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HandyCNV: Standardized Summary, Annotation, Comparison, and Visualization of Copy Number Variant, Copy Number Variation Region, and Runs of Homozygosity
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Detection of CNVs (copy number variants) and ROH (runs of homozygosity) from SNP (single nucleotide polymorphism) genotyping data is often required in genomic studies. The post-analysis of CNV and ROH generally involves many steps, potentially across multiple computing platforms, which requires the researchers to be familiar with many different tools. In order to get around this problem and improve research efficiency, we present an R package that integrates the summarization, annotation, map conversion, comparison and visualization functions involved in studies of CNV and ROH. This one-stop post-analysis system is standardized, comprehensive, reproducible, timesaving, and user-friendly for researchers in humans and most diploid livestock species.
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INTRODUCTION

Genome-wide data have been accumulated for large numbers of individuals of various species as the cost of single nucleotide polymorphism (SNP) genotyping continues to decrease. In addition to using these data for GWAS (genome wide association study) or GS (genomic selection), interesting genomic information about copy number variant (CNV) and runs of homozygosity (ROH) can be inferred from these genotypes, and a range of software products [such as PennCNV (Wang et al., 2007), CNVPartition (Illumina, 2021), SNP and Variation Suite (Bozeman and Golden Helix, 2020)] have been developed to detect CNV and ROH for SNP data. However, few tools can integrate the summary data with annotations, comparisons, and visualizations of these results. As a result, extracting useful information from CNV and ROH data sets is time consuming, especially when it requires processing multiple results from different models and software. In order to get more comprehensive results, researchers often implement their own pipelines to switch back and forth between different tools, an approach that is prone to introducing bugs and thereby producing spurious results.

There are several common “pitfalls” we have observed when conducting CNV analyses using SNP genotyping data. The most frequent is to annotate the candidate genes in a CNVR (copy number variation region) without considering the frequency of the CNVs: this can result in undue weight being given to rare CNVs that affect only one or two samples. A second issue is comparing CNVs between different studies, and making comparisons only at the population level, and not at the individual sample level. Comparison at the population level could reflect the ubiquitous nature of CNVs, but at the individual level it also provides information about the robustness of CNV detection algorithms. A third issue arises when comparing CNVRs that have been detected using different reference genomes, which requires converting the coordinates of the regions between the two genomes. Making these conversions requires careful consideration, as the order of SNPs on chromosomes might differ between two different reference assemblies, such that the lengths or even chromosomal orders of CNVs can change, which might lead to meaningless comparisons between CNVRs. A fourth common problem is get the incorrect number of overlapping CNVRs when presenting comparison results via Venn diagram. Since the number of overlapping regions is relative to the results, and a single long interval generated using one approach might overlap multiple shorter intervals detected using another approach, in which case representing the results via Venn diagram requires special annotation.

There are also some steps that may be easily forgotten performing ROH analysis on SNP genotyping data. For example, the SNP density distributions may not have been carefully examined prior to inference of ROH. The density of SNPs may differ across the chromosome on different SNP chips, but ROH detection methods are highly affected by characteristics such as SNP density, window size, tolerance of occasional heterozygosity in the run, and the presence of missing values in the detection window. Knowing SNP density can therefore help us to select better parameters when performing ROH detection. Moreover, while reporting the candidate genes by functional annotation of genes that located in ROH regions, we may not examine the frequencies of haplotypes within these interesting genes, but this step could provide valuable information about the high frequency genotypes of these genes, which is useful on designing the further validation experiments and can provide the valuable reference to others when they comparing the genes using the same SNP chips on different populations.

There are several common requirements in studying CNV and ROH patterns in a new species or population. These include: the need for preparing summary tables, making summary figures, generating CNVRs and plotting CNVR distribution maps with gene annotations, comparing CNVs and CNVRs between studies, converting genome coordinates and map files from one reference to another, finding high frequency abnormal genomic regions, creating consensus gene lists, producing custom visualization of results, and identifying haplotypes in regions of interest. Therefore, we built this open-source tool to provide a standardized, reproducible, time-saving and widely available one-stop post-analysis system to make research more simple, practical and efficient while avoiding common “pitfalls” that can affect the accuracy and interpretability of these studies.



METHOD


Brief Introduction of Main Functions

The functions provided by this package can be categorized into five sections: Conversion; Summary; Annotation; Comparison; and Visualization. The most useful features provided are: integrating summarized results, generating lists of CNVRs, annotating the results with known gene positions, plotting CNVR distribution maps, and producing customized visualizations of CNVs and ROHs with gene and other related information on one plot (Figure 1). This package supports a range of customizations, including the color, size of high-resolution figures, and choice of output folder to avoid conflict between the results of different runs. Where applicable, output files are compatible with other software such as PennCNV (Wang et al., 2007), Plink (Chang et al., 2015), or DAVID annotation tools (Jiao et al., 2012).
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FIGURE 1. Example plots illustrating the main functions and output from the HandyCNV package.


The conversion section handles the conversions of genomic positions between two reference genomes, and provides two functions. convert_map is designed to compare SNP map files for two different reference genomes, matching by SNP name, and produce SNP maps in a format suitable for use by convert_coord. The function also reports the density of SNPs by chromosome. convert_coord is designed to convert the physical positions of genomic intervals based on a given SNP map file. Currently, the function is limited to inputs generated by convert_map, and can only convert the coordinates for intervals on the same type of SNP chip. Converting coordinates may change the total length of the intervals, as the positions and orders of the SNPs on the chromosome will potentially differ between various reference genomes; therefore, the function produces a table that summarizes how many intervals were converted successfully, and reports on the differences in length between the converted and original intervals.

The summary section contains a group of functions to summarize CNV results, generate CNVRs, and make CNVR distribution maps from CNV results. There is also a collection of functions to summarize ROH results, report frequencies of ROH regions, inbreeding coefficient by different length groups and to generate haplotypes on interesting ROH regions.

