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Abstract

Background: Brachygnathia, cardiomegaly and renal hypoplasia syndrome (BCRHS, OMIA 001595–9940) is a previously
reported recessively inherited disorder in Australian Poll Merino/Merino sheep. Affected lambs are stillborn with various
congenital defects as reflected in the name of the disease, as well as short stature, a short and broad cranium, a small
thoracic cavity, thin ribs and brachysternum. The BCRHS phenotype shows similarity to certain human short stature
syndromes, in particular the human 3M syndrome-2. Here we report the identification of a likely disease-causing variant
and propose an ovine model for human 3M syndrome-2.

Results: Eight positional candidate genes were identified among the 39 genes in the approximately 1 Mb interval to
which the disease was mapped previously. Obscurin like cytoskeletal adaptor 1 (OBSL1) was selected as a strong
positional candidate gene based on gene function and the resulting phenotypes observed in humans with mutations
in this gene. Whole genome sequencing of an affected lamb (BCRHS3) identified a likely causal variant
ENSOARG00000020239:g.220472248delC within OBSL1. Sanger sequencing of seven affected, six obligate carrier, two
phenotypically unaffected animals from the original flock and one unrelated control animal validated the variant. A
genotyping assay was developed to genotype 583 animals from the original flock, giving an estimated allele frequency
of 5%.

Conclusions: The identification of a likely disease-causing variant resulting in a frameshift (p.(Val573Trpfs*119)) in the
OBSL1 protein has enabled improved breeding management of the implicated flock. The opportunity for an ovine
model for human 3M syndrome and ensuing therapeutic research is promising given the availability of carrier ram
semen for BCRHS.

Keywords: Whole genome sequencing, Sheep, Inherited disease, Lethal, Frameshift variant, Animal model, 3M
syndrome-2

Background
Brachygnathia, cardiomegaly and renal hypoplasia syn-
drome (BCRHS, OMIA 001595–9940) is a previously re-
ported lethal inherited disorder in Australian Poll
Merino/Merino sheep [1, 2] that, to the best of our
knowledge, has not been reported in other sheep breeds
in Australia. This disorder is characterized by a range of
congenital defects and conforms with an autosomal

recessive mode of inheritance based on previous pedi-
gree information and segregation analyses [1]. Affected
lambs are stillborn and the primary defects associated
with this disorder are brachygnathia, cardiomegaly and
renal hypoplasia, with additional skeletal defects includ-
ing short stature, a short and broad cranium, a small
thoracic cavity reduced in size by approximately 25%,
thin ribs and brachysternum (Fig. 1). Affected lambs also
present with congestive hepatopathy and small kidneys,
which are reduced in size by approximately 50%, with
male affected lambs having bilateral cryptorchidism [1].
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Overall, these findings suggest a syndromic growth dis-
order in affected lambs.
Growth disorders leading to short stature in humans

can be broadly grouped into two main categories: dispro-
portionate short stature where height and some body pro-
portions are reduced in length; and proportionate short
stature, where overall height is reduced but all body pro-
portions remain within normal limits [3]. Short stature or
dwarfism in livestock can arise from selective breeding for
small body phenotypes [4]. Short stature phenotypes can
also arise in livestock as an undesired trait, with under-
lying complex or Mendelian inheritance [5].
Multiple cases of inherited short stature in non-

human species have been listed in Mouse Genome In-
formatics (MGI) and Online Mendelian Inheritance in
Animals (OMIA) databases. Inherited forms are com-
mon in mice [6] and many genes have been implicated
in cattle, sheep, goats, horses, pigs, rabbits, dogs, cats,
chickens, Japanese quail and Sumatran tigers [7] (Add-
itional file 1: Table S1). The BCRHS condition with its
multitude of defects, in addition to dwarfism, represents
an opportunity to further elucidate human disorders
with similar phenotypes. A number of inherited short
stature syndromes in humans have been reported, in-
cluding Seckel, Mulibrey Nanism, Bloom, Meier–Gorlin,
microcephalic osteodysplastic primordial dwarfism types
I and II, Silver-Russell and 3M syndromes [8, 9]. Over-
lapping clinical signs are observed between BCRHS and
a number of these syndromes, with particular similarity
observed with the phenotypes of Silver-Russel and 3M
syndromes [9–11]. Human 3M syndrome has been sub-
categorized into three types, 3M1 (OMIM 273750) with
causal mutations located in the Cullin 7 (CUL7) gene,
3M2 (OMIM 612921) with causal mutations located in
the Obscurin like cytoskeletal adaptor 1 (OBSL1) gene,
and 3M3 (OMIM 614205 [12];) with causal mutations
located in the Coiled-Coil Domain Containing 8 (CCD8)

