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Abstract
Long-read sequencing technology is now capable of reading single-molecule DNA with an average read length of more than
10 kb, fully enabling the coverage of large structural variations (SVs). This advantage may pave the way for the detection of
unprecedented SVs as well as repeat expansions. Pathogenic SVs of only known genes used to be selectively analyzed based
on prior knowledge of target DNA sequence. The unbiased application of long-read whole-genome sequencing (WGS) for
the detection of pathogenic SVs has just begun. Here, we apply PacBio SMRT sequencing in a Japanese family with benign
adult familial myoclonus epilepsy (BAFME). Our SV selection of low-coverage WGS data (7×) narrowed down the
candidates to only six SVs in a 7.16-Mb region of the BAFME1 locus and correctly determined an approximately 4.6-kb
SAMD12 intronic repeat insertion, which is causal of BAFME1. These results indicate that long-read WGS is potentially
useful for evaluating all of the known SVs in a genome and identifying new disease-causing SVs in combination with other
genetic methods to resolve the genetic causes of currently unexplained diseases.

Introduction

Short-read next-generation sequencing (NGS) is now
widely applied in medical research and genetic testing for
the detection of pathogenic single-nucleotide variants, and
small insertions and deletions (indels). This short-read
technology has achieved tremendous success in the

discovery of many genes causative of human disease.
However, many patients with conditions for which the
genetic cause is unknown are still encountered, suggesting
that certain types of pathogenic variation evade detection by
the currently available short-read technology [1, 2]. Struc-
tural variations (SVs) spanning more than hundreds to tens
of thousands of base pairs should be far beyond the reach of
short reads (of ~150 bp in length). Many algorithms using
depth of coverage, split reads, and paired reads have been
developed to detect SVs using short-read WES and WGS
data [3, 4]. However, the implementation of these algo-
rithms to routine WES/WGS analysis for the detection of
SVs is a challenge. Moreover, in these algorithms, it is
difficult to accurately detect intermediate-size SVs (50 bp to
several kilobases in size) and there is also the problem of
numerous false-positive calls. As such, long-read sequen-
cing technology is an attractive option for reliably detecting
novel SVs [5, 6].

BAFME is an autosomal-dominant adult-onset neurolo-
gical disease characterized by tremulous myoclonus
(cortical tremor), and infrequent generalized epileptic sei-
zure. The major electrophysiological findings are general-
ized epileptiform discharges and photosensitivity in
electroencephalogram (EEG), and cortical reflex myoclonus
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(giant somatosensory evoked potentials, C-reflex, and
spikes preceding myoclonus on EEG jerk-locked back-
averaging) [7–10]. Four loci associated with BAFME have
been mapped by linkage analysis [11]. Among them,
BAFME1 at 8q24 has been documented in Japanese and
Chinese families. Clinical anticipation of BAFME was also
described in these two Asian populations [12, 13], sug-
gesting that repeat expansion is associated with BAFME1.
Recently, Ishiura et al. discovered the intronic pentanu-
cleotide repeat expansions in the sterile alpha motif domain
containing 12 gene (SAMD12) with an expanded repeat
length in the range of 2.2–18.4 kb in Japanese families [14].
This new finding was also followed by Chinese BAFME1
families [15]. The currently available Pacbio SMRT
sequencing using the Sequel system is now capable of
reading >10-kb DNA [16]. Thus, we reasoned that it should
have the potential to fully cover the SAMD12 repeat
expansion and reliably prove the expanded repeat.

Here, we applied long-read WGS using PacBio together
with a conventional method to detect the repeat expansion
of SAMD12 in a family affected by BAFME. Even low-
coverage long-read WGS may be useful to detect known
and novel pathogenic SVs.

Materials and methods

Subjects

Five members of a single family suffered from BAFME
(I-1, II-1, II-7, III-1, and III-2), which was inherited in an
autosomal-dominant fashion (Fig. 1a). Patients showed

cortical tremor and epilepsy with clinical anticipation. III-2
developed cortical tremor earlier than II-7 (Supplementary
Table S1). IV-1, a 16-year-old girl, was asymptomatic at the
time of study entry. III-4 and III-7 were not clinically
evaluated. Four individuals (II-2, II-7, III-2, and III-6)
participated in this study. II-2 is a nonconsanguineous
(unrelated) spouse of II-1. She suffered from idiopathic
generalized epilepsy but not BAFME. Written informed
consent for inclusion in the study was obtained from all
participants. This study was approved by the Institutional
Review Board of Yokohama City University School of
Medicine and University of Occupational and Environ-
mental Health, Japan.