The functions used for reporting CNV results include clean_cnv, summary_cnv_plot, and call_cnvr. clean_cnv takes a CNV list from PennCNV and CNVPartition and reformats it into a standard format for use in the functions listed below. cnv_summary_plot generates a range of summary plots, aggregating CNV results by length group, CNV type, chromosome, and individual. call_cnvr generates CNV regions as the union of sets of CNVs that overlap by at least one base pair (Redon et al., 2006). This function will output three tables: (a) the list of CNVRs, containing the number of CNVs and number of samples in each CNVR that can reflect the frequency of CNVRs; (b) a brief summary table showing numbers of CNVRs by length and type (Deletion, Duplication, and Mixed, where Mixed indicates that both duplications and deletions are found within the CNVR); and (c) the total length and number of CNVRs on each chromosome.

roh_window will report: a table of high frequency ROH regions on the autosomes that passed the common frequency threshold, a table containing inbreeding coefficients by different length groups of each individual, a brief summary of the total numbers and lengths of ROHs in length groups, and a plot of high frequency ROH regions by chromosome. The inbreeding coefficients are calculated as Froh = (∑Lroh)/(∑Lauto) (McQuillan et al., 2008), where ∑Lroh is the total length of ROH, and ∑Lauto is the total length of autosomes. Other functions in this group include prep_phased, closer_snp, and get_haplotype; see the package vignette for more information (Jinghang et al., 2021).

The annotation section facilitates downloading and formatting reference gene lists, and annotating genes on genomic intervals. get_refgene will automatically download a reference gene list and invoke clean_ucsc and clean_ensgene from UCSC (Navarro Gonzalez et al., 2021) websites for human, cow, sheep, pig, horse, chicken or dog species, then remove the duplicated genes and report the standard format as output. call_gene is used to report how many genes are located in the given genomic intervals. The frequency of genes is calculated from the number of samples that has the same gene annotated in its CNVs.

The comparison section consists of functions for comparing sets of CNVs (compare_cnv), CNVRs (compare_cnvr), gene frequency lists (compare_gene), and other intervals (compare_interval). These functions were implemented using the foverlaps function in the data.table R package (Dowle et al., 2019). compare_gene can produce consensus gene lists, given lists of genes present in CNVRs in multiple studies. The remaining functions report numbers, lengths, and proportions of overlapping intervals (CNVs, CNVRs, etc.) on a population and individual basis.

Finally, twelve functions in HandyCNV are included in the visualization section; of these, five produce plots as a subset of their output, and have been mentioned previously: cnv_summary_plot, roh_window, compare_cnv, compare_cnvr, and convert_map. The remaining visualization functions mainly focus on customizing and integrating the plotting of all information related to CNV, ROH, and high frequency CNVR: these are cnvr_plot, plot_gene, cnv_visual, roh_visual, plot_cnvr_panorama, plot_snp_density, and plot_cnvr_source. These functions are described in the package vignette (Jinghang et al., 2021).



Pipelines for the Post Analysis of CNVs and ROHs


Post-analysis of CNVs and CNVRs

The recommended pipeline contains 14 basic steps depending on the study purposes (Figure 2), although usage is not limited to these basic steps, and users are free to explore their data by customizing the functions. By running through this pipeline, users can produce a wide range of results, such as summary tables and plots of CNV results, the CNVR list and its brief summary information and CNVR distribution plot, the frequency of CNVs and CNVRs within annotated genes, and comparison results between CNVs, CNVR, and annotated genes.
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FIGURE 2. Pipeline of post analysis of CNV results using HandyCNV.




Post-analysis of ROHs

The pipeline for the post analysis of ROHs contains eight basic steps (Figure 3). The main results produced by running through this pipeline are the high frequency ROH regions list, ROH-based inbreeding coefficients, a list of genes that are located in the ROH regions, and the frequency of haplotypes within genes or regions of interest.
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FIGURE 3. Pipeline of post-analysis of ROH in HandyCNV.






APPLICATION EXAMPLES OF CNV AND ROH

We now provide two example runs of the pipeline, using two previously published data sets: the first is a CNV list produced for a human population in Brazil (de Godoy et al., 2020), and the second is genotype data for an inbred breed of horses (Velie et al., 2016). The purpose of these examples is to introduce how to use the functions in this package; therefore, further interpretation of the results is not included.


Example 1. the Post-analysis of CNVs in a Human Dataset

The CNV result in this example was cited from a study published in 2020 which comprised 268 microarrays samples in a human population in Brazil (de Godoy et al., 2020). In this example, we will introduce how to prepare the standard CNV list, then produce brief summary, generate CNVRs, annotate genes and visualize CNVs. Figure 4 presents the code used in example 1, the R script can be found in Supplementary File 1.
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FIGURE 4. Analytical steps of example 1.


To replicate this example, we first need to download the dataset “Table S1 – Detailed information about all CNVs analyzed in our sample” (de Godoy et al., 2020) and save the sheet “All array platforms’ CNVs” as.csv format file. Then use read.csv to load the CNV list and select the columns required by cnv_clean (see Figure 5C).
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FIGURE 5. The main outputs of example 1. Panel (A) is CNV summary plot; panel (B) is CNVR distribution map; panel (C) is CNV input list; panel (D) is the brief summary table of CNV; panel (E) is a plot of CNVs on Chromosome 14; panel (F) is CNVR list; panel (G) is the brief summary table of CNVRs; panel (H) is an example plot of the high frequency CNVR; panel (I) is a plot of CNVs on Chr14:105-110 Mb; panel (J) is the gene frequency list; and panel (K) is the sample list that contain CNVs in the LINC00221 gene.


A formatted clean CNV list will return as an object named “clean_cnv” in working environment, and a brief summary table of CNV (see Figure 5D) will be written out after executing cnv_clean.

We then take a quick look at the CNV distribution by reading the “clean_cnv” list as input and customizing parameters in cnv_visual. In example, we first set “chr_id = 14” to visualize CNVs distribution on chromosome 14 (see Figure 5E), then zoom into the region with higher frequency CNVs (see Figure 5I) by setting “start_position = 105” and “end_position = 110.” Visualizing other chromosomes or regions and changing the colors of copy numbers can easily be done by adjusting the relevant arguments.

