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complex germline rearrangements from
long DNA reads
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Abstract

Background: Many genetic/genomic disorders are caused by genomic rearrangements. Standard methods can
often characterize these variations only partly, e.g., copy number changes or breakpoints. It is important to fully
understand the order and orientation of rearranged fragments, with precise breakpoints, to know the pathogenicity
of the rearrangements.

Methods: We performed whole-genome-coverage nanopore sequencing of long DNA reads from four patients
with chromosomal translocations. We identified rearrangements relative to a reference human genome, subtracted
rearrangements shared by any of 33 control individuals, and determined the order and orientation of rearranged
fragments, with our newly developed analysis pipeline.

Results: We describe the full characterization of complex chromosomal rearrangements, by filtering out genomic
rearrangements seen in controls without the same disease, reducing the number of loci per patient from a few
thousand to a few dozen. Breakpoint detection was very accurate; we usually see ~ 0 ± 1 base difference from
Sanger sequencing-confirmed breakpoints. For one patient with two reciprocal chromosomal translocations, we
find that the translocation points have complex rearrangements of multiple DNA fragments involving 5
chromosomes, which we could order and orient by an automatic algorithm, thereby fully reconstructing the
rearrangement. A rearrangement is more than the sum of its parts: some properties, such as sequence loss, can be
inferred only after reconstructing the whole rearrangement. In this patient, the rearrangements were evidently
caused by shattering of the chromosomes into multiple fragments, which rejoined in a different order and
orientation with loss of some fragments.
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Conclusions: We developed an effective analytic pipeline to find chromosomal aberration in congenital diseases by
filtering benign changes, only from long read sequencing. Our algorithm for reconstruction of complex
rearrangements is useful to interpret rearrangements with many breakpoints, e.g., chromothripsis. Our approach
promises to fully characterize many congenital germline rearrangements, provided they do not involve poorly
understood loci such as centromeric repeats.

Keywords: Long read sequencing, Chromosomal translocations/rearrangements, Chromothripsis, Structural variation

Background
Various germline DNA sequence changes are known to
cause rare genetic disorders. Many small nucleotide-
level changes (one to a few bases) in 4209 genes have
been reported in OMIM (https://www.omim.org/) (as of
Jan 21, 2020), which are known as single gene disorders.
In addition to these small changes, large structural varia-
tions of the chromosomes can also cause diseases.
Previous studies on pathogenic structural changes in

patients with genetic/genomic disorders found chromo-
somal abnormalities by microscopy, by detecting copy
number variations (CNVs) using microarrays [1], or by
detecting both CNVs and breakpoints using high-
throughput short read sequencing [2]. However, there
are difficulties in precisely identifying sequence-level
changes especially in highly similar repetitive sequences
(e.g., simple repeats, recently integrated transposable ele-
ments) or in finding how these rearrangements are or-
dered [3]. Long read sequencing (PacBio or nanopore) is
advantageous for characterizing rearrangements in such
cases and is recently beginning to be used for patient
genome analysis to identify pathogenic variations [4–6].
In addition, if rearrangements are complex (e.g., chro-
mothripsis), long read sequencing (reads often exceed
10 kb in length) has a further advantage, because one
read may encompass all or much of a complex re-
arrangement [7]. Chromothripsis is a chaotic complex
rearrangement, where many fragments of the genome
are rearranged into derivative chromosomes. Current ap-
proaches to analyze chromothripsis usually require man-
ual inspection to reconstruct whole rearrangements.
Detection and reconstruction methods for complex rear-
rangements are needed to characterize pathogenic varia-
tions from whole genome sequencing data.
Rearrangements arise in various ways such as gene

conversion, processed pseudogene integration, aberrant
DNA replication with template switching [8, 9], and
probably as-yet unknown mechanisms. Regardless, the
result is duplicated, deleted, re-ordered and/or re-
oriented fragments (Fig. 1a). No matter how complex
the rearrangement, there is a simple relationship be-
tween ancestral and derived sequences: every part of the
derived sequence comes from a unique part of the an-
cestor [10]. (The unusual exception is “spontaneously

generated” sequence not descended from an ancestor,
a.k.a. non-templated insertion: we allow for it by allow-
ing parts of the derived sequence to not align anywhere.)
Thus, a rearrangement can be displayed as in Fig. 1b:
the derived sequence is shown vertically, and we can see
from top to bottom where each part came from (red di-
agonal lines).
Unfortunately, we do not have an ancestral genome se-