SMRTbell library preparation

Genomic DNA was extracted from peripheral blood leu-
kocytes using QuickGene DNA whole blood kit (Kurabo)
for three controls. Genomic DNA for the BAFME-affected
family was extracted from peripheral blood leukocytes by
standard phenol-chloroform DNA extraction. The size and
integrity of genomic DNA were assessed by pulse-field
agarose gel electrophoresis and the DNA concentration was
measured by a Qubit fluorometer (Life Technologies).
Seven micrograms of genomic DNA in a 150-µl volume
was fragmented using g-TUBE (Covaris) by centrifugation
at 1500 × g for 2 min twice. Recovered DNA was purified
and concentrated using AMpure PB magnetic beads
(Beckman Coulter).

SMRTbell Template Prep Kit 1.0 SPv3, Sequel Binding
Kit 2.0, SMRTbell Clean Up Column v2 Kit, and MagBead
Kit v2 (Pacific Biosciences) were used for SMRTbell
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Fig. 1 Pedigree of a family with pathogenic structural variation of
SAMD12. a Pedigree of BAFME and segregation of SAMD12 variant.
Black and white indicate affected and unaffected statuses with respect
to the BAFME phenotype, respectively. Symbols with gray outlines
represent participants subjected to genetic analysis. Asterisk indicates
an individual whose genomic DNA was analyzed by long-read WGS

using the PacBio Sequel system. b Validation of SAMD12 repeat
expansion by Southern blotting. SacI-digested genomic DNA was run
on a 1.6% agarose gel (w/v) in 1.0× TBE and probed with DIG-
labelled SAMD12 probe. Control and unaffected individuals showed a
signal corresponding to a size of 2239 bp. Arrow indicates the allele
with expanded repeat
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library construction. SMRTbell template DNA/polymerase
complex was used for sequencing on the PacBio Sequel
system.

Five micrograms of fragmented DNA was subjected to
SMRTbell library preparation in accordance with the
manufacturer’s instructions (Procedure & Checklist >20 kb
Template Preparation Using BluePippin Size-Selection
System for Sequel Systems, Pacific Biosciences).

The resulting SMRTbell template was size-selected by
BluePippin (Sage Science) and enriched for DNA fragments
of >10 kb in size. Extraction conditions were set as follows:
0.75% DF Marker S1 high-pass 6–10 kb vs3 with a base-
pair threshold start value (BP start) of 10,000. The size-
selected library was purified by AMpure PB and then
subjected to a DNA damage repair reaction. SMRTbell
template DNA was annealed with Sequencing Primer v3 at
20 °C for 1 h. For polymerase binding, primer-annealed
SMRTbell template DNA was incubated at 30 °C for 4 h
with Sequel Polymerase 2.0. SMRTbell template DNA/
polymerase complex was then purified using SMRTbell
Clean Up Column. The purified complex was diluted to
achieve an on-plate loading concentration of 20 pM, and
then mixed and incubated with MagBead at 4 °C for 1 h to
prepare MagBead-bound SMRTbell complex. This complex
was loaded onto Sequel SMRT Cell 1M v2 and sequenced
using Sequel Sequencing Kit 2.0. Data were collected for 6
h for each SMRT cell.

Data analysis using SMRT analysis module provided
by SMRT link

Four SMRT cells were used for III-2, control 2, and control
3, which generated mean genome-wide coverage of 7×, 8×,
and 6×, respectively. For control 1, mean coverage of 13×
was obtained by using 10 SMRT cells. Raw statistics on the
sequencing performance is described in Supplementary
Table S2.

Secondary analysis using base-called data was performed
on SMRT analysis v5.1.0. Structural variants were called
using PBSV with the default settings, an application pro-
vided by SMRT analysis. PBSV (https://github.com/Pa
cificBiosciences/pbsv) is a mapping-based structural variant
caller for PacBio SMRT reads. PacBio reads are mapped to
a reference human genome (GRCh37/hg19) using the long
read mapper NGMLR. The CIGAR strings (Compact
Idiosyncratic Gapped Alignment Report), which are a
compressed representation of the aligned reads to the
reference genome, are scanned to find deletions and inser-
tions ≥50 bp. Nearby events are clustered and summarized
into a SV call. Minimum SV length, minimum reads that
support SV, and minimum percentage of variant reads were
set to 50 bp, two reads, and 20%, respectively. PBSV called
two types of SV, insertion and deletion. Each SV call was

classified by the sequence pattern and assigned to one of the
following categories: Alu, L1, SVA (SINE-VNTR-Alu
class of retrotransposons), tandem repeat, and unannotated.
When comparing the insertion calls among different indi-
viduals, regions up to 50 bp in length might be misaligned
due to high sequence error rates of long-read sequencing;
such inaccuracies were thus ignored and grouped into a
single unit with the same/similar SVs. The resequencing
application provided by SMRT analysis was used to sum-
marize the mapping statistics in order to evaluate the data
quality because PBSV does not generate such metrics
(Supplementary Table S2).