The CNV summary plot (see Figure 5A) can be plotted via cnv_summary_plot by taking “clean_cnv” as input. The CNVR list (see Figure 5F) is generated using call_cnvr by taking the “clean_cnv” file as input, producing a brief summary table of CNVR (see Figure 5G) that will be saved in the working directory in the meantime. The CNVR distribution map (see Figure 5B) is generated via cnvr_plot by loading the CNVR list.

For gene annotation steps, the reference gene list can be downloaded and formatted by assigning the genome version argument in get_refgene. Then the genes annotation list of CNV or CNVR are generated by running call_gene. Three input files need be assigned in the function: the clean CNV file (“clean_cnv”), the CNVR list (“cnvr”), and the reference gene list (“human_hg19”); the gene frequency list (see Figure 5J) will be returned as an object in the R environment. We can plot all the high frequency CNVRs with gene annotation results (see one example plot in Figure 5H) at the same time through cnvr_plot by reading “cnvr,” “clean_cnv” and reference gene list (“human_hg19”) and setting the “sample_size” and “common_cnv_threshold” arguments.

Finally, we can extract Sample IDs of CNVs that contain genes of interest (see Figure 5K) using get_samples, by loading the CNV annotation list generated by call_gene and assigning the gene name to the “gene_name” argument.

Since this example only contains one CNV result in one reference genome, the functions in the comparison and conversion sections are not applicable in this example. Users of these functions can browse the vignette of this package from the Github repository (Jinghang et al., 2021).



Example 2. the Post-analysis of ROH Using Horse Genotype Samples

The genotype data used to detect ROH in this example is from the work of Velie et al. (2016) and contains 285 horse samples. This example aims to present how to use the functions in HandyCNV to analyze ROHs. This example includes ROH detection by Plink 1.9 (Chang et al., 2015) and genotype phasing by Beagle 5.1 (Browning et al., 2018). Figure 6 presents the code used in example 2; the R script can be found in Supplementary File 2.
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FIGURE 6. Analytical steps of example 2.


To run this example, we first need to prepare the genotype data. The genotype files are read using the fread function (Dowle et al., 2019). Because the original ped file does not match the format required by Plink 1.9, we insert a sequential column of family IDs, plus placeholder columns of zeroes for the father, mother, and sex code by using data.frame and cbind functions (R Core Team, 2020). Before testing the ROH, the map file was loaded as the input file in plot_snp_density to get a brief summary and visualization of SNP density (Figure 7A). The jpeg and dev.off functions (R Core Team, 2020) are used to save the plot.
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FIGURE 7. The main outputs of example 2. Panel (A) is SNP density distribution plot; panel (B) is brief summary of ROH by length group; panel (C) is plot of ROH on Chromosome 22; panel (D) is the high frequency ROH regions list; panel (E) is plot of ROHs on Chr1:139.6-141.6 Mb; panel (F) is genes annotation list of ROH regions; panel (G) is the ROH frequency distribution plot; panel (H) is plot of ROHs that overlap to the GABPB1 gene; panel (I) is the frequency of haplotypes on GABPB1 Gene; panel (J) is the frequency of haploids on the GABPB1 gene; and panel (K) is the list of ROHs-based inbreeding coefficient.


Then, we invoke Plink 1.9 (Chang et al., 2015) by shell (R Core Team, 2020) from R Studio (Team, 2021) to generate binary genotype files and call ROH. For Windows operating systems, ensure that the plink.exe file is either in the current directory or accessible via the PATH system variable. To run Plink 1.9 on other operation system, please refer to the Plink website (Chang et al., 2015).

Once we get ROH results, we can run roh_window, which takes a “plink.hom” file as input to report the brief summary of ROH by length group (see Figure 7B), high frequency ROH regions (see Figure 7D), ROH frequency distribution plot (see Figure 7G), and to calculate the ROH based inbreeding coefficient (Figure 7K).

In this example, we present visualizations of ROH on the whole of chromosome 22 (see Figure 7C) and on the 22.81–23.22 Mb region on chromosome 22 (see Figure 7E) via roh_visual, which needs to load the “plink.hom” data set as input. The “chr_id” or “target_region” arguments are available to customize visualization, alongside additional arguments to customize the colors of ROHs.

The horse reference gene list (“quaCab2”) was downloaded from the UCSC website (Navarro Gonzalez et al., 2021) by get_refgene. The genes located in the high frequency ROH regions (see Figure 7F) were annotated via call_gene, which requires loading the reference gene list (“quaCab2”) and the high frequency ROH regions file that was generated by roh_window. Since we have the reference gene list, we can visualize ROH region with genes (see Figure 7H) via roh_visual by assigning the clean ROH file (“clean_roh = clean_roh”), target ROH region [“target_region = c (1, 139.6, 141.6)”] and reference gene lists (“refgene = equaCab2”). We can also visualize ROHs in terms of the gene we are interested in: here, we are looking at the GABPB1 gene, first, exacting the physical position of this gene from the reference gene list (“equaCab2”) using the “filter” and “select” functions (Wickham et al., 2019), then using visual_roh to load the ROH file (“plink.hom”) as input and assigning the gene position to the “target_region” argument to present the plot (see Figure 7E). We can write a loop (R Core Team, 2020) of visual_roh to plot all regions with genes annotated by iterating over the high frequency ROHs that contain genes.

To get the haplotype of the genes need the phased genotype files. Here, we take chromosome 1 as example to present how to use Plink 1.9 (Chang et al., 2015) and Beagle 5.1 (Browning et al., 2018) to phase the genotypes. The shell (R Core Team, 2020) function is used to invoke plink (Chang et al., 2015) to generate the VCF format genotype file, then to invoke beagle (Browning et al., 2018) to phase the genotypes from Rstudio (Team, 2021). For Windows operating systems, ensure that the plink and java executables are either in the current directory or accessible via the PATH system variable. Likewise, adjust the path to the Beagle JAR file as required for your operating system. For instructions on installing and running Beagle 5.1, refer to their manual (Browning et al., 2018).