quence (further discussed in Additional file 1). The ref-
erence genome has its own rearrangements: this makes
it qualitatively harder to identify segments descended
from the same segment in the most recent common an-
cestor of the genomes (red diagonal lines in Fig. 1c).
Even if we could identify them, the result is hard to
understand. To make the problem tractable, we assume
the reference is ancestral: though false, this works well
enough to be useful.
Concretely, we compare long DNA reads to an

assumed-ancestral reference genome, by inferring which
part of the reference each part of the read comes from.
Thus, we need to accurately divide the read into (one or
more) parts and align each part to the genome. To do
this, we first learn the rates of small insertions, deletions,
and each kind of nucleotide substitution between reads
and genome (e.g., Fig. 2) [11], then find the most-likely
division and alignment based on these rates [10, 12]. We
can also calculate the probability that each base is
wrongly aligned, which is high when part of a read aligns
almost equally well to several genome loci. This ap-
proach was previously used to characterize rearrange-
ments that are “localized,” i.e., encompassed by one
DNA read [10].
Here we extend this approach, to find arbitrary (non-

localized) rearrangements, subtract rearrangements
found in control individuals, then order and orient rear-
ranged DNA reads to fully reconstruct complex rear-
rangements in derivative chromosomes. To the best of
our knowledge, there is no other tool to fully reconstruct
complex rearrangements from only long reads and filter
out benign changes. Chromothripsis has been analyzed
by NanoSV [7], but its website states: “we decided to call
only breakpoints instead of SV types (such as inversions,
deletions, etc.).” Indeed, it is hard to tell whether (e.g.) a
split alignment of a DNA read to both strands of a
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chromosome indicates a simple inversion, or part of a
more complex rearrangement (see examples below).
Recently, long read sequencing was used to detect

structural variants in human genomes, but focusing on
simple insertions, deletions, and inversions [13]. How-
ever, another study used linked-read sequencing to
document more complex types of rearrangement such as
del-INV-del and del-INV-dup [14]. There have been sev-
eral approaches to characterize pathogenic complex re-
arrangements in congenital diseases [7, 15, 16]. Beck
et al. used long reads to detect chr17p11.2 recurrent re-
arrangement using a targeted approach [15]. Targeted
approaches are limited and hard to use for complex
chromothripsis. Eisfeldt et al. analyzed three patients
with complex chromosomal rearrangement (CCR) [16].
This approach required several different methods to fully

understand the CCR (including short read sequencing,
optical mapping, and linked-read sequencing). For clin-
ical application, a single method that can characterize
complex rearrangements would be useful. Our approach
can characterize pathogenic rearrangements using only
long read whole genome sequencing and thus should be
useful for further clinical applications.
Moreover, we show that complex rearrangements can

have emergent properties, such as deletions, that are
knowable only after fully reconstructing the whole re-
arrangement. Finally, we believe our pipeline for long
DNA reads is unique in discarding rearrangements
shared by other genomes (controls), which is critical
for practical utility, because human genomes typically
differ by thousands of, presumably benign, large-scale
rearrangements.

Fig. 1 Illustration of genome evolution with rearrangements. a Starting from ancestral DNA, evolution with rearrangements results in derived
sequences with deletions, duplications, and re-ordered fragments. Each colored block represents a piece of a chromosome, e.g., a few thousand
basepairs. The blocks labeled n and s are similar repeated sequences (same color). b Comparison of derived sequence (vertical) to ancestral
sequence (horizontal). The diagonal red lines show which ancestral basepair each basepair in the derived sequence is descended from: starting at
a derived basepair, go horizontally to the right until hitting a red line, then go up vertically to find the ancestral basepair. The diagonal black line
indicates a misleading (paralogous) similarity between the ancestral and derived sequences. c Comparison of the same derived sequence
(vertical) to a derived reference genome (horizontal). Diagonal red lines show basepairs in the horizontal and vertical sequences that are
descended from the same basepair in the most recent common ancestor of the sequences. The diagonal black line shows similar segments that
are not descended from the same part of the most recent common ancestor
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Methods
Patients
We studied 4 patients whose breakpoints were previ-
ously not fully detected by high-throughput analysis,
among 9 patients with chromosomal abnormalities [17].
Patients 1 and 2 have primary ovarian failure (detailed
clinical information in Additional file 1 and elsewhere
[18, 19]). Patient 3 has split-hand-foot malformation (de-
tailed information was published elsewhere [20]). Patient
4 has intractable epilepsy and is suspected to have a
chromosomal translocation breakpoint in centromeric
repeats [21].