gene. The phenotypic similarity between BCRHS and
certain human short stature syndromes, in particular 3M
syndrome-2, adds further potential for developing a large
animal model for the disease.
Shariflou et al. (2012) mapped BCRHS to a 1.1 mega-

base (Mb) region on ovine chromosome OAR2, flanked
by single nucleotide polymorphisms (SNP) s50915 and
s40177, using a medium density ovine SNP chip for geno-
typing, followed by genome-wide association and homozy-
gosity analyses. At that time, 25 genes were predicted to
be located in the 1.1Mb segment [2], as only an early vir-
tual ovine genome assembly was available, based on a
comparative mapping approach that mapped sheep DNA
segments onto bovine and other mammalian genomes
[13]. Since the publication of the Shariflou et al. (2012)
study, the Ovis aries Oar_v3.1 genome assembly (GCA_
000298735.1) became available. Therefore, the aim of the
present study was to identify the gene and causal mutation
for BCRHS by analyzing the region flanked by SNPs
s50915 and s40177 from whole genome sequence data
aligned to the Oar_v3.1 reference genome.

Results
Identification of positional candidate genes
Thirty-nine genes were identified in the region flanked by
SNPs s50915 and s40177 identified by Shariflou et al. (2012),
which corresponds to position OAR2:g.220083076–
221052836 on the Oar_v3.1 genome assembly (GCA_
000298735.1). Twenty-five of these genes were identified to
code for known proteins, six genes coded for uncharacterized
proteins and eight were RNA genes (Additional file 2: Table
S2). Eight protein coding genes were identified as functional
positional candidates for BCRHS (Additional file 3: Table
S3), and were prioritized based on known function and the
extent to which causal mutations in these genes produced
phenotypes similar to the BCRHS phenotype. The OBSL1

Fig. 1 Comparison between an unrelated control stillborn Merino lamb a and a BCRHS-affected stillborn lamb b. The image of the affected lamb
highlights some of the characteristic clinical signs: short stature, shortened broad cranium, brachygnathia and small thoracic cavity (Ruler length
in both images = 30 cm)
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gene was selected as the strongest candidate based on this
approach.

Whole genome sequencing
Whole genome sequencing of an affected lamb
(BCRHS3) identified 11,671 raw variants in an interval
that included the region of interest plus an additional 1
Mb flanking sequence (OAR2:219083025–222052887)
on the Oar_v3.1 genome assembly (GCA_000298735.1).
After filtering and removal of known Single Nucleotide
Polymorphism Database (dbSNP) variants, 103 variants
with a predicted ‘low’, ‘moderate’ or ‘high’ impact on
protein function that were homozygous alternate in
BCRHS3 and not homozygous alternate in the control
Merino sheep Y0346 were identified (Additional file 4:
Table S4). Twenty-six of the 103 variants were located
within three of the top eight prioritized positional candi-
date genes. Fifteen variants were located in OBSL1, 10
variants in the chondroitin polymerizing factor (CHPF)
gene and one variant in the GDP-mannose pyrophos-
phorylase A (GMPAA) gene (Additional file 4: Table S4).
Visual inspection of these 26 variants using SAMtools
tview [14] in BCRHS3 and three control genomes (Me-
rino sheep Y0346 and Y0244 and one Persian sheep), re-
vealed that all variants for CHPF and GMPAA were
present in these unrelated control animals and were
therefore unlikely to be disease-causing. Seven variants
located within the CHPF gene located at positions
OAR2:220443181, 220443186, 220443189, 220443192,
220443194, 220443200 and 220443202 were in the same
region of poor sequencing quality across all controls and
the affected BCRHS animal, and were therefore not fur-
ther considered.
Fourteen of the OBSL1 variants were observed in con-

trols or in areas of very low sequencing coverage, leaving
only one strong candidate variant. This variant was a
single nucleotide deletion ENSOARG00000020239:
g.220472248delC; ENSOART00000022037.1:c.1716delC
(Fig. 2; XM_027965226.1:g.236304071delC or XM_
027965226.1:c.1716delC on the new Oar_rambouillet_v1
genome assembly (GCA_002742125.1)). This results in a
frameshift of the OBSL1 protein after the valine amino
acid at residue position 573 (p.(Val573Trpfs*119); Fig. 3)
and a prematurely truncated protein. The National Cen-
ter for Biotechnology Information Open Reading Frame
(NCBI ORF) Finder [15] predicted the ovine OBSL1
wildtype sequence start codon to begin at nucleotide 55
and the stop codon to end at nucleotide 5754, with an
amino acid length of 1899. The mutant sequence con-
taining the c.1716delC variant results in a frameshift
with the last nucleotide of the stop codon at nucleotide
2130, yielding a predicted altered amino acid length of
691 (p.(Val573Trpfs*119)) and a 64% truncation of
OBSL1 (Additional file 6: Fig. S1). The c.1716delC

variant is predicted to alter the amino acid sequence
(Additional file 7) within a conserved fibronectin type 3
domain resulting in the truncation of this domain as well
as the loss of four immunoglobulin (Ig) domains (Add-
itional file 8: Fig. S2).

