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Abstract : We aimed to identify genomic variations as well as the marker genes related with chronic mitral valve
disease (CMVD) in Canis lupus familiaris using whole genome resequencing, which provides valuable resources for
further study. Two ten-year old female Canis lupus familiaris English cocker spaniels were used for this study, one
control and one who had been diagnosed as CMVD. For the whole genome resequencing, muscles from the left
ventricular wall were collected from each dog. With the HiSeq DNA Shotgun library and HiSeq™ 2000 platform,
whole genome resequencing was performed. From the results, we identified 5 million and 6 million variants in gene
expression in the control and CMVD-diagnosed subject, respectively. We then selected the top 1,000 genes from the
SNP, INS, and DEL mutation and 675 genes among them were overlapped for every mutation between the control
and CMVD-diagnosed patient. Interestingly, in both groups, the intron variant (91.16 and 91.18%) and upstream variant
(3.10 and 3.08%) are most highly related. Among the overlapped 675 genes, gene ontology for intracellular signal
transduction is highly counted in INS, and DEL, and SNPs (35, 33, 31, respectively). In this study, we found that
the COL and CDH gene families could be key molecules in identifying the difference in gene expression between
control and CMVD-diagnosed dogs. We believe further studies will prove the importance of variants in key molecule

expression and that these data will serve as a valuable foundation stone the study of canine CMVD.
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Introduction

Chronic mitral valve disease (CMVD) is the most com-
mon cause of canine heart disease and is commonly found in
small-sized dogs including Cocker spaniels, Cavalier King
Charles Spaniels, Poodles, Yorkshire Terriers and Chihua-
huas (4,18). CMVD is a chronic degenerative disease caus-
ing thickening valve edges resulting in valve insufficiency
(19). The chronic patients with CMVD are usually recog-
nized by exhibiting symptoms such as coughing, intolerance
to exercise, rapid breathing and dyspnea. The end-stage dis-
ease results in significant mitral regurgitation that can lead to
left-side congestive heart failure (5,12).

To date, while structural and cellular changes in canine
CMVD are well known, molecular mechanism and genomic
changes are far less studied. Lu et al. (15) reported on a genom-
ics study of canine CMVD with the Affymetrix Canine Gene
1.0 array. They showed that evaluation of global expression
patterns provides a molecular map of mitral valve disease
and, yields insight into the pathophysiologic aspects of
CMVD. Since that study, there has been significant develop-
ment of the tools of transcriptome study and bioinformatics.
Recently, other group introduced gene network and canoni-
cal pathway analysis in canine CMVD with microarray (15).
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They identified differentially expressed genes related with
inflammation, cell movement, development, and extracellu-
lar matrix organization in CMVD transcriptome.

Recently, whole genome resequencing has been introduced,
which is one of the next generation sequencing (NGS) tech-
niques, and it has the powerful ability to detect a broad range
of variants to identify single nucleotide variants (SNVs),
Indels, structural variants (SVs), copy number variants (CNVs),
and repeat expansions all with a single assay. Despite the
rapid drop in the cost associated with NGS, microarrays are
still more economical and yield higher throughput, providing
significant advantages when working with a large number of
samples. However, arrays suffer from fundamental ‘design
bias’ - they only return results from those regions for which
probes have been designed. Consequently, arrays are only as
good as the databases from which they are designed (9,21).

In this study, we aimed to identify genomic variations as
well as the marker genes related with CMVD in Canis lupus
familiaris using whole genome resequencing and to provide
valuable resources for further study, especially to get a less
biased view of the genome with a simple, streamlined assay
compared to microarray.

Materials and Methods

Animals and tissue collection
Two ten-year old female Canis lupus familiaris English
cocker spaniels were used for this study, one control and one
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who had been diagnosed as CMVD. This patient diagnosed
as CMVD with a cough, dyspnea, exercise intolerance and
by using echocardiography. For the whole genome sequenc-
ing, muscles from the left ventricular free wall were col-
lected from dog after death.