Controls
We used 33 human controls to filter out benign rear-
rangements in the patients. Because genome-wide long
read sequencing remains expensive, we re-used data
from previous studies [6]. Thus, many of these controls
have genetic disorders (Additional file 1: Table S1),

which are unlikely to be related to those of the 4
patients.

Nanopore sequencing using PromethION
DNA was extracted from patients’ blood cells. Librar-
ies were prepared for nanopore sequencing using
DNA ligation kit (SQK-LSK109) then subjected to
PromethION sequencing (Oxford Nanopore Tech-
nologies) using one PRO-002 (R9.4.1) flowcell accord-
ing to the manufacturer’s protocol. Base-calling and
fastq conversion were performed with MinKNOW
ver1.14.2. Control datasets were also sequenced by
PromethION. Base-calling and fastq conversion were
performed with MinKNOW ver1.11.5. The genome
sequencing coverage ranged from 12x to 42x (Add-
itional file 1: Table S1).

Data analysis
Our task is to find and fully characterize rearrangements
in a patient’s genome that are absent in control

Fig. 2 Rates (probabilities) of substitutions, deletions, and insertions between a set of nanopore human DNA reads and reference genome hg38.
The 4 × 4 matrix shows substitution probabilities: rows correspond to genome bases and columns correspond to read bases. The rates in Fig. 2
are a combination of sequencing errors and real differences
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genomes. By “fully characterize,” we mean to determine
which part of the reference genome each part of the
rearranged sequence comes from and determine the
order and orientation of these parts. We do so by these
steps (details in Additional file 1: Supplementary
Methods and Fig. S1–4), using software named dnar-
range that was developed for this study.

1. Align the DNA reads to the reference genome, by
probability-based split alignment. This gives us rear-
ranged reads, but there are two difficulties:
(i) There seem to be many artifactually rearranged

reads, at least in some datasets [10]. Some
putative artifacts are shown in Additional file 1:
Fig. S3. These artifacts seem to be mostly
sporadic [10], so they can be excluded by
requiring at least 2 or 3 reads to cover the same
rearrangement.

(ii) It is hard to tell whether a rearranged read
covers a whole rearrangement, or part of a
larger rearrangement, or multiple independent
rearrangements. We defer making this
judgment, and eventually do so manually.

2. Discard any patient read that has any two
rearranged fragments in common with any
control read. Ideally, we would discard whole
rearrangements rather than reads, but whole
rearrangements have not been determined yet
due to difficulty (ii).

3. Discard any patient read that has any
rearrangement not shared by any other read from
the same patient. This aims to remove artifacts.

4. Group reads from one patient that cover the same
rearrangement (i.e., have two rearranged fragments
in common). Discard groups with fewer than 3
reads: this also aims to remove artifacts.

In the following results, we at first omit step 2 to show
the results without control filtering, then re-run steps 2–
4 to show the results with filtering. Steps 2–4 can be
done with one simple “dnarrange” command:
dnarrange patient-file : control1 con-

trol2 ... > groups

5. Examine dotplots showing how each read group
aligns to the reference genome. Manual
examination is feasible because the number of
groups, after filtering, is typically a few dozen. In
practice, we can often tell that a group of reads
covers a whole rearrangement of a specific type,
e.g., integration of a processed pseudogene,
transposable element, or NUMT (nuclear
mitochondrial DNA). Other read groups are
suspected to cover parts of larger rearrangements.

6. Merge each group of reads into a more accurate
consensus sequence, using lamassemble [22],
and re-align these consensus sequences to the
genome. This step has a chance of characterizing
rearranged fragments more accurately, but in
practice, it rarely changes the picture and is not
critical. In previous work, such consensus sequences
were important for revealing the sequences of
tandem repeat expansions [6].

