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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 CN'V 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
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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).

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 coeflicients 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  Fyop = (3 Lron) /(2 Lauto)
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FIGURE 1 | Example plots illustrating the main functions and output from the HandyCNV package.
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(McQuillan et al., 2008), where > L,y is the total length of
ROH, and D Lau, 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.

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.

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
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FIGURE 2 | Pipeline of post analysis of CNV results using HandyCNV.

(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.

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).

A formatted clean CNV list will return as an object named
“clean_cnv” in working environment, and a brief summary table
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FIGURE 3 | Pipeline of post-analysis of ROH in HandyCNV.

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_hgl9”); 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_hgl9”) 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
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Step 2 [Clean and brief summary of CNVS} [ clean_cnv <- cnv_clean(standard_cnv = human_cnv_s, drop_length = 5) ]
I
Sten 3 [ Take a quick look at the CNV J chr_14 <- cnv_visual(clean_cnv, chr_id = 14, width_1 = 40)
P distribution 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 B
Step 5 [ CNVRs ] [ cnvr <- call_cnvr(clean_cnv, chr_set =22) J
I
Step 6 [ Make the CNVR distribution plot ] [ cnvr_plot(cnvr, assembly = "hg19", left_prop_label = 3.5, legend_x = 200, width_1 = 25) }
| I
get_refgene()
Step 7 [ Download reference genome ] [ human_hg19 <- get refgene("Human_hg19")
|
Step 8 [ Annotated gce;i;;m CNVand ] [ gene_frequency <- call_gene(refgene = human_hg19, interval = cnvr, clean_cnv = clean_cnv) ]
. cnvr_plot(cnvr, clean_cnv = clean_cnv, refgene = human_hg19, sample_size = 268,
Step 9 [ Plot high frequency CNVRS J [ common _cnv_threshold = 0.2, col gene = "red")
Extract Sample ID that contain s . " o "
Step 10 [ CNV: in genes of interest ] [ get_samples(annotated_cnvlist = "call_gene/cnv_annotation.txt", gene_name = "ADAM6") }
FIGURE 4 | Analytical steps of example 1.

the code used in example 2; the R script can be found in
Supplementary File 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.

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
GABPBI 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)
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A B Table 1. CNV input list
aw b I T == : o Sample_ID Chr Start End CNV_Value
3 s e 6 15 20500014 22543969 3
i [ — 6 16 34435979 34767493 3
H 3 l = 6 2 91686693 91918251 3
3 8 )
: o of= l I- I_ I- I. l 415 17 46347603 47475109 1
R AR e il © [TrE—— =] 416 7 6037640 6453564 3
Number of CNVs per Sample LU — - o————————————
c B e W -
CNVValue B o B3 1 B s BE 4 Frequencyof CNV — 0 — 1 — 3 — 4 o = g ;;i Table 2. Brief Summary of CNV
o - e =:’:: e CNV_Value N Average Length Min Length  Max Length
Cllm— w5 m———
. 2 b 0 7 153268 151364 158028
| m— — —
. s w o= 1 274 441238 150242 4355356
" o 3 1076 642045 200445 4931062
EEEEEEE AR EE R R R K] —— T T 4 125 569565 209650 2563151
- i 0 2 4 60 8 100 120 140 160 180 200 220 240
20 Table 3. CNVRs list
o0
- $ w E FriscalPostion W99 E "CNVR ID_Chr_ Start___End Fregucncx n SamE]e 4 Type Length
g, D 5 7 é é 18 CNV on Chri4 with 265 Samples CNVR 1 1 718650 2889789 Mixed 2171140
3, e T = P e e ), § CNVR 2 1 3318713 3628023 24 24 24 Gain 309311
gt e e ws e w2 g CNVR 3 1 11247676 11489255 1 1 1 Gain 241580
H § £
%m J’\ 4000F
& w0~ CNVR 204 22 23654063 24987835 1 1 1 Gain 1333773
10011 P * / ﬁb - CNVR_205 22 25649258 25925358 21 21 13 6 2 Mixed 276101
ﬁ\l_ P cor
L Y g4 ™ .,,(._ E] q
EmmEgmos ewmgtos <7T?9"Z2‘ EX HHC) Table 4. Brief summary of CNVRs
=
- — Type N Average Length Min Length Max Length Total Length
Gain 115 670474 201944 7903358 77104495
s0{m 55- 1000
,ﬁ Loss 62 584555 151398 3488645 36242436
{4 7 .
S T T mC"u EEIEA AL E R 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100105 Mizxed 28 1576658 267636 5745628 44146435
womosome Physical Position (Mb)
H J Table 5. Gene frequency list
Chr14:105 - 110Mb with 262 Samples - Gene Frequency 1D Chr CNVR_Start CNVR_End
§ ADAM6 252 CNVR_IS1 14 105903190 107076189
FAM30A 252 CNVR_ISI 14 105903190 107076189
MIR4507 236 CNVR_IS1 14 105903190 107076189
GGTLC2 74 CNVR 203 2 22864058 23301460
% Copy
H | § K Table 6. Sample ID that contains ADAM6 gene
H H ¢« ™ Sumple D _Chr _ CNV Sart_CNV End__Length CNV Value _name2
— 14 14 106342304 106859046 516743 3 ADAMG6
15 14 106194464 106828125 633662 3 ADAM6
16 14 105988025 106859046 871022 4 ADAM6
& % 20 = 414 14 106259802 106712665 452864 5 ADAM6
Posion () Physical Postion (Mb) 415 14 106251147 106927569 676423 3 ADAM6
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 (l) 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.

