency of the two groups differed significantly (p < 0.05). We could thus conclude that PECC-Seq successfully detected the mutations introduced by the DEN treatment. However, the sensitivity of the PECC-Seq in rat is not satisfactory compared with the fold increase of mutant frequencies in the gpt assay. Because PECC-Seq does not directly use SNP information of animals, using a small number of animals may affect false positive mutation detection derived from animal-specific SNPs. Further analysis of animals or SNP information accumulation of this strain could help eliminate mutations detected as false positives in non-treated animals. The coefficient of variation (CV) of the mutation frequencies between the samples in each group is as follows: For the non-treated samples, the CV was 0.60 and 0.53 for the gpt assay mutant frequency and PECC-Seq mutation frequency, respectively (Table 1). For DEN-treated samples, the CV was 0.45 and 0.10 for the gpt assay mutant frequency and PECC-Seq mutation frequency, respectively (Table 1). Although the PECC-Seq analysis showed a slightly high CV value in non-treated group due to false positive mutation detection derived from animal-specific SNPs, which we cannot fully exclude, the robustness of PECC-Seq for chemical-induced mutation detection is indicated. The correlation (R2 = 0.89) between the mutant frequencies from the gpt assay and mutation frequencies from PECC-Seq was promising, especially considering that these assays detect mutation frequencies using two fundamentally distinct approaches (Fig. 1).
Table 1Summary of PECC-Seq analysis and mutation frequencies of the analyzed samples


	Sample name
	Number of Reads
	Analyzed bases
	Number of Mutations
	Mutation frequencies (× 10−6)
	gpt assay Mutant frequenciesa (× 10−5) [17]

	Control 3
	987,423,042
	38,838,583
	20
	0.51
	0.70

	Control 8
	1,077,081,792
	37,591,524
	35
	0.93
	0.52

	Control 9
	1,065,771,452
	38,233,853
	60
	1.57
	0.16

	DEN P11
	923,538,038
	64,822,157
	476
	7.34
	88.89

	DEN P13
	886,468,356
	60,749,075
	373
	6.14
	32.24

	DEN P15
	812,319,594
	56,400,757
	350
	6.21
	76.19


agpt assay mutant frequencies reported in previous study [17]


[image: ]
Fig. 1The correlation of mutant frequencies from the gpt assay and mutation frequencies from PECC-Seq analysis. The X-axis indicates the mutant frequency using the gpt assay in a 10−5 order, whereas the Y-axis indicates the mutation frequency using PECC-Seq in a 10−7 order for each sample. The blue and orange dots represent the non-treated control and DEN-treated samples, respectively. The dashed line indicates the linear regression line of the mutant frequency using the gpt assay and the mutation frequency using PECC-Seq


Next, to confirm the mutational signature of DEN-treatment, we analyzed the trinucleotide base substitution spectra in the non-treated control and DEN-treated group samples. The samples from each group showed a highly similar mutational signature (Fig. 2). These results also indicate the robustness of PECC-Seq for in vivo mutational signature detection. The robustness of ecNGS for in vivo mutagenicity detection was discussed in a previous study [13]. PECC-Seq also showed a robust in vivo mutation detection performance. Our results also revealed high A:T > T:A mutation in the DEN-treated group (Fig. 3). Consistently, the mutation spectrum introduced by DEN in the gpt gene corresponds to the A:T > T:A transversion mutation [18]. The average A:T > T:A mutation frequency in the non-treated control and DEN-treated groups were 4.36 × 10−8, and 1.87 × 10−6, respectively (representing approximately 43-fold increase compared to the non-treated control) (Fig. 4). The statistical test also showed that A:T > T:A mutation frequency is significantly high in DEN-treated group samples.[image: ]
Fig. 2Trinucleotide mutational signatures of rat liver samples from the non-treated control (Control 3, 8, and 9) and DEN-treated (DEN P11, P13, and P15) groups. The X-axis indicates each trinucleotide pattern in each mutation pattern column. The Y-axis indicates the mutation frequency in a 10−7 order in each sample row