Finally, we take GABPB1 as an example to show how to get the haplotypes. First, we use prep_phased to load the phased genotype file (phased_geno = “orse_chr1_phased.vcf.gz”) that was generated by Beagle, and set the “convert_letter” argument as “TRUE” to convert the genotype file into the standard format used by HandyCNV (returned as “geno_chr1”). Second, we use closer_snp to extract the gene’s position (returned as “GABPB1_pos”) from the SNP map file, which requires the SNP map file (provided using the “phased_input” argument), and to assign the gene’s physical position we got from reference gene list to the “chr,” “start,” and “end” arguments, respectively. Finally, we use get_haplotype to get the haplotype information (see Figures 7I,J) for the GABPB1 gene by assigning the formatted phased genotype list (“geno_chr1”) to the “geno” argument and assigning the gene’s position (“GABPB1_pos”) to the “pos” argument.




DISCUSSION

Here we present a freely available and open source R package called HandyCNV, which provides a comprehensive set of functions to summarize and visualize the CNVs and run of homozygosity results detected from SNP genotyping data.

Many good software packages have been developed for the detection of CNV and ROH from SNP chip data [such as PennCNV (Wang et al., 2007), CNVPartition (Illumina, 2021), SNP and Variation Suite (Bozeman and Golden Helix, 2020), and Plink (Chang et al., 2015)], and some well-designed tools for CNV-based association analysis [such as CNVRuler (Kim et al., 2012), CNVRanger (da Silva et al., 2019), and CNVassoc (Subirana et al., 2011)]. However, while they do include some basic data summary and visualization functions, they do not contain any features to customize visualization of CNV or ROH results, or to report the haplotype information for target genomic regions. In contrast to these tools, the HandyCNV package is focused on the detailed summarization and custom visualization of CNV and ROH results, facilitating tasks such as converting SNP maps, identifying CNVRs from lists of CNVs, genome annotation, comparing and visualizing CNV, CNVR, and ROH, reporting summary results and processing haplotypes of genomic regions of interest. The integration of multiple tasks into a single package provides a standardizable, reproducible and timesaving post-analysis of CNV and ROH, which can help researchers to produce comprehensive tables and figures, and easily identify the samples that contains the genomic regions or genes of most interest for the further validation of experiment designs.

There are some limitations to this package. For example, the plot_cnvr_panorama function needs to read genotype data to plot BAF and LRR information: this can require larger amounts of storage. We have tested it on 150 k SNP chip with 2,100 samples on a desktop windows system and it performs well; however, it may not be suitable for higher density chips and very large data sets. The get_haplotype function is also limited, as it currently only accepts phased genotypes produced by Beagle 5.1 (Browning et al., 2018) with physical position. In addition, the functions in the conversion section require users provide the target and default map files.



SOFTWARE INFORMATION

The current release of HandyCNV is version 1.1.6, which can be installed in the R environment using the following code: “remotes::install_github (repo = ‘JH-Zhou/HandyCNV@v.1.1.6’).” The current development version can be found at the GitHub repository (github.com/JH-Zhou/HandyCNV).



DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data can be found here: The human CNV lists used in Example 1 can be found in “Table S1 – Detailed information about all CNVs analyzed” at Supplementary Material section in Victória Cabral Silveira Monteiro de Godoy’s study (doi: 10.1590/1678-4685-GMB-2019-0218). The genotype data used in Example 2 can be found in Brandon D. Velie’s study which was public available via Figshare (doi: 10.6084/m9.figshare.3145759).



ETHICS STATEMENT

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. Ethical review and approval was not required for the animal study because no animal sampling, experiments or phenotype measurement applied in this study. The genotype data used in this analysis are from previous studies.



AUTHOR CONTRIBUTIONS

JZ conceived the analysis, compiled the package, and wrote the manuscript. LL contributed to code writing and testing, and reviewed the manuscript. TL contributed to package testing, proofreading of the manuscript, and vignette. DG and YS provided instruction for analysis, reviewed the manuscript, manual, and vignette. All authors contributed to the article and approved the submitted version.



FUNDING

JZ was funded by the China Scholarship Council. YS was supported by the China Agricultural Research System of MOF and MARA.



ACKNOWLEDGMENTS

We thank the two reviewers for their valuable comments, which have improved the scalability of the functions and structural integrity of this paper. We also thank BioRxiv for accepting an earlier version of this manuscript as a pre-print, and the Github platform for providing a place to store open source code, which helped to promote our study to more users in the early stage. This package depends on several independently developed R packages, such as the Tidyverse family (Wickham et al., 2019) and data.table (Dowle et al., 2019), et al. We appreciate all related contributors to the open source R language.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.731355/full#supplementary-material



REFERENCES

Bozeman, M. T., and Golden Helix, I. (2020). SNP & Variation Suite TM (Version 8.x).

Browning, B. L., Zhou, Y., and Browning, S. R. (2018). A one-penny imputed genome from next-generation reference panels. Am. J. Hum. Genet. 103, 338–348. doi: 10.1016/j.ajhg.2018.07.015

Chang, C. C., Chow, C. C., Tellier, L. C., Vattikuti, S., Purcell, S. M., and Lee, J. J. (2015). Second-generation PLINK: rising to the challenge of larger and richer datasets. Gigascience 4:7. doi: 10.1186/s13742-015-0047-8

da Silva, V., Ramos, M., Groenen, M., Crooijmans, R., Johansson, A., Regitano, L., et al. (2019). CNVRanger: association analysis of CNVs with gene expression and quantitative phenotypes. Bioinformatics 36, 972–973. doi: 10.1093/bioinformatics/btz632

de Godoy, V. C. S. M., Bellucco, F. T., Colovati, M., de Oliveira, H. R. Jr., Moysés-Oliveira, M., and Melaragno, M. I. (2020). Copy number variation (CNV) identification, interpretation, and database from Brazilian patients. Genet. Mol. Biol. 43:218. doi: 10.1590/1678-4685-gmb-2019-0218

Dowle, M., Srinivasan, A., Gorecki, J., Chirico, M., Stetsenko, P., Short, T., et al. (2019). Package ‘Data.Table’Extension of ‘Data-Frame’. CRAN Repository Version:1.14.0.