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 GABPBI as an example to show how to get
the haplotypes. First, we use prep_phased to load the phased
genotype file (phased_geno = “orse_chrl_phased.vcf.gz”) that
was generated by Beagle, and set the “convert_letter” argument

“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 “chry “start) and “end” arguments, respectively. Finally,
we use get_haplotype to get the haplotype information (see
Figures 71,]) for the GABPBI gene by assigning the formatted
phased genotype list (“geno_chrl”) 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 HandyCNYV, 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
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Purpose R Code
4 N map <- fread("Exmoor PLINK_g.map") 2
ped <- fread("Exmoor PLINK g.ped“, skip = 1, header = F)
Step 1 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)),
p 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])
\_ L fwrite(new_ped, file = "Exmoor_PLINK g n.ped", quote = F, col.names = F, sep = "\t") J
{ !
4 N 7 ) o ] ] ] R
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 =16,
Step2 | Check SNP density from Map file legend_position = c(0.94, 0.06))
dev.off()
J
! !
( N N
. . 13 shell("plink --file Exmoor_PLINK g n --chr-set 36 --make-bed --out horse")
Step 3 Calling ROH ferm B ?tUdlo shell("plink --bfile horse --chr-set 36 --homozyg-kb 1 --homozyg-snp 200 --homozyg-window-het 1
using Plink 1.93 i .. -
--homozyg-window-missing 1")
S AN J
i i
Step 4 (" Get the brief summary, high N A
P 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 ) )
( N\ clean_roh <- fread("plink.hom") N
Step 5 Customize visualization of ROH roh_visual(clean_roh = clean_roh, chr = 22)
L ) U roh_visual(clean roh = clean roh, target region = c¢(22, 22.81, 23.22)) )
!
fgene()
Step 6 [ Download ref ] [ get_refg ]
4 ownoad re irence genome equCab2 <- get refgene("Horse equCab2.0 UCSC")
]
Step 7 { Annotated gene for ROH ] [ call_gene(refgene = equCab2, interval = "roh_window/high_freq_roh.txt") ]
{ 1
/ \ / roh_visual(clean_roh = clean_roh, target region = c(1,139.6,141.6), refgene = equCab2) \
equCab2 %>% filter(name2 ==" GABPBI1") %>% select(Chr, Start, End)
roh_visual(clean _roh = clean_roh, target region = c(1,139.870285, 139.898179))
Step 8 Visualize ROH regions that high_freq roh_gene <- fread("call_gene/interval_gene_summarise_table.txt") %>% filter(n_gene >= 1)
P contain genes for (iin l: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$End[i]/100000
\ / 0), refgene = equCab2, folder = "ROH_GENE")}
I ( I .
Phasing genotypes on shell("plink --chr 1 --chr-set 36 --bfile horse --out horse chrl --recode vcf")
Step 9 chromosome 1 via Plink 1.93 shell("java -Xmx966m -jar beagle.18May20.d20.jar window=100 ne=285 gt=horse_chrl.vcf gp=true
L Beagle 5.1'2 J L out=orse_chrl_phased") )
1 T
: geno_chrl <- prep_phased(phased geno = "orse chrl phased.vcf.gz", convert letter = T) )
GABPBI_pos <- closer_snp(phased_input = geno_chr1$map, chr=1,
Step 10| et the haplotypes for GABPB] start = 139.870285, end = 139.898179)
& GABPBI _haplotype <- get haplotype(geno = geno_chrl, pos = GABPB1_ pos)
\_ J GABPBI_haplotype$hap_index )
FIGURE 6 | Analytical steps of example 2.

