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The transition from targeted to exome or genome sequencing in clinical contexts requires quality standards, such as targeted sequencing, in order to be fully adopted. However, no clear recommendations or methodology have emerged for evaluating this technological evolution. We developed a structured method based on four run-specific sequencing metrics and seven sample specific sequencing metrics for evaluating the performance of exome sequencing strategies to replace targeted strategies. The indicators include quality metrics and coverage performance on gene panels and OMIM morbid genes. We applied this general strategy to three different exome kits and compared them with a myopathy-targeted sequencing method. After having achieved 80 million reads, all tested exome kits generated data suitable for clinical diagnosis. However, significant differences in the coverage and PCR duplicates were observed between the kits. These are two main criteria to consider for the initial implementation with high-quality assurance. This study aims to assist molecular diagnostic laboratories in adopting and evaluating exome sequencing kits in a diagnostic context compared to the strategy used previously. A similar strategy could be used to implement whole-genome sequencing for diagnostic purposes.

Introduction

Next-generation sequencing (NGS) technology is routinely used by clinical diagnostic laboratories to identify variants and genes underlying human genetic diseases. Multiple strategies based on gene-panel sequencing (GPS), exome sequencing (ES), or genome sequencing (GS) exist, according to the clinical situation [START_REF] Adams | Next-Generation Sequencing to Diagnose Suspected Genetic Disorders[END_REF][START_REF] Vinkšel | Improving Diagnostics of Rare Genetic Diseases with NGS Approaches[END_REF]. GPS represents the cheapest and fastest NGS approach [START_REF] Zenagui | A Reliable Targeted Next-Generation Sequencing Strategy for Diagnosis of Myopathies and Muscular Dystrophies, Especially for the Giant Titin and Nebulin Genes[END_REF], with a deeper coverage important for the detection of mosaicism [START_REF] Stosser | High Frequency of Mosaic Pathogenic Variants in Genes Causing Epilepsy-Related Neurodevelopmental Disorders[END_REF]. However, GPS requires frequent updates considering new disease-causing genes. The use of ES in clinical practice has reported evidence of better cost-effectiveness and clinical utility in various indications [START_REF] Schwarze | Are Whole-Exome and Whole-Genome Sequencing Approaches Cost-Effective? A Systematic Review of the Literature[END_REF][START_REF] Wright | Paediatric Genomics: Diagnosing Rare Disease in Children[END_REF][START_REF] Qin | Identification of New Mutations in Patients with Hereditary Spherocytosis by Next-Generation Sequencing[END_REF]. GS is the most powerful, allowing the detection of structural variants as well as deep intronic mutations that may affect splicing.

However, because of its cost, time, and the workflow infrastructure requirements, GS is currently mainly accessible to nationwide-scaled projects or in large-scale clinical genomic sequencing centers [START_REF] Dollfus | Le plan France Médecine Génomique 2025 et les maladies rares[END_REF][START_REF] Thiffault | Clinical Genome Sequencing in an Unbiased Pediatric Cohort[END_REF].

In the late 2000s and early 2010s, most of the genetic diagnostic laboratories started to apply the GPS strategy to replace Sanger sequencing [START_REF] Xue | Solving the Molecular Diagnostic Testing Conundrum for Mendelian Disorders in the Era of Next-Generation Sequencing: Single-Gene, Gene Panel, or Exome/Genome Sequencing[END_REF]. This approach has been reported to be efficient and widely adopted in clinical sequencing centers [START_REF] Zenagui | A Reliable Targeted Next-Generation Sequencing Strategy for Diagnosis of Myopathies and Muscular Dystrophies, Especially for the Giant Titin and Nebulin Genes[END_REF][START_REF] Krahn | Towards a national standardisation of NGS studies in the diagnosis of myopathies[END_REF]. Guidelines for genetic diagnostic laboratories with reliable and accurate evaluation to apply the ES strategy instead of GPS is essential for their operation.