Illumina (2021). GenomeStudio. https://www.illumina.com/techniques/microarrays/array-data-analysis-experimental-design/genomestudio.html (accessed June 10, 2021).

Jiao, X., Sherman, B. T., Huang da, W., Stephens, R., Baseler, M. W., Lane, H. C., et al. (2012). DAVID-WS: a stateful web service to facilitate gene/protein list analysis. Bioinformatics 28, 1805–1806. doi: 10.1093/bioinformatics/bts251

Jinghang, Z., Liyuan, L., Thomas, L., Dorian, G., and Yuangang, S. (2021). Vignettes and Manual of HandyCNV. https://jh-zhou.github.io/HandyCNV/ (accessed September 1, 2021).

Kim, J.-H., Hu, H. J., Yim, S. H., Bae, J. S., Kim, S. Y., and Chung, Y. J. (2012). CNVRuler: a copy number variation-based case–control association analysis tool. Bioinformatics 28, 1790–1792. doi: 10.1093/bioinformatics/bts239

McQuillan, R., Leutenegger, A. L., Abdel-Rahman, R., Franklin, C. S., Pericic, M., Barac-Lauc, L., et al. (2008). Runs of homozygosity in european populations. Am. J. Hum. Genet. 83, 359–372. doi: 10.1016/j.ajhg.2008.08.007

Navarro Gonzalez, J., Zweig, A. S., Speir, M. L., Schmelter, D., Rosenbloom, K. R., Raney, B. J., et al. (2021). The UCSC genome browser database: 2021 update. Nucleic Acids Res. 49, D1046–D1057. doi: 10.1093/nar/gkaa1070

R Core Team (2020). R: A Language and Environment for Statistical Computing. Vienna, Austria.

Redon, R., Ishikawa, S., Fitch, K. R., Feuk, L., Perry, G. H., Andrews, T. D., et al. (2006). Global variation in copy number in the human genome. Nature 444, 444–454. doi: 10.1038/nature05329

Subirana, I., Diaz-Uriarte, R., Lucas, G., and Gonzalez, J. R. (2011). CNVassoc: association analysis of CNV data using R. BMC Med. Genomics 4:47. doi: 10.1186/1755-8794-4-47

Team, Rs (2021). RStudio: Integrated Development Environment for R. Boston, MA: RStudio.

Velie, B. D., Shrestha, M., Franc̨ois, L., Schurink, A., Tesfayonas, Y. G., Stinckens, A., et al. (2016). Using an inbred horse breed in a high density genome-wide scan for genetic risk factors of insect bite hypersensitivity (IBH). PLoS One 11:e0152966. doi: 10.1371/journal.pone.0152966

Wang, K., Li, M., Hadley, D., Liu, R., Glessner, J., Grant, S. F., et al. (2007). PennCNV: an integrated hidden Markov model designed for high-resolution copy number variation detection in whole-genome SNP genotyping data. Genome Res. 17, 1665–1674. doi: 10.1101/gr.6861907

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R., et al. (2019). Welcome to the tidyverse. J. Open Source Softw. 4:1686. doi: 10.21105/joss.01686


Conflict of Interest: TL is employed by Livestock Improvement Corporation.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhou, Liu, Lopdell, Garrick and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		HandyCNV: Standardized Summary, Annotation, Comparison, and Visualization of Copy Number Variant, Copy Number Variation Region, and Runs of Homozygosity



		INTRODUCTION



		METHOD



		Brief Introduction of Main Functions



		Pipelines for the Post Analysis of CNVs and ROHs



		Post-analysis of CNVs and CNVRs



		Post-analysis of ROHs











		APPLICATION EXAMPLES OF CNV AND ROH



		Example 1. the Post-analysis of CNVs in a Human Dataset



		Example 2. the Post-analysis of ROH Using Horse Genotype Samples







		DISCUSSION



		SOFTWARE INFORMATION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fgene-12-731355-g001.jpg
16. roh_window
[ e e 3

1. convert_map 3. cnv_clean 7. get_refgene 10. call_gene 13. compare_gene
Summary Summary Please select whnch vevswon to. dcwn\oad from !oHawmg Gene Frequency List s
G

ttem Count st "Cow_A ene Freq. 1D Chr Start  End b
Copy N Average Min  Max &
Both unknown Chromosome & o s essi0 o9k syzs Psusell = ,ﬂms" LINCO0221 259 CNVR 151 14 105903190 107076189 Chutlat sl Moaih it sl
Different Chromosome. 1D u reomy 11 asvses Mumanhgss Human_ hg1s UNCO0226 248 CNVR_1S1 14 10303190 107076189 ¢ 11 - i
Same Chromosome Ty Gy et eras yesiase SEP-OIVAOUGE | Sheep OailUCSC'  MIRSISS SO CWRISI 14 105503190 10707erag S e 7
Unfound in Default map G341 3 1oy savess 1rsos seiyae MorsecauCabl0_UCSC' “HorseequCab20_ UCSC'  GNAZ 84 CNVR 203 22 22864058 23301460 4 it ol e
3 ? 406 917,181 pog UMICH Zoey_3.1_UCSC" "Chicken_galGals_UCSC" bt CNVR_203 22 22864058 23301460 ° SAERS S Amrd S Eoaen MmN
. cnv. summarv plot 8. cnv_visual ) - o - e - LY
R indidal” Jorset Gene 11. compare_cnv zi o J s Mol fobin St
i el Details Comparison List 14. plot_gene Y o
i Mo Copy St n %ol gow ] i e 1
0 Norowrp 13 003 082 BlagmT g e M, |7 "‘"“J"“.( Mok, K""“ e
. 5 o s o 85 W
15. plot_cnvr_panomara % ey M ey
o @ o
% i

17. roh, vlsuarﬂ "