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.
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A B Table 1. Summary of ROH by length group
- = ] .Im - laao - | = - Im .s “ Length_group number roh Mean SD Min Max Proportion ~ N_per_animal
o= ! = :w §§ZM ijzjm o poAt <IMb 19296 638748 252174 57697 999996 0313 734
20 b o™ i 4 ol 1-1.5Mb 16913 1222962 142834 1000012 1499981 0275 64.3
R | ELE | ] gwl TEaw | XK | ERE: m‘ i 5555b T4140 1612588 331546 56552 Shoosos - i
w00 T T w0l 1 wf I & 2.5-3.5Mb 5544 2928551 286654 2500198 3499414 0.09 211
= M b Pty =185 ek, 3}3 Son ELTR o Do g W 3.5-5Mb 3320 4100763 414280 3500000 4999955 0.054 126
0 ! i A i e : >=5Mb 2359 7112022 2383523 5000099 22861009 0.038 9
TE R R (FeR iR aed (mand - mm e A w
ROH on Chromosome 22 with 253 Individuals D
o— R O ] w1 C I R s
L F' 2 :b' 3T o1 - 0 . - W = able 2. High frequency regions
i i, 3 h = , 'h'@‘!"f 3;:: ol 0 k2 ;5‘1“\" ) ] Interval_ D Chr Start End Length
g = : :
L ThEmah s EmE G EeR TR aeeaeiamawe ROH_1 1 103400000 104390000 990001
o v ] = ] ] ] = = 1 ° ROH 2 1 112780000 113810000 1030001
%o ¥ ¥ 3
Bldr T 1t ! ol s 19 A 2 ROH 3 1 139680000 139730000 50001
T ”""v‘“ = w:W el
220 W 1 160 '
G2 a6 CaEmE TP RS iiaEes S BE (hanE ROH_295 35 76510000 76940000 430001
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b b e 3 20 1% s 10 ) i E  Romoncnri:130.870285-130.898179 witn 87 Samples F Table 3. Genes located in ROH regions
S ] o =] 2 ] [ ] % ] oensty snps) ID  Chr  Start End n_gene gene_name
. ocd R | 1025 o ans ROH 3 | 139600000 142000000 2  GABPBIFGF7
g 200 400 . 300 —
S 0 t M = . zsats ROH 4 1 146800000 148000000 2  PLA2G4BJMJD7
FThRmE s m R H e Fh G 25 80 75 100125 035008751 6001.0251.050 - 2 ROH_I3 1 184600000 185000000 1  PYGL
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1 ][ 2 11 s I 4 11 s I s ] ] NR5A2,MIR9124, TIMM
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190 Sample_ID n  Total_length Mean SD Min_length Max_length  Froh_1Mb
100 ] 1 | & =
. aniinll decutdoiodes sl nociobblh] _csobbiadi .hu.J ID_1 306 639.83808 2.09 2.11 0.251949 13.260542 0.259
ShADH A DD HADBEhADH T 6 B B L T D 2 27 47557072 219 L84 0.274626 12.631464 0.192
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1% W <
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ysical Position (Mb)
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 GABPBT1 gene; panel (l) 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.

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).
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