[image: ]
Fig. 3The fold changes of the average mutation pattern frequencies between the non-treated control and DEN-treated groups. The Y-axis indicates the fold change. Bar plots indicate the fold change of each mutation pattern

[image: ]
Fig. 4The mutation frequency of A:T > T:A in the non-treated control and DEN-treated group samples (blue and orange bars, respectively). The Y-axis indicates the A:T > T:A mutation frequency in a 10−6 order in each sample. * indicates p < 0.05


Following the A:T > T:A transversion mutation, A:T > C:G transversion and A:T > G:C transition mutation were highly introduced in DEN-treated group (Fig. 3). In contrast, the DEN-introduced mutation spectra in the gpt gene reportedly comprises the A:T > T:A transversion mutation, followed by the G:C > A:T and A:T > G:C transition mutation [18]. Namely, inconsistency could be identified in the second and third frequent mutation spectra between this and previous study. Several mechanisms could explain this apparent difference. One of the explanations is frequent amplifiable template lesions occur during DNA extraction and preparation, linked to higher oxidation and hydrolytic deamination rates [19, 20]. For instance, Costello et al. described increased G > T transversions being directly connected to DNA preparation protocols that cause 8-oxoguanine (8-oxoG) lesions, a common oxidative DNA damage result [21]. The gpt assay procedure comprises multiple DNA handling steps to detect mutations as E. coli colonies [8] and also the gpt gene packaging efficiency of the F344/Nslc gpt delta rat strain is low due to the low copy number of the gpt gene integrated in genome [22]. DNA oxidation and hydrolytic deamination might also be introduced during the various experimental steps and labor-intensive way of detecting mutation. Another possible reason to explain the mutational difference is the GC content difference as the contents of the gpt gene and the rat genome are 51.9 and 41.5%, respectively. Moreover, the nucleotide ratio could also affect the mutation spectra. Taken together, transgene-specific assays might confer potential biases to the mutational spectrum and does not provide sufficient mutational information, which could perfectly reflect mutations in the entire genome. We thus favor the idea of direct and genome-wide mutation detection, although not in a locus- and transgene-specific manner.
In conclusion, we demonstrated that PECC-Seq could detect in vivo mutagenicity in rat liver samples along with a characteristic mutational signature induced by DEN. Taking into account all abovementioned considerations, ecNGS techniques represented by PECC-Seq could provide useful tools for detecting in vivo mutagenicity as these techniques require no transgenic rodents and save time and labor compared to TGR assay. Moreover, our results indicates that ecNGS can detect in vivo mutagenicity using samples from other toxicological assays and contribute to the 3R of animal research.

Materials and methods
Genomic DNA extraction from rat liver samples and NGS library preparation
F344/Nslc gpt delta male rat liver samples were obtained from a previous study [17], provided by the Division of Pathology, National Institute of Health Sciences. For the non-treated control, corn oil was intragastrically administrated to the animals once daily for 13 weeks. For the DEN treatment, 40 mg/kg body weight of DEN was intraperitoneally administrated to the animals once a week for 5 weeks. Genomic DNA was extracted using the DNeasy Blood & Tissue Kits (QIAGEN, Venlo, Nederland) following the manufacturer’s protocol. The sequencing libraries were prepared mostly following a previous report [10] with additional steps. Briefly, after the genomic DNA fragmentation by sonication, the fragmented DNA samples were subjected to S1 nuclease (Thermo Scientific™, MA, USA) treatment following the manufacturer’s protocol in order to reduce artificial mutations [20]. Approximately 150-bp DNA fragments were subjected to constructing Illumina sequencing libraries using the TruSeq DNA PCR-Free Kit (Illumina, Inc., CA, USA).