Validation of c.1716delC
Segregation of the c.1716delC variant with BCRHS was
initially investigated in seven affected (including BCRHS3),
six obligate carrier and two phenotypically unaffected ani-
mals from the same flock, and one control Merino sheep
from an unrelated flock. Polymerase chain reaction (PCR)
products were amplified for all 16 samples and Sanger se-
quenced (Table 1). The results supported segregation of
the c.1716delC variant with BCRHS (Fig. 4). All seven af-
fected animals were homozygous for the deletion, six obli-
gate carrier animals were heterozygous and two
phenotypically unaffected and one unrelated control ani-
mals were homozygous wildtype (Fig. 2).
The c.1716delC variant was not listed as a known vari-

ant in the Ensembl Genome Browser and was not
present in the variant database from 935 sequenced
sheep processed by Agriculture Victoria Research staff.

TaqMan PCR genotyping assay
A custom TaqMan PCR genotyping assay (Additional
file 9: Fig. S3) was developed to genotype an additional
583 animals from the current cohort of sheep in the ori-
ginal flock, revealing 61 heterozygous animals and 522
homozygous wildtype animals, giving an estimated allele
frequency of 5%.

Discussion
Our study identified a novel likely causal variant,
c.1716delC, in the ovine OBSL1 gene in a lamb affected
with BCRHS by analyzing whole genome sequence
within a genomic region previously associated with the
disease. This variant was validated in additional animals
and the development of a discriminatory genotyping
assay has facilitated improved breeding management
practices. Moreover, screening of the original flock has
revealed a high estimated minor allele frequency of 5%.
These results are a continuation of the work reported by
Shariflou et al. (2011; 2012). These studies first described
the clinical signs and pathology of BCRHS, and after ex-
tensive pedigree analyses, identified this disorder as a re-
cessively inherited Mendelian trait that was mapped to a
1.1Mb region on OAR2.
Inherited growth disorders are relatively common,

with numerous genes identified for these disorders in
both humans and livestock [3, 16]. Short stature syn-
dromes such as 3M syndrome, have been characterized
in humans and are a part of a group of clinically hetero-
geneous growth disorders.
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While eight genes were initially considered as positional
candidate genes, the identification of 26 of 103 private var-
iants within only three of these genes - OBSL1, CHPF and
GMPAA - allowed for further prioritization of candidate
genes based on gene function and mutation association
with disease. Of all the positional candidate genes within
the identified region, OBSL1 was considered the strongest
candidate as mutations in this gene cause 3M syndrome-2
in humans (OMIM 612921) [12]. This autosomal recessive

growth disorder results in growth, facial and skeletal ab-
normalities in pre- and postnatal children with similar
phenotypes to BCRHS cases [17, 18].
The OBSL1 gene encodes a cytoskeletal adaptor pro-

tein that is involved in cell interactions and the cell
matrix [19]. Mutations within OBSL1 have been associ-
ated with human 3M syndrome-2, a short stature growth
disorder [20] that shows similar clinical signs to
BCRHS-affected lambs. The clinical signs in humans

Fig. 2 Schematic diagram of the ovine OBSL1 gene showing the location of the candidate causal mutation ENSOARG00000020239:g.22047224
8delC with Sanger sequencing chromatograms for one wildtype control, one obligate carrier and one affected animal. a Location of the ovine
OBSL1 gene, OAR2:220453801–220475937 on the Oar_v3.1 ovine genome assembly. b Enlarged view of the OBSL1 gene with 25 exons. c
Genomic region containing the c.1716delC frameshift variant with protein translation frames obtained from Ensembl genome browser 98
(Ensembl, accessed 26th December 2019, < http://asia.ensembl.org/Ovis_aries/Location/View?db=core;g=ENSOARG00000020239;r=2:220472236-22
0472254;t=ENSOART00000022037>. The position of the variant is identified by a red box and the protein reading frame is identified by a black
box. d Sanger sequencing chromatograms for one wildtype, one obligate carrier and one affected animal (reverse strand)
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resulting from mutations in the remaining two positional
candidate genes, CHPF and GMPAA, did not show the
same degree of similarity with the clinical signs of
BCRHS-affected lambs [21–23]. The CHPF gene is in-
volved in cell division and cytokinesis, with defects
within this gene resulting in defective early embryogen-
esis through the arrestment of cell division [21]. Muta-
tions within the GMPAA gene have been reported to be
involved with defects associated with neurological im-
pairment and facial abnormalities [22, 23]. Whole