Our diagnostic laboratory previously implemented a GPS strategy for diagnosing myopathies and muscular dystrophies, especially for the giant titin and nebulin genes [START_REF] Zenagui | A Reliable Targeted Next-Generation Sequencing Strategy for Diagnosis of Myopathies and Muscular Dystrophies, Especially for the Giant Titin and Nebulin Genes[END_REF]. To develop an ES strategy with at least the same reliability as GPS, we report here a complete methodology of comparison based on several guidelines previously reported, structured into four main sections: theoretical evaluation of coverage, sequencing quality validation, clinical validation, and final selection of a strategy. We illustrate this method with a comparative study of NGS results obtained on 27 DNA samples using three different exome capture kits

Results

We have defined a general strategy with four main steps to evaluate the performance of ES solutions compared to GPS. The general workflow is described in Figure 1.

We used this general strategy to compare ES data from three library preparation solutions that differ in the genomic captured regions concerning the introns and untranslated regions (UTR), the boosted capture in disease-associated regions, and the capture technology: (i) SeqCap EZ MedExome (Medex) from Roche (Santa Clara, CA, USA); (ii) SureSelect Human All Exon v7 (SSV7) from Agilent Technologies (Santa Clara, CA, USA); and (iii) SureSelect Clinical Research Exome V2 (CREV2) from Agilent Technologies (Santa Clara, CA, USA). For each exome capture kit, nine distinct DNA samples were extracted from blood and fragmented according to the same protocol, then sequenced using an Illumina NextSeq500 as paired-end 2 x 150 bp reads (see Materials and Methods).

Theoretical Evaluation of Regions of Interest Coverage

The different exome sequencing kits have specific characteristics regarding the genomic sequences captured and the possible enrichment of disease-associated genes. To choose the appropriate kit, one must analyze the regions each kit covers. Roche's SeqCap EZ MedExome (Medex) offers enhanced exon coverage for medically relevant genes. Agilent Technologies' SureSelect Human All Exon v7 (SSV7) utilizes RefSeq, GENCODE, CCDS, and UCSC Known Genes to focus on the interpretable genome. Their SureSelect Clinical Research Exome V2 (CREV2) builds upon the Human All Exon V6 design, increasing coverage in disease-associated regions and targeting a larger portion of introns and untranslated regions (UTRs).

The genome regions targeted by the different ES designs were compared to the genome assembly GRCh37 (hg19). As expected, all the exome kits have a very similar coding sequence target and mainly differ concerning the non-coding regions (introns and UTR) targeted (Figure 2). CREV2 has comparatively a very extended non-coding target (32.1 Mb) compared to Medex and SSV7 (12.7 and 15.4 Mb, respectively). 

Sequencing Quality Validation

The first step to evaluate each ES kit is to ensure the raw sequencing quality. For this, we propose four criteria with acceptable thresholds represented in Table 1: density of clusters, clusters passing filter, quality score Q30, and PhiX control. Cluster passing filters are defined as clusters that pass the filter based on various parameters, such as signal intensity and purity. Quality score Q30 refers to the percentage of bases with a quality score of 30 or higher. Finally, PhiX control is a measurement of the sequencing performance by using a known library. In our experiments, NGS with the three kits reached the required quality scores.

Then, we recommend assessing sample sequencing quality with seven parameters, according to NGS practice guidelines [START_REF] Mokry | Accurate SNP and Mutation Detectionby Targeted Custom Microarray-Based Genomic Enrichment of Short-Fragment Sequencing Libraries[END_REF][START_REF] Gargis | Assuring the Quality of Next-Generation Sequencing in Clinical Laboratory Practice[END_REF][START_REF] Matthijs | Guidelines for Diagnostic Next-Generation Sequencing[END_REF]: insert size, PCR duplicate rate, on-target rate, depth of coverage, coverage rate, uniformity of coverage, and Ts/Tv ratio. Table 1 compiles each quality parameter with the tools to assess it, acceptable thresholds, common causes, corrective measures in case of unacceptable criteria, and publications or other sources reported.