Sequencing and analysis
The obtained sequence libraries were sequenced using the Illumina NextSeq 2000 platform (Illumina, Inc., CA, USA) with the NextSeq 1000/2000 P2 (300 cycle) or P3 (300 cycle) reagents. The libraries were diluted to 50 pM as final loading concentration. The information processing mostly followed a previous study [10]. Briefly, the adapter sequences in raw sequencing data were trimmed by Trimmomatic (v0.39) [23] with following command.
java -jar trimmomatic-0.39.jar PE -threads 16 -phred33 read_1.fastq read_2.fastq read_out_1.fastq read_out_2.fastq ILLUMINACLIP: TruSeq3-PE-2.fa:2:30:10:1:true
The library terminal end trim was not applied in this study because the S1 nuclease treatment eliminated the artificial mutations at the terminal regions. After adapter sequence trimming, the paired-end reads were mapped on to F344/NHsd rat genome sequence [24] downloaded from GigaDB (http://​gigadb.​org/​dataset/​100042) using the Burrows-Wheeler aligner (BWA) [25] in default setting of “bwa mem” mode. Mapping results were sorted by SAMtools (v1.9) [26] and properly mapped paired-end reads with high quality score (more than 60) were extracted.
To obtain the consensus read groups, firstly we randomly extracted 10% data by using list of 5′ end location of all mapped reads for the reason of computational resource. After the 10% data extraction, only four reads share the same mapped location with proper orientation (paired-end reads with complementary strand) were grouped as consensus read group. The mapping data with consensus read groups were extracted and mutations suggested by consensus read groups were detected by SAMtools.
To exclude animal SNPs, mutations detected from all mapping data by SAMtools were extracted. The mutations suggested by all mapping data were excluded from the mutations suggested by consensus read groups. These candidate mutations suggested by consensus read groups were confirmed with the IGV browser [27]. Firstly, these candidates were filtered with supporting read depth. The positions of mutation with read depth calculated from all mapped reads more than 30 reads and less than 100 reads were extracted. Then, consensus read groups with more than 2 mutations were discarded. Additionally, mutations that also supported by other reads not in the consensus read group were discarded for exclude the animal-specific SNPs. These filtered mutations were considered as chemical-induced mutation and subjected to following analysis.

Statistical analysis
The average mutation frequency was calculated as the sum of mutations in each group divided by the sum of PECC-Seq-analyzed bases in each group. All mutations detected by PECC-Seq were classified to each trinucleotide type. The trinucleotide frequency was calculated as the sum of mutations in each type divided by the sum of the PECC-Seq-analyzed bases. The fold change of mutations in each mutation group was calculated as the sum of the mutations in each mutation group of the DEN-treated group divided by the sum of the mutations in each mutation group of the non-treated group. For the statistical test, we performed one-sided Student’s t-test.


Acknowledgements
We gratefully thank Yuji Ishii, a member of Division of Pathology, National Institute of Health Sciences, for the provided us male rat liver samples.

Authors’ contributions
KI, TS, MH, KS, and MT are designed and critically discussed about this study. KI conducted all experimental procedures and informatic analysis. KI wrote and MT critically revised the manuscript. All authors read and approved the final manuscript.
Authors’ information
Not applicable.


Funding
This study was funded by the Health and Labour Sciences Research Grant from the Ministry of Health, Labour and Welfare (Grant number 22KD2001).

Availability of data and materials
All sequence reads data obtained in this study were deposited in the DDBJ under the accession number DRA016972.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conflicts of interest.


References
	1.
Hayashi M. Opinion: regulatory genotoxicity: past, present and future. Genes Environ. 2022;44:13.CrossrefPubMedPubMedCentral

	2.
Ku WW, Bigger A, Brambilla G, Glatt H, Gocke E, Guzzie PJ, et al. Strategy expert group, IWGT: strategy for genotoxicity testing—metabolic considerations. Mutat Res. 2007;627:59–77.CrossrefPubMed

	3.
Hashway SA, Wilding LA. Translational potential of rats in research. In: The laboratory rat, vol. 3. Third ed. Academic Press; 2020. p. 77–88.Crossref

	4.
Szpirer C. Rat models of human diseases and related phenotypes: a systematic inventory of the causative genes. J Biomed Sci. 2020;27:84.CrossrefPubMedPubMedCentral

	5.
ICH Steering Committee. Testing for carcinogenicity of pharmaceuticals. ICH Harmonized Tripartite Guideline. 1997:1–6.