RO en Cramosme i 29 s

e
Chr  SNP_Freq_tar  SNP_Freq_def  Differ. §
S203 o Seor

o 1
1 aese prem 370 i
2 a2 39919 3 B
3 5 35434 207 P g
4 24913 sa35 7 TR o 1 £
P joresd 15 . Y B e
5. call_cnvr 9. plot_cnvr_source e . 7 B iR v
CNVRList [ 12. compare_cnvr e
1D Chr Start End Freq, 013 4 Type Len. -
CNVR1 1 15561,762 7 61  Mixed 205 Details Comparison List B ’:w ot eais mus.n‘w o
¢ CNVR2 1185205 5 5 Gan 40 Type Status Len. n O.len. Opp. %len. %Num.
i gzz:—i : izi;:i;i : : IL:“ i; Gain N.-Over. 182 7 5346 - 0498 0084 &
55
Gain Overlap 105676 5399 100 0502 0916  °
OWRS 168136911 4 4 loss 97
= Loss N-Over. 619464 955 - 0348 0500
loss Overlap 115864 820 64 0462 0500
6 . GV, PIO( Mixed N.-Over. 331 4 3600 - 0045 0.114

Mixed Overlap 70.6031 37.92 60 0513 0.8886

2. covert_coord
Summary

=it RiEe eq. Code TypeFred,
tem Length  Number - ccon 1 a
Total Original 286942723 © 5 GACGAGAAGG 28 2 12 26
Succeed Original ow309 835 . H GANGAA 12 3 33 6
Succeed Convertion 271977583 - : H GACGAMMAA 5 4 14 5
Failed convertion 14965140 16 1o . i ACMGNGGAA 2 5 2 1
Difference 1873674 i — _— X 551

AR 50379 v Long ;ammf.m






OPS/images/fgene-12-731355-g007.jpg
Table 1. Summary of ROH by length group

wolr— - Length_group number roh __ Mean ) Min Max Proportion _N_per_animal
ol } o e, b i) <IMb 19296 638748 252174 57697 999996 0313 734
i i o e LSMb 16913 1222962 142834 1000012 1499981 0275 643
] == [° sz ”‘"‘i‘ I" S ) s “°J 1.5-2.5Mb 14140 1912588 281786 1500005 2499897 0.23 53.8
o - Ear = — . 25-35Mb 5544 2928551 286654 2500198 3499414 0.09 211
i "
o M = ”M Q:]WX b5 I‘f} i 5 s 3 3.5-5Mb 3320 4100763 414280 3500000 4999955 0.054 126
o =4 i e i i >=5Mb 2350 7112022 2383523 5000099 22861009 0.038 9
TEERS SEG R - "InAES (RARE T o )
5] | —r— =]
e F . - Table 2. High frequency ROH regions
Phod . S wt,#‘h
;zo; Py w s s d Interval_ID Chr Start End Length
i T $rool ROH_I 1 103400000 104390000 990001
e =] = e ROH_2 1 112780000 113810000 1030001
> LRI 7 3 ROH_3 1 139680000 139730000 50001
2 o g 3
52:: ?..\,:'1 e, g & ] -
o E B ]
™ r e e T F 5 (hawEs T E A (REEE ROH_295 35 76510000 76940000 430001
Ero Y » o ——— ROH_296 35 78850000 81170000 2320001
> 2 vﬂ"k—&' s = - ol AT, il FR L e
= TN o 5 ™ A H e o . .
5 0 } 20 B i 100 g [ 3 E  RoHonchi130870285-130.808170 witn 87 Somples. I Table 3. Genes located in ROH regions
¢ R Ees tihNe (WEED SHEE (A E e :
] = | = 03 | r ] oonsty (snonin) ID  Chr  Start End n_gene gene_name
i TR ! o © s ROH 3 1 139600000 142000000 2  GABPBLFGF7
Sa 2o 0 ) 0
hyow S L] o e ROH 4 1 146800000 148000000 2  PLA2G4BJMID7
TREEE THERe TRR S (ERRes Simenmse 2 ROH_I3 1 184600000 185000000 1  PYGL
G Povion duason iy z
g
20 e Lisi A L a ROH_I41 30 26400000 30200000 5 %azikol2e T
b3
4
E il satdal o ih —. m ROH_143 31 90000000 10800000 | _ THBS2
G 5 100 % 3 25 5 751001 25 B IR %o 60 % 5 B B 76 1000 B 4 6o B

7 ][ D ][ o Lo [« JC = 1] £ B3

PhysiatPoston (40) | Table 3. Frequency of Haplotypes J  Table 4. Frequency of Haploid

H
. Recode -
% il ki il il ol ittt siaifliti pa 51 s 1 ‘ Order 100" Freq ~ Order Haploid Freq Re_code

Sl s oty Haplotype
G 25 % 75 1600 25 S 75 0 20 4 6 8 0 2 4 6 H o B 4 €0 1 H b e - - - - i %, ” e .
o = 10 T i s i T [ [ [ 18 ] ROH on Chr1:139.6-141.6 with 124 Samples 5 12 59
150 . o st 2 TGATCTA 106 2
$ 100 — g
2 5 mahaionl oltlhbn oot bbbt hiascsintis Jnall b 14 22 2 3 TGATTTA 89 3
8 TnmnasAnn I HEBH o BBH ImGmMIDAGE ° 5 e o
[ T | I | N T | N7 | IS | B H 4 TGATTTG 15 4
é%‘;‘; H 21 33 9
3 100 -
i, it b iloiil, it abilosl i
0 20 40 600 20 40 60 O 20 40 600 10 20 30 40 50 O 20 40 0 10 20 30 40 = - o =
- [ 25 1[ 2 1[ 27 1[ 28 1( 29 1( 30 | K Physical Position (Mb) Table 6. Summary of ROH by length group
1 Sample_ID n  Total_length Mean SD Min_length Max_length  Froh_IMb
o0 2 | | | 2
s Mot Aoidbsiade nuu“l dinadalf] _taibinditd MJ ID_1 306 639.83808 2.09 211 0.251949 13.260542 0.259
G b % 1% WG A 20 0B 6 A aoab T A DB M G W A W L T D 2 217 47557072 2.19 1.84 0274626 12.631464 0.192
s —" L= J[ = 1] o D3 204 345.17248 1.69 12 0.267131 6.703111 0.139
1 W <
<] hudllatald, 011, shobbldinii ID_284 49 50557911 1.03 045 0266325 2.542705 0.02
005016015@0@I08 3 6 % 5 4 b | b % ID 285 244 31691682 13 0.97 0.124275 6736802 0.128
ysical Position (Mb)