The results obtained for each ES kit tested are represented in Table 2. As expected, due to the same mechanical fragmentation protocol used for the three experiments, produced fragments are of similar size (Medex: 206 bp; SSV7: 215 bp; CREV2: 204 bp). Paired-end 150 bp sequencing produced overlapping coverage of 94 bp, 85 bp, and 96 bp for Medex, SSV7, and CREV2, respectively. The proportion of PCR duplicated reads was one of the major differences between the methods as both Agilent kits displayed ~2-fold less PCR duplicates than the Roche MedExome kit. The on-target rates were similar for both kits from Agilent Technologies (~72%) but were slightly higher for the MedExome (~74%). Each of these technologies achieved a high level of respective target region cumulative coverage; the Agilent SSV7 presented the highest. In order to have at least 90% of targeted bases covered at 30X, a minimum of 80M reads were required for Medex and SSV7, whereas 100M was needed for CREV2. The three technologies showed a satisfactory percentage of targeted bases covered at 15X at a sequencing effort as early as 40M (Medex: 96.3%; SSV7: 97.9%; CREV2: 93.9%) (Figure 3). To investigate the uniformity of coverage, we have computed two metrics, the fold 80 base penalty and the evenness score [START_REF] Mokry | Accurate SNP and Mutation Detectionby Targeted Custom Microarray-Based Genomic Enrichment of Short-Fragment Sequencing Libraries[END_REF]. Lower numbers for the 80 base penalty and a high percentage for this score indicate more uniform coverage; a value of 1 for the 80 base penalty and 100% for this score represent perfect uniformity. Both metrics indicated the same order of magnitude for the three capture protocols, with the SSV7 kit having slightly higher performances.

We also evaluated the ratio of transitions to transversions (Ts/Tv) in the dataset as they are an approximate measure of variant calling quality [START_REF] Li | Improving SNP Discovery by Base Alignment Quality[END_REF]. For human-exome sequencing data, the Ts/Tv ratio is generally around 3.0 and about 2.0 outside the exome regions [START_REF] Bainbridge | Targeted Enrichment beyond the Consensus Coding DNA Sequence Exome Reveals Exons with Higher Variant Densities[END_REF]. Ts/Tv ratios in this value range are associated with lower false positives, with high-quality exome variant datasets expected to have Ts/Tv ratios between 2.8 and 3.0 [START_REF] Depristo | A Framework for Variation Discovery and Genotyping Using Next-Generation DNA Sequencing Data[END_REF]. Based on this statement, all the methods evaluated were of good quality as SSV7 has a Ts/Tv ratio of 2.6 and Medex of 2.7. CREV2 has a lower value (2.4) that could be explained by the higher proportion of noncoding regions in its design.

Clinical Validation

In addition to a technology comparison focused on metrics, it is essential to validate the different ES kits in the clinical context of genetic diseases. This includes ensuring that panels of genes previously analyzed in the laboratory by GPS for diagnosis (particularly regions that are difficult to sequence), as well as coding sequences of disease-associated genes (OMIM genes database [START_REF]Online Mendelian Inheritance in Man[END_REF]), are well covered using ES.

We measured the coverage provided by the three ES kits on regions targeted by our panel of genes implicated in myopathies, routinely used in our laboratory [START_REF] Zenagui | A Reliable Targeted Next-Generation Sequencing Strategy for Diagnosis of Myopathies and Muscular Dystrophies, Especially for the Giant Titin and Nebulin Genes[END_REF] (Figure 4a). 80M reads were necessary to achieve a 30X coverage on more than 99% of the targeted regions and 50M were required to reach a coverage of 30X on more than 95% of the targeted regions. We also evaluated on Integrative Genomic Viewer (IGV) [START_REF] Robinson | Integrative Genomics Viewer[END_REF][START_REF] Thorvaldsdóttir | Integrative Genomics Viewer (IGV): High-Performance Genomics Data Visualization and Exploration[END_REF] the coverage of the repeated regions of TTN (exons 172 to 180, 181 to 189, and 190 to 198) and NEB (exons 82 to 89, 90 to 97, and 98 to 105) that were not adequately covered by older ES kits tested in a previous study [START_REF] Zenagui | A Reliable Targeted Next-Generation Sequencing Strategy for Diagnosis of Myopathies and Muscular Dystrophies, Especially for the Giant Titin and Nebulin Genes[END_REF]. The three ES kits achieved a similar coverage to that obtained with GPS (Supplementary Figure S1).