HiSeq DNA Shotgun library preparation

We submitted the tissues for library preparation and whole
genome sequencing at the Macrogene Co. (Seoul, South Korea).
DNA each sequenced sample is prepared using TruSeq DNA
sample Prep Kit v2 Support (Illumina, SD, USA) according
to manufacturer’s instruction. Briefly, one microgram of
genomic DNA was fragmented by covaries. The fragmented
DNA was repaired by converting overhangs into blunt ends.
After completion of the repair, we then selected the appropri-
ate library products ranged by 400-500 base pairs. A single
‘A’ nucleotide was added to the 3"-end of repaired fragments
followed by ligating Illumina adapters to the fragments. The
products were then amplified using polymerase chain reac-
tion, and the final products were then validated using the
Agilent Bioanalyzer. We then sequenced using the HiSeq™
2000 platform (Illumina).

Alignment and variant calling

After sequencing, Fast QC (v0.11.5) (1) was performed to
check the read quality. Trimmomatic (v0.36) (3) was used to
remove adapter sequences and low-quality reads to reduce
biases in analysis. The filtered data from Canis lupus famil-
iaris (CanFam3.1) genome were then mapped using BWA
(v0.7.17) (14) with mem algorithm to NCBI reference sequence
from NCBI database. After read mapping, duplicated reads
were removed with Picard (v2.17.2) (20). Genome coverage
and mapping ratio of mapped reads on the reference genome
were calculated and variant calling was performed using
SAMtools (v.1.6) (13) and BCFtools (v.1.6) (17). In this step,
SNPs and short Indels candidates with Phred score over 30
(base call accuracy of 99.9%) were captured using the infor-
mation of the mapped reads. These variants were then classi-
fied by chromosomes or scaffolds, and the information of the
location was marked. Captured variants were annotated with
SnpEff (v.3.1) (7) to predict the effects of genetic variants. In
this step, annotation type and putative impact and amino acid

Table 1. Summary of whole genome resequencing in this study

Control Patient
Total read base (bp) 111,275,210,222 139,688,997,096
Total reads 736,921,922 925,092,696
GC (%) 41.39 42.68
Q20 (%) 90.34 87.7
Q30 (%) 80.82 76.66

Filtered

Ref. length 292,715,236 292,715,236
Mapped sites 2,384,572,615 2,386,545,234
(99.66%) (99.74%)
Total read 631,370,582 665,845,232
Mapped reads 592,065,462 614,864,532
(93.77%) (92.34%)
Mapped bases  76,372,976,181 75,493,168,121
Mean depth 31.92 31.55
Variants 5,467,736 5,996,075

change information were predicted. For further information,
CNVs and SV were analyzed. CNVs were calculated with
control-FREEC (v.11.0) (2) with the parameter ‘ploidy 2’,
and SV was detected with BreakDancer (v.1.4.5) (6).

Results

Whole genome resequencing

In the result, the gross mapping yields were 111.28 and
139.69 Gb for the control and patient samples, and the con-
tents of CG were 41.39% and 42.68% in the control and
patients (Table 1). The filtered read sequences were then
aligned to the reference genome sequence. The overall read
mapping ratio of fully-called bases for the control and patient
samples were 93.77% and 92.34%, respectively (Table 1).
We then then analyzed the variants from filtered reads. The
results showed that the total numbers of variants was 5,467,736
in the control and 5,996,075 in the patient (Table 1).

Type of genomic mutations
Using called variants, we classified the variants into three
different types, including SNPs, insertions, and deletions.
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Fig 1. Structural variants of normal (control) and patient samples. The bar graphs represented the number of SNPs (A), insertion (B),
and deletions (C) in control (white) and patient (gray). Compared to the counts of insertions and deletions, the counts of SNPs showed

more than 4 million in both groups.
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SNPs are the most common variant type in both control and
patient which were 4,299,475 and 4,745,755, respectively
(Fig 1A). Among variants, insertions/deletions were 597,826/
570,435 and 638276/612044 in the control and patient, respec-
tively (Fig 1B, 1C).