	6.
Boerrigter ME, Dollé ME, Martus HJ, Gossen JA, Vijg J. Plasmid-based transgenic mouse model for studying in vivo mutations. Nature. 1995;377:657–9.CrossrefPubMed

	7.
Jakubczak JL, Merlino G, French JE, Muller WJ, Paul B, Adhya S, et al. Analysis of genetic instability during mammary tumor progression using a novel selection-based assay for in vivo mutations in a bacteriophage lambda transgene target. Proc Natl Acad Sci U S A. 1996;93:9073–8.CrossrefPubMedPubMedCentral

	8.
Nohmi T, Katoh M, Suzuki H, Matsui M, Yamada M, Watanabe M, et al. A new transgenic mouse mutagenesis test system using Spi- and 6-thioguanine selections. Environ Mol Mutagen. 1996;28:465–70.CrossrefPubMed

	9.
Hoang ML, Kinde I, Tomasetti C, McMahon KW, Rosenquist TA, Grollman AP, et al. Genome-wide quantification of rare somatic mutations in normal human tissues using massively parallel sequencing. Proc Natl Acad Sci U S A. 2016;113:9846–51.CrossrefPubMedPubMedCentral

	10.
You X, Thiruppathi S, Liu W, Cao Y, Naito M, Furihata C, et al. Detection of genome-wide low-frequency mutations with paired-end and complementary consensus sequencing (PECC-Seq) revealed end-repair-derived artifacts as residual errors. Arch Toxicol. 2020;94:3475–85.CrossrefPubMed

	11.
Kinde I, Wu J, Papadopoulos N, Kinzler KW, Vogelstein B. Detection and quantification of rare mutations with massively parallel sequencing. Proc Natl Acad Sci U S A. 2011;108:9530–5.CrossrefPubMedPubMedCentral

	12.
Schmitt MW, Kennedy SR, Salk JJ, Fox EJ, Hiatt JB, Loeb LA. Detection of ultra-rare mutations by next-generation sequencing. Proc Natl Acad Sci U S A. 2012;109:14508–13.CrossrefPubMedPubMedCentral

	13.
Matsumura S, Sato H, Otsubo Y, Tasaki J, Ikeda N, Morita O. Genome-wide somatic mutation analysis via hawk-Seq™ reveals mutation profiles associated with chemical mutagens. Arch Toxicol. 2019;93:2689–701.CrossrefPubMed

	14.
Abascal F, Harvey LMR, Mitchell E, Lawson ARJ, Lensing SV, Ellis P, et al. Somatic mutation landscapes at single-molecule resolution. Nature. 2021;593:405–10.CrossrefPubMed

	15.
Salk JJ, Schmitt MW, Loeb LA. Enhancing the accuracy of next-generation sequencing for detecting rare and subclonal mutations. Nat Rev Genet. 2018;19:269–85.CrossrefPubMedPubMedCentral

	16.
LeBlanc DPM, Meier M, Lo FY, Schmidt E, Valentine C 3rd, Williams A, et al. Duplex sequencing identifies genomic features that determine susceptibility to benzo(a)pyrene-induced in vivo mutations. BMC Genomics. 2022;23:542.CrossrefPubMedPubMedCentral

	17.
Takasu S, Ishii Y, Namiki M, Nakamura K, Mitsumoto T, Takimoto N, et al. Comprehensive analysis of the general toxicity, genotoxicity, and carcinogenicity of 3-acetyl-2,5-dimethylfuran in male gpt delta rats. Food Chem Toxicol. 2023;172:113544.CrossrefPubMed