OPS/images/cover.jpg
a' frontiers
in Genetics






OPS/images/fgene-12-731355-g006.jpg
Step 1

Step 2

Step 3

Step 4

Step 5

Purpose R Code
4 N map <- fread("Exmoor_PLINK_g.map") 7
ped <- fread("Exmoor_PLINK _g.ped®, skip = I, header = F)
Prepare the genotyping data five_column <- data.frame(A_1 = seq(1, 285, by =1), A_2 = c(rep(0, 285)), A_3 = c(rep(0, 285)),
from the work of Velie et al,!! A_4=c(rep(0, 285)), A_5 = c(rep(0, 285)))
new_ped <- cbind(five_column[, 1], ped[,1],five_column[, 2:5], ped[,2:670797])
write(new_ped, file = "Exmoor n.ped", quote = F, col.names = F, sep = "\t
\_ /L fwrite(new_ped, file = "E: - PLINK_g n.ped", i F, col Fosep="t") )
! !
( N [
jpeg(filename = 'SNP_Density.jpeg', width = 25, height = 20, res = 350, units = "cm")
. plot_snp_density(map = map, max_chr = 36, top_density = 418, low_density = 125, ncol 1 =6,
Check SNP density from Map file legend_position = ¢(0.94, 0.06))
L )L dev.off() )
! !
( N [ )
. 3 shell("plink --file Exmoor_PLINK_g n --chr-set 36 --make-bed --out horse")
Calling R,OHPflr.OIl? lR 9§tud10 shell("plink --bfile horse --chr-set 36 --homozyg-kb 1 --homozyg-snp 200 --homozyg-window-het 1
using Fini L. --homozyg-window-missing 1")
N J\C J
Il I
(" Get the brief summary, high N D
frequency ROH islands, ROH roh_window(roh = "plink.hom",length_autosomal = 2474.912402, max_chr = 36,
distribution and ROH-based window_size = 0.01, length_group = ¢(1.25, 5.00))
inbreeding coefficient
( clean_roh <- fread("plink.hom") h
Customize visualization of ROH roh_visual(clean_roh = clean_roh, chr = 22)
L roh visual(clean roh = clean roh, target region = c(22, 22.81, 23.22))
!
fgene()
St 6[ Download referenc ] get_refg ]
P owiioad ie irenue e [ equCab2 <- get refgene("Horse equCab2.0 UCSC")
I
Step 7 [ Annotated gene for ROH ] [ call_gene(refgene = equCab2, interval = "roh_window/high_freq_roh.txt") ]

Step 8

Step 9

Step 10

1

i

4 N

Visualize ROH regions that
contain genes

-

/

~

roh_visual(clean_roh = clean_roh, target_region = ¢(1,139.6,141.6), refgene = equCab2)
equCab2 %>% filter(name2 ==" GABPB1") %>% select(Chr, Start, End)
roh_visual(clean_roh = clean_roh, target region = c¢(1,139.870285, 139.898179))
high_freq roh_gene <- fread("call_gene/interval_gene summarise_table.txt") %>% filter(n_gene >= 1)
for (i in 1:nrow(high_freq_roh_gene)) {
roh_visual(clean_roh = clean_roh, target region =
c(high_freq_roh_gene$Chr[i],high_freq_roh_gene$Start[i]/1000000,high_freq_roh_gene$End[i]/100000
0), refgene = equCab2, folder = "ROH_GENE")}

7 1
s . e N
Phasing genotypes on shell("plink --chr 1 --chr-set 36 --bfile horse --out horse_chrl --recode vef'")
chromosome 1 via Plink 1.9° shell("java -Xmx966m -jar beagle.18May20.d20.jar window=100 ne=285 gt=horse_chrl.vcf gp=true
Beagle 5.1'2 out=orse_chrl_phased")
I > ; 4
e N\ geno_chrl <- prep_phased(phased_geno = "orse_chrl_phased.vcf.gz", convert_letter = T) M
GABPBI_pos <- closer_snp(phased_input = geno_chr1$map, chr=1,
Get the h"pl"ti":s 10FGABEGE start = 139.870285, end = 139.898179)
gene GABPBI _haplotype <- get_haplotype(geno = geno_chrl, pos = GABPB1_pos)
L J U GABPBI_haplotype$hap_index )
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Step 5

Step 6

Step 7

Step 8

Purpose

Function

[

Check SNP density from map file

]

plot_snp_density

I

Find out the high frequency ROH region
Get ROH based inbreeding coefficient

[

Customize visualize ROHs

l

e N o SR

roh_visual

]
)

Download reference genes

get_refgene

l

l

Annotated gene on ROH regions

call_gene

[

Get haplotype of interested ROH regions or
Interested genes under strong selection

Convert ROH coordinates

1

I

e get | haplotype

convert_interval

Compare ROH to the other results

compare_| interval

¢ prep_phased
* closer_snp

Outputs
Summary of SNP density
SNP density plot by chromosome

High frequency ROHs list
ROH frequency distribution plots
Inbreeding coefficient by individuals

Visualize by chromosome
Visualize by target region
Visualize by target gene
Visualize by individual ID
CNV plots by sire source

Standard reference gene list

Annotated genes in ROH list
Annotated genes in summary table

List contains phased genotype and SNP map
ROH start and end positions in SNP map file
List contains haplotype frequency,

haploid frequency and positions of ROH

Details comparison results
Comparison plot

Details comparison results
Comparison plot
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Prepare standard CNV files and
Step 1 ; cnv_clean
brief summary
Step 2 Take a quick look at the CNV I g
P distribution on Chromosomes
Step 3 [ Make CNV summary plot ] [ cnv_summary_plot ]
Step 4 [ Generate CNVR ] [ call_cnvr ]
Step 5 [ Make CNVR distribution map ] [ cnvr_map ]
Step 6 [ Download reference genome ] [ get_refgene ]
Step 7 [Annotated gene on CNV and CNVR] { call_gene ]
Step 8 [ Comparison between CNVs ] [ compare_cnv ]
Step 9 [ Comparison between CNVRs ] [ compare_cnvr ]
Step 10 [ Comparison between genes ] [ compare_gene ]
. cnvr, map or
Step 11 [ Plot high frequency CNVR ] [ Blot nvF panaroma ]
Extract the Sample ID that has
Step 12
P [ interested gene ] [ get_samples ]
Comparison and conversion of
Step 13 convert_map
maps between reference genome
Step 14 [ Convert coordinates of intervals ] [ convert_coord ]