SNP analysis and annotations

Based on the SNPs data, we analyzed the amount of sin-
gle nucleotide changes and calculated the transition and
transversion ratio. The results showed that the most frequent
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Fig 2. Structural variants of normal (control) and patient samples. In the normal (control) dog (A) and patient (B), bar graph described
how many counts were shown for SNPs in each nucleotide. Based on SNPs, transition and transversion count were calculated in the
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base changes was G to A, followed by C to T (650,016), A to
G (621,506) and T to C (620,959) in both the control and
patient samples (Fig 2A, 2B). Because the quality of SNP
data can be characterized by the ratio of transition (Ts) to
transversion (Tv), we additionally calculated transition (Ts)/
transversion (Tv) ratio from each sample. We identified
2,816,563 transitions and 1,482,912 transversions in the
control sample (Ts/Tv ratio of 1.9), and 3,133,941 Ts and
1,611,814 Tv were identified in the patient (Ts/Tv ratio of
1.94) (Fig 2C, 2D). Furthermore, the SNPs were function-
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Table 2. Comparison of sequence ontology in this study
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Control

Patient

Type of annotation

Count Ratio (%) Count Ratio (%)
Intron variant 1,817,840 91.16 2,029,633 91.18
Upstream gene variant 61,769 3.10 68,649 3.08
3" UTR variant 33,850 1.70 37,796 1.70
Downstream gene variant 21,303 1.07 23,682 1.06
Synonymous variant 18,276 0.92 20,200 091
Missense variant 16,077 0.81 17,970 0.81
5" UTR variant 12,096 0.61 13,258 0.60
Intragenic variant 4,451 0.22 5,267 0.24
Splice region variant and intron variant 3,225 0.16 3,537 0.16
5" UTR premature start codon gain variant 1,640 0.08 1,849 0.08
Frameshift variant 750 0.04 875 0.04
Splice region variant and synonymous variant 370 0.02 408 0.02
Missense variant and splice region variant 358 0.02 398 0.02
Frameshift variant and splice region variant 249 0.01 261 0.01
Splice region variant 234 0.01 260 0.01
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ally classified using SnpEff annotations and provided at
Table 2. Most SNPs were in intron variants which totaled
1,817,840 (91.16% of total) in the control and 2,029,633
(91.2% of total) in the patients. We also found 37,796 SNPs
in the 3’ UTRs and 17,970 SNPs in 5’ UTRs (Table 2).

Functional annotation

We then selected top 1,000 genes from SNP, INS, and
DEL which were only detectable in patients and counted the
number of genes in each type of mutations. One hundred
eighty-eight genes had SNP only, 103 genes had INS only,
92 genes had only DEL. Additionally, 63 genes existed with
SNP and INS, 159 genes with INS and DEL, and 73 genes
with SNP and DEL. All three types of mutations existed in
675 genes (Fig 3). Furthermore, we functionally annotated
these genes using DAVID. Based on the data, we found that
the majority of variants were included in functional catego-
ries including intracellular signal transduction, morpholoho-
mophilic cell adhesion via plasma membrane adhesion

molecules, proteinaceous extracellular matrix, and high volt-
age-gated calcium channel activity (Table 3, Fig 3C).

Gene network

We carried out STRING which is a tool for verifying the
network between genes. As shown in Fig 3, we found that
COL genes and CDH genes were connected in a group of
homophilic cell adhesion via plasma membrane adhesion
molecules and proteinaceous extracellular matrix, respec-
tively (Fig 3A, 3B).

Discussion

This study was carried out using the TruSeq DNA Sample
Prep Kit v2 Support. Whole-genome resequencing of control
and CMVD-diagnosed Cocker spaniels was carried out to
evaluate the genome-wide variants including SNPs, inser-
tion, and deletion. Previous whole genome resequencing
studies for canines obtained higher mean read coverages and
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Fig 3. Structural variants of control and patient samples. In the list of overlapped top 1,000 genes for INS, DEL, SNP, the highly ranked
gene ontology (GO) showed genes linked by each other. A. Homophilic cell adhesion via plasma membrane adhesion molecules, B.
Proteinaceous extracellular matrix, C. Voltage-gated calcium channel activity.
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Table 3. Comparison of sequence ontology. Selected top 1,000 genes from SNP, INS, and DEL, which were only detectable in patients, were
overlapped to identify genes which could be the candidates for the key molecules related with CMVD-diagnosis