	18.
Akagi J, Toyoda T, Cho YM, Mizuta Y, Nohmi T, Nishikawa A, et al. Validation study of the combined repeated-dose toxicity and genotoxicity assay using gpt delta rats. Cancer Sci. 2015;106:529–41.CrossrefPubMedPubMedCentral

	19.
Arbeithuber B, Makova KD, Tiemann-Boege I. Artifactual mutations resulting from DNA lesions limit detection levels in ultrasensitive sequencing applications. DNA Res. 2016;23:547–59.CrossrefPubMedPubMedCentral

	20.
Otsubo Y, Matsumura S, Ikeda N, Yamane M. Single-strand specific nuclease enhances accuracy of error-corrected sequencing and improves rare mutation-detection sensitivity. Arch Toxicol. 2022;96:377–86.CrossrefPubMed

	21.
Costello M, Pugh TJ, Fennell TJ, Stewart C, Lichtenstein L, Meldrim JC, et al. Discovery and characterization of artifactual mutations in deep coverage targeted capture sequencing data due to oxidative DNA damage during sample preparation. Nucleic Acids Res. 2013;41:e67.CrossrefPubMedPubMedCentral

	22.
Masumura K, Ando T, Ukai A, Fujiwara S, Yokose S, You X, et al. New homozygous gpt delta transgenic rat strain improves an efficiency of the in vivo mutagenicity assay. Genes Environ. 2021;43:25.CrossrefPubMedPubMedCentral

	23.
Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics. 2014;30:2114–20.CrossrefPubMedPubMedCentral

	24.
Guo X, Brenner M, Zhang X, Laragione T, Tai S, Li Y, et al. Whole-genome sequences of DA and F344 rats with different susceptibilities to arthritis, autoimmunity, inflammation and cancer. Genetics. 2013;194:1017–28.CrossrefPubMedPubMedCentral

	25.
Li H, Durbin R. Fast and accurate short read alignment with burrows-wheeler transform. Bioinformatics. 2009;25:1754–60.CrossrefPubMedPubMedCentral

	26.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. 1000 genome project data processing subgroup: the sequence alignment/map format and SAMtools. Bioinformatics. 2009;25:2078–9.CrossrefPubMedPubMedCentral

	27.
Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative genomics viewer. Nat Biotechnol. 2011;29:24–6.CrossrefPubMedPubMedCentral



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Detection of in vivo mutagenicity in rat liver samples using error-corrected sequencing techniques


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/41021_2023_288_Fig1_HTML.png
(%107)

H [2] [o]
o o (=]

Mutation Frequency by PECC-Seq

N
o

O.Lee @

20

R2=0.89 .

40 60 80 100
Mutant Frequency by gpt assay (x10%)





OEBPS/css/envelope.png





OEBPS/images/41021_2023_288_Fig2_HTML.png
(%107 bp)

5.0

3.0

Control 3

1.0

5.0

3.0

Control 8

1.0

5.0

3.0

Control 9

1.0

I III 1 I I 11 1 11 11 1
1 1 1 I I 1 1 11 |_|]I 111 I ] 1 11 111§ 1
Il IIIIII I” I 1 II II II IIII I 1 1 I 111 11 1 1

5.0

Mutation Frequency

3.0

DEN P11

1.0

ST | T N .Illl‘l‘ln‘l.”,l” |||||‘||H|I|‘|1L|I|| im

5.0

3.0

DEN P13

1.0

SR N .|II.|“hI||.I|‘.|Il. |I|.|.|||||. Jabitallin,

5.0

3.0

DEN P15

(==}

TSI S TS ST TS

IO S b IR G I U ST I GO TIUTIUATIA T






OEBPS/images/41021_2023_288_Fig3_HTML.png
T>G

TC

50

(=] (=]
[3p] N

40
10

abueyd pjo4





OEBPS/css/sidebar.gif





OEBPS/images/41021_2023_288_Fig4_HTML.png
(*10°)

3.0

e
o

Aousnbai4 uonelNN Vil < |V

]
~