genome sequencing provided further support for the se-
lection of OBSL1 as the prime candidate gene. Of the 26
variants that passed filtering located within the top three
positional candidate genes, only the c.1716delC OBSL1
variant was predicted to impact protein function and ob-
served in the homozygous non-reference state in the sin-
gle affected animal.
The c.1716delC variant results in a frameshift after the

valine amino acid residue at position 573 in the OBSL1
protein, where the remaining amino acid sequence is

Fig. 3 Multiple species partial OBSL1 protein alignment using T-Coffee and BOXSHADE. Accessions used were XP_027821027.1 (Ovis aries),
NP_056126.1 (Homo sapiens), XP_003309516.1 (Pan troglodytes), XP_002799127.1 (Macaca mulatta), XP_005640767.1 (Canis lupus familiaris),
NP_001068959.2 (Bos taurus), XP_343600.4 (Rattus norvegicus), XP_003641689.2 (Gallus gallus) and NP_001121829.1 (Danio rerio). SheepMT refers to
the mutant Ovis aries sequence and SheepWT refers to the wildtype Ovis aries sequence. The predicted frameshift starting with the replacement
of valine with tryptophan in position 573 in affected sheep is highlighted by an asterix (*), with the partial new amino acid sequence highlighted
in red in the SheepMT sequence, that is predicted to terminate at positon 691

Table 1 Sanger sequencing genotype results for the ENSOARG00000020239:g.220472248delC variant identified within the OBSL1
gene

Sample ID Phenotype Reference Alternate Genotype of individual

Control_1 Unaffected CC C- CC/CC

Control_2 Unaffected CC C- CC/CC

Control_3 Unaffected CC C- CC/CC

Carrier_1 Obligate carrier CC C- CC/C-

Carrier_2 Obligate carrier CC C- CC/C-

Carrier_3 Obligate carrier CC C- CC/C-

Carrier_4 Obligate carrier CC C- CC/C-

Carrier_5 Obligate carrier CC C- CC/C-

Carrier_6 Obligate carrier CC C- CC/C-

BCRHS3 Affected CC C- C-/C-

BCRHS11 Affected CC C- C-/C-

Affected_3 Affected CC C- C-/C-

Affected_4 Affected CC C- C-/C-

Affected_5 Affected CC C- C-/C-

Affected_6 Affected CC C- C-/C-

Affected_7 Affected CC C- C-/C-

Woolley et al. BMC Genetics          (2020) 21:106 Page 5 of 11



completely changed thereafter (Fig. 3, Additional file 6).
Four ovine OBSL1 isoforms have been predicted, each
with differing amino acid residue lengths of 1899 amino
acids in OBSL1 isoform X1 (XP_027821027), 1807
amino acids in isoform X2 (XP_027821028), 1802 amino
acids in isoform X3 (XP_027821029) and 1023 amino
acids in isoform X4 (XP_027821030). Similarly, in
humans, three different OBSL1 isoforms exist with a
1896 amino acid sequence length for the OBSL1 isoform
1 precursor (NP_056126), 1543 amino acids for the iso-
form 2 precursor (NP_001166902) and 1025 amino acids
for the isoform 3 precursor (NP_001166879). The trun-
cation of the ovine OBSL1 isoform X1 from the
c.1716elC variant imparts a 64% loss of the protein,
resulting in a shortened amino acid length from 1899 to
691 amino acid residues (Fig. 4). The early termination
of the protein and the ensuing loss of four conserved Ig
domains (Additional file 8: Fig. S2) indicates that protein
function may be diminished. The Ig domains located
within the OBSL1 protein play important roles in form-
ing interactive binding sites for other proteins and form-
ing complexes with muscle proteins such as titin [24,
25]. The OBSL1 protein has been shown to form a direct
complex with CUL7, named the cullin complex, through
binding at the CUL7 C-terminus [25, 26]. It is therefore
plausible that due to the p.(Val573Trpfs*119) and the
ensuing truncation and loss of four Ig domains, the
binding ability and interaction of the OBSL1 protein in
the cullin complex could be altered through loss of avail-
able protein binding sites. Further protein interaction