Del Ins SNP
Term
Count % p-Value Count % p-Value Count %  p-Value
Intracellular signal transduction 35  3.65 0.000 33 344  0.000 31 329 0.000
Cell morphogenesis 13 1.36  0.000 11 1.15  0.000 10  1.06 0.001
Homophilic cell adhesion via plasma membrane 17 1.77  0.000 18 1.88  0.000 18 1.91  0.000
adhes ion molecules
Dendrite morphogenesis 9 094 0.000 8 0.83  0.001 - - -
Synapse assembly 8 0.84  0.00 7 073  0.001 8 0.85  0.000
Axon guidance 13 136 0.001 18 1.88 0.000 12 1.27  0.002
Receptor localization to synapse 4 042 0.001 - - - - - -
Long-term synaptic potentiation 7 0.73  0.001 7 0.73  0.001 - - -
Regulation of synaptic transmission, glutamatergic 6 0.63 0.002 - - - - - -
Regulation of axonogenesis 6 0.63 0.002 - - - - - -
Regulation of Rho protein signal transduction - - - 14 1.46  0.000 11 1.17  0.003
Signal transduction - - - 36 3.75  0.000 - - -
Peptidyl-serine phosphorylation - - - 15 1.56  0.001 - - -
Adult locomotory behavior - - - - - - 9 095 0.001
Positive regulation of synapse assembly - - - - - - 9 095 0.002
Neuron development - - - - - - 7 0.74  0.002
Neuromuscular process controlling balance 8 0.85 0.003

identified a number of variants between 6.1 and 7.4 million
(8,10,11). In this study, we detected 5.5 and 6 million vari-
ants in the control and patient. Furthermore, SNPs are the
most abundant type of variant for each dog with the individ-
ual variant calling approach.

Genomic variants including SNPs, insertions, and dele-
tions can be annotated using SnpEff based on their locations
such as intron, untranslated region, 5" UTR or 3’ UTR,
upstream, downstream, splice site, or intergenic regions. It
also predicts coding effects such as synonymous or non-syn-
onymous amino acid replacement, start codon gains or losses,
stop codon gains or losses, or frame shifts. In the present study,
most SNPs were in intronic regions in both the control and
patient followed by downstream/3’ UTR and upstream/5’
UTR. These variants may be responsible for the regulations
of gene expression.

From the data, we overlapped top 1,000 genes for INS,
DEL and SNP. The highly ranked gene ontology (GO) showed
genes linked to each other. Compared to the control, variants
of gene expression in the patient are related with intracellu-
lar signal transduction, homophillic cell adhesion via plasma
membrane adhesion molecules, and cell morphogenesis in
the sequence ontology. We further investigated to identify the
specific genes which showed the significant difference be-
tween the control and patient. As shown in Fig 3, the vari-
ants in collagen (COL), cadherin (CDH) and the calcium
voltage-gated channel subunit (CACN) genes are highly linked
with other genes in each gene family. Previous studies have
reported this about the COL and CDH genes (16). They
showed the comparative transcriptomic profiling and gene
expression using microarray and identified some genes for
tissue structure such as collagen genes COLIAIL, 2 & 3,
12A1 and 14A1. However, in this study, we found new can-
didate genes in the COL family such as COL19A1, COL4AS,

COL22A1, COL4A6, COL24A1, COL4A4 for degeneration
in tissue structure of CMVD-diagnosed dogs. Also, the previ-
ous study showed the intensity of CAH5 was downregulated
in the CMVD patient. However, we understand that many
genes of the CDH family are engaged in CMVD such as
CDHS, CDH11, CDH13, CDH10, CDH12 and CDH18.

In conclusion, we conducted whole genome resequencing
to compare a control dog subject with one diagnosed with
CMVD. Although this study only included a single dog for
each group, it study provides valuable information for both
diagnostics and pathogenesis of CMVD. Based on our data,
further studies need to verify the important genes associated
with CMVD. Therefore, further study is necessary with whole
genome resequencing for large numbers of dogs with CMVD.
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