Outputs
CNV list in Standard format
CNV summary results

Visualize plot by chromosome
Visualize plot by target region
Visualize plot by target gene

Visualize plot by individual ID

A set of CNV summary plots

CNVR list
Basic summary report

CNVR distribution map
High frequency CNVR plots

Standard reference gene list

Annotated genes in CNV list
Annotated genes in CNVR list
CNVs gene frequency list

Details comparison results
Comparison plot

Details comparison results
Comparison plot

Details comparison results
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Table 1. CNV input list

1.

i b I Sample ID___Chr Start End____CNV Value
K o 6 15 20590014 22543969 3
§o g= 6 16 34435079 34767493 3
s 5 l 6 2 91686693 91918251 3
o £ 100
£ 5 » . .
% 5 J lJ.J_J.J.J_ 415 17 46347603 47475100 1
TRRTRILICRTERIURERARAR SN e 416 7 6037640 6453564 3
c
CHVVao N0 1 W03 B4 Froqucyof NV — 0 — 1 — 3 —4 Table 2. Brief Summary of CNV
J— - i CNV_ Value N Average Length __ Min Length__Max Length
. - 0 7 153268 151364 158028
t /A » 1 274 441238 150242 4355356
1 14204 20044 4931062
= } 3 076 642045 00445 93106:
1 2 3 4 5 6 7 8 5 1o M 121 14 15 16 7 18 19 2 21 2 1 4 125 569565 209650 2563151
0 4000 220
200 . Table 3. CNVRs list
s w E Chr__ Start End__ Frequency n Sample 0 | 3 4 Type Length
3 0§ CNV on Chri4 with 265 Samples CNVR_I 1 718650 2889789 3 3 T 2 Mixed 2171140
H o - = . 3 CNVR2 1 3318713 3628023 24 24 24 Gain 309311
PR RARETEAEEE 8 | CNVR3 1 11247676 11489255 1 1 1 Gain 241580
H 3 i : w s s o we G .
& 3000 % CNVR 204 22 23654063 24987835 1 1 1 Gain 1333773
- g || CONVR 205 22 25649258 25925358 21 21 13 6 2Mixed 276101
- g [ |
R I B A A A i | G Table 4. Brief summary of CNVRs
. o i Type N Average Length Min Length ~ Max Length Total Length
. f Gain 115 670474 201944 7903358 77104495
. " |
M : i Loss 62 584555 151398 3488645 36242436
B e e R I O] 35 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 83100105 Mized ] 1576658 267636 5745628 44146435
romosome Physical Position (M)
H J Table 5. Gene frequency list
Chr14:105 - 110Mb with 262 Samples - Gene Frequency D Chr___CNVR Starl___CNVR End
% ADAM6 252 CNVR_IsI 14 105903190 107076189
FAM30A 252 CNVR_151 14 105903190 107076189
MIR4507 236 CNVR_I51 14 105903190 107076189
GGTLC2 74 CNVR_203 22 22864058 23301460
% Copy
3 e Table 6. Sample ID that contains ADAMG gene
z H ¢+ ™ Sample 1D Chr — CNV Start_CNV End__Length CNV Value _name2
14 14 106342304 106859046 516743 3 ADAM6
15 14 106194464 106828125 633662 3 ADAMS6
16 14 105988025 106859046 871022 4 ADAM6
8 - = 414 14 106259802 106712665 452864 3 ADAM6
oo ) Physical Posiion (Mb) 415 14 106251147 106927569 676423 3 ADAM6
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Purpose

R Code

Read CNV list from de Godoy

Step 1 (2020)1

human_cnv_s <- read.csv(file = "human.csv", header =T, sep =",", fileEncoding = "UTF-8-BOM") %>%
select(Sample ID = Case, Chr = Chr, Start, End, CNV_Value = CN.State)

Step2 | Clean and brief summary of CNVs

clean_cnv <- cnv_clean(standard_cnv = human_cnv_s, drop_length = 5)

1

Take a quick look at the CNV

Pl distribution

chr_14 <- cnv_visual(clean_cnv, chr_id = 14, width_1 = 40)
cnv_visual(clean_cnv, chr_id = 14, start_position = 105, end_position = 110)

Step 4 CNV Summary plot

cnv_summary_plot(clean_cnv, plot_sum_1 =T, plot_sum 2 =T)

I

Generate and brief summary of

Step 5 CNVRs

cnvr <- call_cnvr(clean_cnv, chr_set = 22)

I

cnvr_plot(cnvr, assembly = "hgl19", left_prop_label = 3.5, legend_x = 200, width_1 =25)

I

I

Step 7 Download reference genome

get_refgene()
human_hg19 <- get refgene("Human hg19")

Annotated genes on CNV and

Step 8 CNVR

gene_frequency <- call_gene(refgene = human_hg19, interval = cnvr, clean_cnv = clean_cnv)

Step 9 Plot high frequency CNVRs

cnvr_plot(cnvr, clean_cnv = clean_cnv, refgene = human_hg19, sample_size = 268,
common_cnv_threshold = 0.2, col gene = "red")

Extract Sample ID that contain
CNVs in genes of interest

e N e N e T cann T cnn N s N as N s N s T S

[ )
[ J
[ J
[ )
[ ]
[ ]
[ )
[ J
( )

Step 10

get_samples(annotated_cnvlist = "call_gene/cnv_annotation.txt", gene_name = "ADAMG6")

A 7 N7 A0 A0 7 A3 A J o o __J \__J
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