and modelling studies are required to fully understand
the binding behavior of the mutated ovine OBSL1 in
BCRHS-affected sheep, and its interaction with the
CUL7 protein.
The OBSL1 gene was considered as a strong candidate,

based on the phenotypic similarity between 3M
syndrome-2 in humans and the BCRHS-affected lambs,
as well as its biological function as a widespread cyto-
skeletal adaptor protein important for tissue stabilization
in multiple organs [19]. In brief, clinical signs of 3M
syndrome-2 include a large head, frontal bossing, short
nose and triangular-shaped face with a pointed chin dur-
ing later years in life, a short neck and thorax, thin ribs,
slender long bones and tall vertebral bodies [17, 18].
Endocrine function and growth hormone levels are
within normal limits for affected children [17, 27]. The
presentation of BCRHS-affected lambs showcasing mul-
tiple congenital defects including brachygnathia, short
stature, a short and broad cranium, a small thoracic cav-
ity, thin ribs and brachysternum [1] draw obvious simi-
larities to the clinical signs displayed by children affected
by 3M syndrome-2. However, BCRHS-affected lambs
also present with congestive hepatopathy and small kid-
neys [1].
A majority of disease-causing mutations for human

3M syndrome are located within one of three genes, with
approximately 70% of cases occurring within the CUL7
gene, 25% in the OBSL1 gene and 5% within the CCD8
gene [28, 29]. It is important to note that there have been
no observed phenotypic differences between human

Fig. 4 Partial pedigree showing segregation of the c.1716delC mutation (C = wildtype, − = deletion) with the BCRHS phenotype. The pedigree
links animals in this study to three obligate carriers (animals 4, 5 and 6) and two suspected carriers (animals 1 and 8) identified in a detailed
pedigree by Shariflou et al. (2011). Females and males are denoted by circles and squares, respectively. Filled symbols represent affected animals
and shaded symbols represent obligate carriers. The affected animal whole genome sequenced in this study is indicated by ‘BCRHS3’
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patients with either CUL7 or OBSL1 mutations [20]. Mu-
tations within the human OBSL1 gene for 3M syndrome-2
typically occur within the first six to eight exons [17, 20]
and affect all three human isoforms. The c.1716delC vari-
ant identified in this study is similarly located within the
sixth exon of the ovine OBSL1 gene (Fig. 2). Hanson et al.
(2009) used a gene knockout model to show that OBSL1
appears to play a role in regulating CUL7 protein levels in
cells and therefore, may act in a common pathway. Inter-
action studies conducted by Hanson et al. (2011) showed
that the OBSL1 protein acts as an adaptor protein for
CUL7 and CCD8, despite the lack of interaction between
the CUL7 and CCD8 proteins [30].
To determine the protein effect of the c.1716delC vari-

ant for BCRHS-affected sheep, similar gene knockout
models and protein interaction assays would be beneficial
to further elucidate the impact of this variant on disease
phenotype. As no affected animals are currently available
for further study, CRISPR-Cas9 [31] could be utilized to
replicate this variant to introduce an ovine cell culture
gene knockout model. Protein levels of OBSL1, CUL7 and
CCD8 could be investigated to confirm whether this com-
mon pathway also exists within sheep, and whether alter-
ing this pathway and complex through OBSL1 truncation
results in the BCRHS phenotype.
Silver-Russel syndrome is recognized as a differential

diagnosis for all three subcategories of 3M syndrome, as
it is characterized by slow growth before and after birth
[17]. Skeletal surveys and radiology are often used to
help differentiate between these two possible diagnoses,
as Silver-Russel syndrome patients do not display the
skeletal phenotypes observed in 3M syndrome patients
[32]. Treatment of human 3M syndrome often involves
growth hormone administration, however the efficiency
of this treatment has not been determined [17].
The use of animal models to assist in advancing the

knowledge of human disease has been proven to be bene-
ficial [33]. The sheep investigated within this study would
be prime candidates for an ovine model of human 3M
syndrome-2. The affected sheep appear to suffer from a
more severe phenotype compared to humans with 3M
syndrome-2, and the development of a large animal model
would enable further disease characterization on both the
molecular and protein level to evaluate therapeutic inter-
ventions by using a model with comparable organ size
scaling [34].