To evaluate the different ES kits in the context of all genetic diseases, we calculated sequence coverage levels obtained with Medex, SSV7, and CREV2 on the OMIM genes dataset. The percentage of regions covered at different sequencing depths (15X, 30X, 50X, and 100X) showed that a sequencing effort of 80M reads is required to cover 95% of the OMIM set with a coverage of at least 

Final Selection of a Strategy

In summary, all evaluated ES kits met clinical diagnostic quality standards based on four run sequencing metrics and seven sample sequencing metrics. Upon reaching 80 million reads, all three kits effectively covered at least 90% of targeted bases at 30X coverage in our GPS and OMIM gene coding regions. The primary factors influencing our ES strategy selection were the PCR duplicate rate, which varies among library kits, and coverage of clinically relevant regions. Notably, the larger target size in the CREV2 kit may present financial constraints for many clinical laboratories when implementing routine diagnostic sequencing.

Discussion

In our study, we implemented a strategy to evaluate several ES technologies in order to assess their reliability and adequacy to replace GPS for variant detection in diagnostic use.

First, it is necessary to evaluate the target design philosophy of each manufacturer. Exome kits usually present very similar coding sequence targets and mainly differ concerning the non-coding regions (introns and UTR) targeted. While few solutions are scheduled to harbor very extended non-coding targets (cover more than 30 Mb), many designs focus on coding regions that make them smaller and thus less expensive. These differences underpin various applications: the kits including extended non-coding targets aim to sequence many noncoding regions of interest (including enhancers), whereas the kits limited to coding sequences are easier for data interpretation and storage in the perspective of routine sequencing for diagnostic purposes and provide a higher sequencing depth that could be useful to detect mosaicism. The selection of exome strategy should be done according to clinical regions and molecular mechanisms involved in the explored pathology.

It is then important to use metrics to evaluate NGS sequencing quality. We provide a compilation of metrics usually used, with tools to evaluate them, acceptable threshold(s) if relevant, common causes and corrective measures in case of results outside the thresholds, and available sources. Evaluation of the performance of each ES kit for each in silico gene panel used in clinical diagnostics is also important. In our study, we focused on myopathy genes' panel analyzed in our diagnostic laboratory and observed results with quality standards for clinical diagnostics. In addition, when investigating visually the coverage on the repeated regions of TTN and NEB, we observed performances comparable to GPS. This is an actual improvement compared to the previous generation of exome capture solutions that were evaluated in our laboratory [START_REF] Zenagui | A Reliable Targeted Next-Generation Sequencing Strategy for Diagnosis of Myopathies and Muscular Dystrophies, Especially for the Giant Titin and Nebulin Genes[END_REF]. In a broader way, the performance of the ES capture kits on clinical gene regions coverage is also essential to evaluate for different sequencing efforts. It is important to determine the minimum number of reads per patient to sequence > 95% of clinical gene regions defined in the OMIM database. In our example, we showed that the three tested ES kits demonstrate performance suitable to clinical diagnostic quality standards. This clinical validation is essential because it assures us of the correct sequencing of the myopathy genes of our initial panel and of the OMIM genes, which will improve our diagnostic yield of myopathies [START_REF] Zenagui | A Reliable Targeted Next-Generation Sequencing Strategy for Diagnosis of Myopathies and Muscular Dystrophies, Especially for the Giant Titin and Nebulin Genes[END_REF].

A limitation of our study is that the experiment was solely based on blood DNA samples and was mainly focused on detecting constitutional variants. While an individual's DNA remains consistent, the genetic composition may vary between different tissues. This variation can include differences in genetic variants or structural alterations within the exome, depending on the specific tissue. Although potential discrepancies between blood DNA and tissue DNA exomes may exist, it is worth noting that these differences may not necessarily be significant but could be in a cancer sequencing context [START_REF] Tenedini | Targeted Cancer Exome Sequencing Reveals Recurrent Mutations in Myeloproliferative Neoplasms[END_REF]. Finally, in this study, we did not explore the performance of ES in additional variant detection in off-target reads, as mitochondrial variants [START_REF] Samuels | Finding the Lost Treasures in Exome Sequencing Data[END_REF].