Southern blot analysis

Six micrograms of genomic DNA was digested with SacI.
Digested DNA was run on a 0.8% (Supplementary
Fig. S1b) or 1.6% (Fig. 1b) agarose gel (w/v) in 1.0× TBE
and transferred to a positively charged nylon membrane
using capillary transfer. The DNA probe for studying
intronic repeat expansion of SAMD12 was prepared as
previously described [14]. Digoxigenin-labeled probe, DIG-
(TGAAA)9 and DIG-(AGAAA)9 were purchased from
Integrated DNA Technologies. The same membrane was
stripped and reused for hybridization, according to the
manufacturer’s instructions (Merck).

Dot plot analysis

Dot plots for the DNA sequence were created using Gepard
[17]. By manual inspection, subread 3 and the 3′ end of
subread 1 showed large discrepancies from the reference
sequence. Subread 3 covered the repeat expansion at
SAMD12, but the genomic position and sequence of the
repeat were inconsistent with those of subreads 1 and 2.
These discrepancies might have arisen from sequencing
errors when using Sequel Sequencing Chemistry 2.0 and/or
base-calling software. These errors might have occurred
because of loss of fidelity of the polymerase or mis-
calibration of the detection system. Since subreads 1 and 2
are consistent, we excluded subread 3 and the 3′ end of
subread 1 (subread 1: 11,840–13,651) from further analysis.

Results

We encountered a four-generation Japanese family affected
by BAFME (Fig. 1a). The clinical manifestations of all of
the participants in this study are summarized in Supple-
mentary Table S1. Previous studies suggested that a major
cause of BAFME in affected families in Japan is the pre-
sence of a common ancestor in which the SAMD12 variant
and repeat expansion in intron 4 of SAMD12 occurred
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[14, 15]. Consistent with this, Southern blot analysis
showed a heterozygous SV at the SAMD12 intronic repeat
region in the affected individual (III-2). This SV cose-
gregated with the BAFME phenotype (Fig. 1b). It should be
noted that III-2 and II-7 had similar repeat expansion sizes
after the paternally germline passage (Supplementary
Fig. S1).

Based on Southern blot analysis, III-2 had a repeat length
of approximately 4 kb, which could be fully covered by
Pacbio SMRT sequencing in view of its current capacity.
To characterize the SAMD12 variant with respect to repeat
size and genomic position, genomic DNA from III-2 was
analyzed by long-read WGS using the Pacbio Sequel sys-
tem (mean genome-wide coverage of 7×). Genomic DNA
from three control individuals was also sequenced for
comparison (mean genome-wide coverage of 13×, 8×, and
6×) (Supplementary Table S2). WGS data were analyzed
using PBSV, which is a structural variant caller for PacBio
reads. A total of 9138 insertions and 6498 deletions were
called in III-2 (Fig. 2a). Among them, 2420 insertions and
1086 deletions were found to be specific to III-2 (lacking in
the controls), including six SVs (four insertion and two
deletion calls) in the BAFME1-linked region (Fig. 2b, c).
PBSV suggested the presence of a 4661-bp insertion at
chr8: 119,379,051 (GRCh37/hg19), which was supported
by two subreads (subreads 1 and 2) (Supplementary
Table S3). This 4661-bp insertion was mapped between two
repetitive sequences, AluSq2 (chr8: 119,378,770–
119,379,051) and (TAAAA)n (chr8: 119,379,052–
119,379,172) (Supplementary Figs. S2a and S3), which is
consistent with previous reports [14, 15]. We created a dot
plot of subreads 1 and 2 against the corresponding human
reference genome sequence. The dot plot showed that the
insertion was a novel sequence, rather than a tandem
duplication (Fig. 2d). Then, we compared subreads 1 and 2
with each other. The created dot plot showed that these
subreads were consistently similar in a region correspond-
ing to the 4661-bp insertion of repetitive sequences (Sup-
plementary Fig. S2b). In fact, 99.33% (4630 of 4661 bp)
was masked by the RepeatMasker Open-4.0 program
(http://www.repeatmasker.org). A total of 95.41% was
found to be a low-complexity sequence, composed of GA or
A-rich repeats (Supplementary Table S4).

Discussion

Repetitive sequences are thought to be a major source of
genomic instability [18, 19]. A total of 962,714 are
described as simple tandem repeats in the RepeatMasker
track of the UCSC genome browser. Such simple tandem
repeats constitute polymorphic variation, but in some cases
they become pathogenic and cause human genetic disorders.

As gold standard methods for testing these pathogenic
repeats, Southern blot analysis and/or repeat primed PCR
are used. Recently, several algorithms using short-read NGS
data were developed for SV detection [20–23]. However,
these methods might require prior knowledge of the target
repeat sequence and involve a computational burden when
performing studies at the genome-wide level. It is highly
anticipated that a long-read WGS approach can overcome
these limitations.