Conclusions
The c.1716delC variant described in this study results in
a frameshift mutation and the premature truncation of
the OBSL1 protein. Variant segregation among our
ovine study set and similarity of the BCRHS-affected
ovine phenotype to human 3M syndrome-2 suggests that
BCRHS-affected sheep represent an ovine model for

human 3M syndrome-2. The discovery of this variant
has enabled the development of a robust genotyping
assay, that is being used for the identification of carrier
animals and for improved breeding management. The
availability of a large animal model for human 3M
syndrome-2 represents a unique opportunity to further
investigate the biochemical basis of human 3M
syndrome-2 as well as offering alternatives to validate
therapeutic interventions in preclinical trials.

Methods
Animals and DNA isolation
Brachygnathia, cardiomegaly with renal hypoplasia was
reported from a single Merino/Poll Merino flock in
Australia and samples were collected by the owner. Tis-
sue samples (liver, kidney, heart and ear notches) were
collected from stillborn lambs or slaughter animals and
either stored in RNAlater or frozen. Blood cards were
collected as per diagnostic DNA testing protocols [35].
Genomic DNA for whole genome sequencing was ex-

tracted from tissue stored in RNAlater (ThermoFisher
Scientific, DE, USA) from two affected animals. Genomic
DNA for Sanger sequencing was extracted from frozen
tissue for an additional five affected lambs, six obligate
carriers and two unaffected Merino sheep from the same
flock. All extractions used the QIAGEN DNeasy Blood &
Tissue Kit following the manufacturer’s Animal Tissues
Spin-Column protocol (QIAGEN, CA, USA).
Genomic DNA for the genotyping assay was isolated

from blood cards collected from 583 Merino sheep from
the original flock using a standard blood card digest
protocol [36]. DNA was also available from one add-
itional Merino sheep from an unrelated flock.
Pedigree information was compiled from over 40 years

of breeding records, with details presented in Shariflou
et al. (2011). Pedigraph [37] and the R package kinship2
version 1.8.4 [38] were used for drawing pedigree trees.

Identification of positional candidate genes
The flanking SNPs s50915 and s40177 for the 1.1Mb region
reported by Shariflou et al. (2012) were used to identify the
region of interest in the Ensembl Oar_v3.1 genome assembly
(GCA_000298735.1), where the region is smaller in size at
approximately 0.97Mb (OAR2(CM001583.1):g.220083076–
221052836). Genes in this region were identified using the
University of California Santa Cruz (UCSC) Genome
Browser (http://genome.ucsc.edu/) and Table Browser and
Ensembl annotations [39–41]. Online databases Online
Mendelian Inheritance in Man (OMIM) [12], MGI [6] and
PubMed were used to identify positional candidate genes
based on the normal function of the protein or any reported
phenotypes that were similar to BCRHS (Additional file 5:
Table S5).
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Whole genome sequencing
Genomic DNA concentration and purity of samples
from two affected lambs (BCRHS3 and BCRHS11) were
measured using the NanoDrop 8000 spectrophotometer
and Qubit® 3.0 fluorometer (Thermo Scientific, DE,
USA) and visualized on a 1% agarose gel.
Due to financial constraints as well as quantity and

quality measures, only BCRHS3 was submitted for
whole genome sequencing. Three additional sheep
whole genome sequenced for the investigation of other
unrelated inherited conditions (Merino sheep Y0244
and Y0346 and one Persian sheep, all from different
flocks) were used as controls in the present study.
Whole genome sequencing was performed using the
Illumina HiSeq™ X Ten sequencing platform (Illumina,
San Diego, CA) by the Kinghorn Centre for Clinical
Genomics (Garvan Institute of Medical Research, Dar-
linghurst, Australia). DNA libraries were prepared
using the Illumina® TruSeq DNA Nano Library Prep
kit. Each sample was sequenced as 150 base pair (bp)
paired-end reads at an expected 30X coverage. Adaptor
sequences were removed by the service provider. Qual-
ity visualization and control was conducted on the
resulting sequence reads using FastQC (version 0.11.3)
(https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Inspection of FastQC output indicated that the
sequence data for all four samples were of good quality
(yield ranged from 54.87 Gb to 80.16 Gb, 76.15 to
97.42% > PHRED30, 40.5 to 42.5% GC content and no
adaptor contamination flagged). Therefore no quality
trimming was conducted.