More than an increased diagnostic yield, merging all GPS into a unique ES technique could lead to easier work sharing between teams, fewer wet lab updates, and, therefore, less work for validation and accreditations. Of course, the increased number of sequence data obtained by ES, compared to GPS, implies higher storage capacities and adapted analysis pipelines. A strategy for reporting results in case of incidental findings should also be decided, according to international and national recommendations [START_REF] Van Der Schoot | Lessons Learned from Unsolicited Findings in Clinical Exome Sequencing of 16,482 Individuals[END_REF][START_REF] Green | ACMG Recommendations for Reporting of Incidental Findings in Clinical Exome and Genome Sequencing[END_REF][START_REF] Kalia | Recommendations for Reporting of Secondary Findings in Clinical Exome and Genome Sequencing, 2016 Update[END_REF][START_REF] Miller | Recommendations for Reporting of Secondary Findings in Clinical Exome and Genome Sequencing, 2021 Update: A Policy Statement of the American College of Medical Genetics and Genomics (ACMG)[END_REF]. Moreover, GPS trio sequencing does not have a higher diagnostic yield than an ES trio sequencing approach. To justify the additional costs of genome vs. exome sequencing, improvement of structural variation analysis will be required and/or the cost of genome analysis and storage will need to decrease.

In conclusion, our work aims to be a practical guide for molecular diagnostics of genetic disorders, helpful to perform kits' benchmarking in order to introduce or change ES kits with a high level of quality assurance. A closed strategy could be used to implement GS, which will probably become the upcoming first-tier genetic test in the next years [START_REF] Lionel | Improved Diagnostic Yield Compared with Targeted Gene Sequencing Panels Suggests a Role for Whole-Genome Sequencing as a First-Tier Genetic Test[END_REF].

Materials and Methods

NGS Experiments

Genomic DNA was extracted from blood samples following the manufacturer's standard procedure of the FlexiGene DNA kit (Qiagen, Courtaboeuf, France). For all three ES protocols, 100 ng of fragmented genomic DNA with a Bioruptor (Diagenode, Liège, Belgium) was used as input. DNA NGS libraries were prepared according to the manufacturer's protocol. Final library concentrations were measured with Invitrogen's Qubit Fluorometer High Sensitivity kit (Carlsbad, CA, USA), and library quality controls were performed on a Bioanalyzer High Sensitivity DNA chip (Agilent Technologies, Santa Clara, CA, USA). Sequencing of each exome capture library was performed using an Illumina NextSeq500 as paired-end 2 x150 bp reads according to the manufacturer's protocol (NextSeq System Denature and Dilute Libraries Guide, January 2016). For each technology, nine distinct samples were sequenced (a total of 27 samples) using NextSeq 500/550 High Output Kit v2 cartridge 300 cycles (2x 150 cycles).

NGS Data Analyses

Data Processing

For data analyses, the nenufaar [45] data analysis pipeline has been used. Briefly, this pipeline performs the secondary analysis from fastq files to BAMs and raw VCFs. It uses, in particular, BWA-MEM [START_REF] Li | Aligning Sequence Reads, Clone Sequences and Assembly Contigs with BWA-MEM[END_REF] for mapping, GATK 3.8 Haplotype Caller [START_REF] Poplin | Scaling Accurate Genetic Variant Discovery to Tens of Thousands of Samples[END_REF][START_REF] Mckenna | The Genome Analysis Toolkit: A MapReduce Framework for Analyzing next-Generation DNA Sequencing Data[END_REF], and Platypus [START_REF] Rimmer | Integrating Mapping-, Assembly-and Haplotype-Based Approaches for Calling Variants in Clinical Sequencing Applications[END_REF] for variant calling. Several quality metrics are generated during the process, such as Picard, Qualimap (BamQC tool) [START_REF] García-Alcalde | Qualimap: Evaluating next-Generation Sequencing Alignment Data[END_REF][START_REF] Okonechnikov | Qualimap 2: Advanced Multi-Sample Quality Control for High-Throughput Sequencing Data[END_REF], GATK CollectHSMetrics, DepthOfCoverage [START_REF] Der Auwera | Genomics in the Cloud: Using Docker, GATK, and WDL in Terra[END_REF], and FastQC [START_REF] Andrews | A Quality Control Tool for High Throughput Sequence Data[END_REF].