In this study, we applied long-read WGS to detect
SAMD12 intronic repeat expansion using the Pacbio Sequel
system. An approximately 4.6-kb insertion at SAMD12 was
correctly called by PBSV, a structural variant-calling
application in SMRT Link v5.1.0. The size of the inser-
tion in the PacBio data was 4661 bp, which was in good
agreement with the size as estimated by the Southern blot
analysis (Supplementary Fig. S1b). This indicates that this
approach has the potential to increase the diagnostic yield of
known repeat expansion diseases. However, the inserted
sequence is suggested to be (TTTCT), rather than (TTTCA)
as reported previously [14, 15]. Owing to the high sequence
error rate of long-read sequencing technology (13–15% for
PacBio SMRT sequencing), two subreads were insufficient
to build a consensus on the actual sequence [16]. Indeed,
Southern blot analysis using oligonucleotide probe
(TGAAA)9 but not (AGAAA)9 identified the band corre-
sponding to the mutated allele, indicating the presence of
(TTTCA) repeat insertion in SAMD12 (Supplementary
Fig. S4). Hence low-coverage Pacbio data can provide
reliable size estimates for repeat length, but additional
validation is required using higher-coverage Pacbio
sequencing, perhaps with a targeted amplicon sequence or
CRISPR-Cas9 targeted enrichment [24–26]. Moreover,
accurate validation of the insertion sequence of each indi-
vidual can also provide additional insights. For example,
larger SAMD12 repeat expansion was suggested to be prone
to occur through the maternal germline passage in BAFME
[14]. In agreement with this, III-2 and II-7 had similar
repeat expansion sizes when the SAMD12 variant was
paternally transmitted (Supplementary Fig. S1). From this
perspective, comparison of the repeat sequence with dif-
ferent repeat length within a pedigree might be valuable to
provide insight into the mechanism behind repeat expansion
and genotype–phenotype correlation including anticipation
[27, 28].

The long-read WGS approach could be used to uncover
pathogenic variants that remain undetected by the currently
available short-read NGS approach. More than 15,000
intermediate-size SVs were called in III-2. As is the case
with short-read NGS analysis, variant filtering is beneficial
for prioritizing pathogenic SVs. In fact, we could effectively
narrow down the candidate SVs for BAFME using low-
coverage Pacbio data. A total of 15,636 SVs (9138 insertion
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and 6498 deletion calls) were initially called in III-2.
Notably, 73.5% (6718 of 9138 insertion calls) and 83.3%
(5412 of 6498 deletion calls) were present in at least one of
the three control individuals, indicating the nonpathogenic
nature of the majority of these SVs. We further focused on
SVs overlapping with RefSeq genes (exons or introns)
because known pathogenic repeat expansions were reported
not only in the coding region, but also in the 5′ UTR, 3′
UTR, and introns of different genes associated with repeat
expansion diseases [29]. After this filtering step, 1058
insertions and 482 deletions remained. Considering pre-
vious linkage mapping of BAFME, genes in four linked
regions, 8q24 (BAFME1), 2p11.2–q11.2 (BAFME2),
5p15.31–p15.1 (BAFME3), and 3q26.32–q28 (BAFME4),
should be prioritized [11, 30]. From this perspective, six
(four insertions and two deletion), eight (four deletions and
four insertions), and ten (eight insertions and two deletion)
SVs remained at 8q24, 5p15.31–p15.1, and 3q26.32–q28,
respectively. No SVs survived at 2p11.2–q11.2 (Supple-
mentary Table S5). SAMD12 insertion (4.6 kb) is the only
outlier with a size of more than 2 kb. Our results suggest
that long-read WGS in combination with linkage mapping
can be useful to identify novel pathogenic repeat expan-
sions. Furthermore, pathogenicity might be suspected if
certain SVs that are outliers in terms of their size are found
in diseases exhibiting anticipation.

Currently, long-read sequencing technologies are
expensive and have a high sequencing error rate, so they are
not yet ready for clinical use. However, the ability to cover
repetitive sequences should provide invaluable input for
analyzing pathogenic SVs, even at low coverage. Such long
read input will be aided by linkage analysis, multiple
sample analysis within or without a pedigree, and com-
parison with the catalog of polymorphic SVs in human
populations, as suggested in this study. The current PBSV
version is only able to call two types of SV: insertions and
deletions. Other types of SV including inversions, dupli-
cations, and even complex rearrangements should thus be
the next targets of upcoming software [31–33]. We showed
how to apply this technique to diseases for which the cau-
sative genetic factors remain unresolved and believe that it
will enable the discovery of SVs for which the pathogenic
effects have not been determined and even novel pathogenic
SVs. In a revision process of this manuscript, Zheng et al.
have also reported intronic repeat insertion in SAMD12
using long-read WGS, further proving useful of this chal-
lenging approach [34].
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