Read mapping, variant calling and annotation
Paired-end sequence reads were mapped to the Ovis
aries Oar_v3.1 genome assembly (GCA_000298735.1)
using Burrows-Wheeler Aligner (BWA-mem) version
0.7.15 [42] with default settings. Polymerase chain reac-
tion (PCR) duplicates were marked using samblaster ver-
sion 0.1.22 [43]. Lane-level binary alignment maps
(BAMs) were merged using Picard version 1.119 (http://
broadinstitute.github.io/picard/). Sorting and indexing
was performed with SAMtools [14] version 1.6. Local re-
alignment around insertion and deletion sites as well as
base quality score recalibration using known variants
downloaded from Ensembl’s dbSNP database for Ovis
aries version 87 [41] were performed with the Genome
Analysis Toolkit (GATK) version 3.7.0 [44, 45].
Single nucleotide polymorphisms were called using

GATK HaplotypeCaller in GVCF mode [46] and were
genotyped using GATK GenotypeGVCFs [44, 45]. Anno-
tation and prediction of functional effects of SNP on
OAR2 was conducted using SnpEff [47] version 4.3 and
the Ensembl annotation release 86 for Oar_v3.1.

Variant filtering
Variants annotated by SnpEff [47] within the 0.97Mb region
of interest and an additional 1Mb flanking on OAR2 were
selected for filtering using a case-control approach in SnpSift
[48] version 4. Variants that were homozygous alternate for
BCRHS3 and that were not homozygous alternate for con-
trol Merino sheep Y0346 were selected. Variants were fil-
tered for ‘low’, ‘moderate’ or ‘high’ impact on protein
function as annotated by SnpEff [47], with known dbSNP
variants and duplicate variants manually removed.
Of these, variants present in the prioritized positional

candidate genes underwent visual inspection using
SAMtools tview in the sequence data for BCRHS3,
Y0346, an additional Merino (Y0244) and one Persian
sheep. This reduced the list of candidate variants by ex-
cluding SNPs in regions of poor sequencing quality or
those that were present in the controls.

Validation of c.1716delC
Following PCR amplification of the region flanking the
c.1716delC variant, Sanger sequencing was conducted to
validate the variant in seven affected, six obligate and
three unaffected control animals (Table 1).
PrimerBLAST [49] was used to design a primer pair to

amplify the region flanking the ENSOART00000022037.1:
c.1716delC (Oar_v3.1) variant in the candidate gene OBSL1.
PCR amplification of a 229 bp product was performed
using a Gradient Palm-Cycler™ Thermal Cycler (CGI-96,
Corbett Life Science, NSW, Australia) in a total volume of
25 μL, containing 1x Platinum™ SuperFi™ PCR Master Mix
(Invitrogen, ThermoFisher Scientific, DE, USA), 0.5 μM of
each primer F2 5′- GTGTTGGCCGAAATGTTCAAG-3′
and R2 5′-GTTCGCTGACAGTGCAGACTC-3 and ap-
proximately 50 ng of genomic DNA. The initial denatur-
ation step was performed at 98 °C for 30 s, followed by 35
cycles consisting of a denaturation step at 98 °C for 10 s, an-
nealing at 64 °C for 10 s and extension at 72 °C for 30 s. A
final extension was performed at 72 °C for 5min. PCR
products were visualised on a 2% agarose gel before sub-
mission to Macrogen (Seoul, Korea) for DNA sequencing.
Sequencing data was analysed using MEGAX software

[50] by aligning the sequences to genomic DNA to iden-
tify variants. Variants were compared to the variant data-
base in Ensembl [51] and predicted impacts of novel
variants on protein function were additionally determined
by SIFT analysis [52]. Cross-species OBSL1 protein align-
ments were conducted using T-Coffee [53] and BOX-
SHADE (v3.2) across nine species. These included OBSL1
protein sequences from sheep (Ovis aries), human (Homo
sapiens), chimpanzee (Pan troglodytes), Rhesus macaque
(Macaca mulatta), dog (Canis lupus familiaris), cattle
(Bos taurus), Brown rat (Rattus norvegicus), chicken
(Gallus gallus) and zebrafish (Danio rerio).
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To assess the predicted impact of the c.1716delC variant
on OBSL1 length, NCBI ORF Finder [15] was used to
compare the wildtype and mutant mRNA sequences from
the ovine OBSL1 isoform X1 (XP_027821027) to identify
alternative stop codon sites in the mutant sequence. To
identify predicted losses of conserved ovine OBSL1 pro-
tein domains, the NCBI Conserved Domains database [15,
54] was used for the mutant OBSL1 mRNA sequence
(XM_027965226.1) containing the c.1716delC variant.
To assess whether the c.1716delC variant had been

previously reported in sheep, known ovine OBSL1 vari-
ants in the Ensembl genome browser (https://www.
ensembl.org/Ovis_aries/Gene/Variation_Gene/Table?
db=core;g=ENSOARG00000020239;r=2:220453801-2204
75937;t=ENSOART00000022037) were investigated.
Presence of the variant was also screened in an add-

itional database of sequence variants generated by the
Agriculture Victoria Research team at the Centre For
AgriBioscience, Melbourne. These variants were discov-
ered from 935 sheep sequences: 453 from the SheepGen-
omesDB Project and 482 contributed by the Sheep CRC
Project [55]. A range of different breeds were repre-
sented including 127 purebred Australian Merino sheep.