Theoretical Evaluation of Regions of Interest Coverage

The genome regions targeted by the different ES designs were compared to the genome assembly GRCh37 (hg19) with multiIntersectBed from the bedtools suit [START_REF] Quinlan | A Flexible Suite of Utilities for Comparing Genomic Features[END_REF]. The genomic coordinates of the exon coding sequence (CDS), untranslated regions (UTR), and introns were defined according to the National Center for Biotechnology Information (NCBI) Reference Sequence [START_REF] O'leary | Reference Sequence (RefSeq) Database at NCBI: Current Status, Taxonomic Expansion, and Functional Annotation[END_REF].

Sequencing Quality Validation

The data concerning the four quality criteria of the run (density of clusters, cluster passing filter, quality score Q30, and PhiX control) are provided by the sequencer software (i.e., Illumina Sequencing Analysis). Concerning the seven parameters (insert size, PCR duplicate rate, on-target rate, depth of coverage, coverage rate, uniformity of coverage, and transition/transversion (Ts/Tv) ratio) that ensure that the samples meet the quality requirements for analysis, most of their measures can be provided by GATK picard tools [55]. The uniformity of coverage can be computed using the Evenness Score [START_REF] Mokry | Accurate SNP and Mutation Detectionby Targeted Custom Microarray-Based Genomic Enrichment of Short-Fragment Sequencing Libraries[END_REF] and the Ts/Tv ratio can be measured using bcftools [START_REF] Danecek | Twelve Years of SAMtools and BC Ftools[END_REF]. For each quality parameter, we compiled the corresponding assessment tool, acceptable threshold, common causes of poor results, and suggested corrective measures in case of unacceptable criteria. In addition, we also provided publications or other sources that reported on each parameter, as summarized in Table 2.

Clinical Validation: Coverage of Targeted Regions

To evaluate coverage, fastq files were down sampled randomly to simulate different sequencing efforts. Coverage efficiency was evaluated by calculating cumulative coverage over all intended target bases for different amounts of reads, 40M (millions of reads), 60M, 80M, and 100M using the seqtk package (https://github.com/lh3/seqtk accessed on 28 March 2022).

The genomic locations targeted by different ES kits for at least a given coverage rate were computed using Qualimap [START_REF] Okonechnikov | Qualimap 2: Advanced Multi-Sample Quality Control for High-Throughput Sequencing Data[END_REF].

The OMIM set was established based on the genes associated with a clinical phenotype description in the OMIM database [START_REF]Online Mendelian Inheritance in Man[END_REF] (March 2019). The gene symbols were used to generate a bed file from the RefSeq database with a 25 base pairs exon padding in order to include nearby canonical sites impacting mRNA splicing.
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 2 Figure 2. Venn diagram showing the overlap of targeted bases of the different ES designs for noncoding (UTR + intron) regions and coding regions. The MedExome (Medex) has a target size of 47 Mb covering 33 Mb of exonic regions, 10.8 Mb of intronic regions, and 1.9 Mb of UTR. The SureSelect Human All Exon V7 exome (SSV7) presents a target size of 48 Mb composed of 31.9 Mb of exonic regions, 13.4 Mb of intronic regions, and 2 Mb of UTR. The Clinical Research Exome V2 (CREV2) has the largest target size with 67.3 Mb due to its larger intronic regions coverage (25.7 Mb) and UTR (6.4 Mb), whereas the exonic regions size is similar to the two other designs (31.4 Mb). The associated Venn diagrams were generated with Plotly (Plotly Technologies Inc. Collaborative data science. Montréal, QC, Canada, 2015. https://plot.ly accessed on 10 March 2019).
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 3 Figure 3. Coverage efficiency obtained with the different ES kits. Coverage efficiency is represented as the percent of the intended targeted bases for each technology at fixed depths (X) for different sequencing effort, simulated with a random down sampling of (a) 40 million reads, (b) 60M (c) 80M reads, and (d) 100M reads
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 4 Figure 4. Comparison of coverage as percentage of bases covered at fixed depths (15X, 30X, 50X, and 100X) for different sequencing efforts (5M, 10M, 20M, 40M, 60M, 80M, and 100M) obtained with the three ES kits on (a) the panel of neuromuscular genes used in diagnosis in the laboratory [3] and (b) OMIM disease-associated genes.
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