TaqMan PCR genotyping assay
A custom TaqMan real-time PCR assay was designed using
the Custom TaqMan® Assay Design tool (ThermoFisher Sci-
entific, DE, USA) to discriminate between homozygous wild-
type, heterozygous and homozygous mutant genotypes.
Allelic discrimination was performed using the ViiA™ 7

system (Applied Biosystems™, CA, USA) in a final reaction
volume of 12.5 μL. Each reaction contained 1 x TaqMan®
Genotyping Master Mix (Applied Biosystems, CA, USA),
900 nmol/L of assay specific primers 5′- CGGTAGGCAC
GCAGTCC-3′ and 5′-TACAGTGCTTCAGCATTGAG
AAAG-3′, 250 nmol/L of allele specific 5′-VIC-CACCTCC
ACGCCCCG-NFQ-3′ (wildtype) and 5′-FAM-CCTCCACG
GCCCCG-NFQ-3′ (mutant) probes and approximately 10–
30 ng of genomic DNA. Each assay commenced with a pre-
read stage at 60 °C for 30 s followed by an initial denaturation
at 95 °C for 10min, followed by 45 cycles of denaturation at
95 °C for 15 s, annealing and extension at 60 °C for 60 s and
a final post-read stage at 60 °C for 30 s. Genotypes were ana-
lysed using the QuantStudio™ Real-Time PCR System ver-
sion 1.3 (Applied Biosystems™, CA, USA).
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Supplementary information accompanies this paper at https://doi.org/10.
1186/s12863-020-00913-8.

Additional file 1: Table S1. Adapted Online Mendelian Inheritance in
Animals (OMIA) list of reported inherited forms of short stature (or
dwarfism) in cattle, sheep, a goat, horses, pigs, rabbits, dogs, a cat,
chickens, Japanese quail and a Sumatran tiger with the associated OMIA
ID.

Additional file 2: Table S2. List of genes identified in the region
flanked by SNPs s50915 and s40177 corresponding to positions
OAR2:g.220083076–221052836 on the Oar_v3.1 genome assembly.

Additional file 3: Table S3. Top eight protein coding positional
candidate genes identified in the OAR2:g.220083076–221052836 region
on the Oar_v3.1 genome assembly.

Additional file 4: Table S4. List of 103 private whole genome
sequencing variants identified in an affected lamb (BCRHS3) after filtering
based on segregation, predicted protein impact, removal of known SNPs
and duplicates.

Additional file 5: Table S5. Gene list obtained from Mouse Genome
Informatics (MGI) with PubMed literature counts identifying genes
causing similar phenotypes to BCRHS.

Additional file 6: Figure S1. Comparison of predicted open reading
frames (ORF) for OBSL1 mRNA (XM_027965226.1) and predicted mutant
ovine mRNA for OBSL1 using NCBI ORF Finder [15] (accessed 18th
December 2019, < https://www.ncbi.nlm.nih.gov/orffinder/>). (a) ORF1
(black *) represents the ORF that codes for OBSL1 (1899 amino acid
residues). (b) ORF1 (red *) codes for a truncated and modified protein of
691 amino acid residues.

Additional file 7. Ovine OBSL1 isoform X1 protein sequences
(XP_027821027) for wildtype (SheepWT) and mutant (SheepMT) sheep.
The predicted mutant c.1716delC (p.(Val573Trpfs*119)) altered amino acid
sequence is highlighted in red.

Additional file 8: Figure S2. Wildtype OBSL1 protein showing
conserved domains obtained from the NCBI Conserved Domains
database [15, 54] (accessed 18th December 2019, <https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi>). The location of the c.1716delC variant
is indicated. The resulting modified protein p.(Val573Trpfs*119) is
predicted to have a truncated fibronectin type 3 domain and is lacking
four immunoglobulin domains.

Additional file 9: Figure S3. Allelic discrimination plot visualised using
QuantStudio™ Real-Time PCR System version 1.3 (Applied Biosystems™)
for a TaqMan genotyping assay used to discriminate the
ENSOART00000022037.1:c.1716delC variant for homozygous wildtype (red
dots), heterozygous (green dots), homozygous mutant (blue) individuals
and a no DNA template control (black square).
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