7. Infer the order and orientation of read groups that
are suspected to cover parts of a larger
rearrangement. This is done by a parsimony
argument: we find an order and orientation that
links the groups into a minimal number of
rearranged chromosomes. We could always suggest
a trivial solution where the genome is highly
aneuploid and each read group is on a separate
chromosome, but that is not parsimonious and does
not match the patient karyotypes determined by
microscopy. There could be more than one most-
parsimonious solution (in which case we fail at full
characterization), but sometimes it is unique.

Sanger sequence confirmation of breakpoints
PCR primers for breakpoints estimated from rearrange-
ments were designed using primer3 plus software (Add-
itional file 1: Table S2). PCR amplification was done
using ExTaq, PrimeSTAR GXL, and LATaq (Takara),
then amplified products were Sanger sequenced using
BioDye Terminator v3.1 Cycle Sequencing kit with
3130xl genetic analyzer (Applied Biosystems, CA, USA).

Results
Nanopore sequencing of 4 patients with chromosomal
translocations
We sequenced genomic DNA from 4 patients with re-
ciprocal chromosomal translocations using a nanopore
long read sequencer, PromethION (Additional file 1:
Table S1). We applied newly developed software, dnar-
range (https://github.com/mcfrith/dnarrange), to find
and characterize DNA sequence rearrangements in these
patients. dnarrange finds DNA reads that have rear-
rangements relative to a reference genome, and groups
reads that overlap the same rearrangement (Additional
file 1: Supplementary Methods). It also filtered out rear-
rangements that are seen in any of 33 control individuals
(Fig. 3, Additional file 1: Table S1). The number of read
groups decreased exponentially with the first several
controls, then stabilized, which suggests that there are
numerous commonly shared rearrangements in the
population (Figs. 4b, 5b, 6b, and 7b; Additional file 1:
Table S3). Because we are not interested in simple dele-
tions, we ignored gaps < 10 kb; we also tested a lower
gap threshold (100 bp) which produced vastly more
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output at first, but after discarding rearrangements
shared with the controls, the output size became closer
to the default (g = 10 kb), suggesting that many of these
gaps are shared with controls (Additional file 1: Fig. S5).
Next, we merged (a.k.a. assembled) the reads of each
group into a consensus sequence using lamassemble
(https://gitlab.com/mcfrith/lamassemble) and realigned
to the reference genome. Representative examples of de-
tected rearrangements are shown with raw reads and
consensus sequences in Additional file 1: Fig. S6. Com-
putation time measurements for this method (including

filtering with 33 controls) and comparison to different
methods are shown in Additional file 1: Tables S4 and S5.
Finally, we used dnarrange-link to infer the order
and orientation of multiple read groups, to understand the
whole rearrangement (Figs. 4c, 5c, e, and 6d, e).

Patient 1
Patient 1 (case 2 in Nishimura et al. and Bano et al. case
report) [18, 19] has de novo reciprocal translocation be-
tween chr2 and chrX, 46,X,t(X;2)(q22;p13) (Fig. 4a). The
breakpoints were not detected by short read sequencing

Fig. 3 Schematic diagram of chromosomal rearrangement analysis pipeline. Long DNA reads are aligned to a reference genome using LAST
(blue box), then dnarrange finds rearranged reads and groups reads that overlap the same rearrangement (pink box). lamassemble
merges/assembles each group of reads into a consensus sequence (yellow box). When there is a “complex” rearrangement (more than one
group of rearranged reads is needed to understand the full structure of the rearrangement), dnarrange-link was used to infer the order and
orientation of the groups and thereby reconstruct derivative chromosomes (green box)
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Fig. 4 (See legend on next page.)
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[17] though they were detected by more-painstaking
breakpoint PCR [19], so we tested whether we could find
this rearrangement with long reads. We performed Pro-
methION DNA sequencing (112 Gb) and found 2773
groups of rearranged reads compared to human refer-
ence genome hg38. After subtracting rearrangements
present in 33 controls, we found 80 patient-only read
groups, of which two involve both chr2 and chrX
(Fig. 4b). These are exactly the reciprocal chr2-X trans-
location (Fig. 4c, Additional file 1: Fig. S7a). The break-
points agreed with reported breakpoints determined by
Sanger sequencing (Additional file 1: Fig. S7b) [19].
The other 78 groups of rearranged reads are mostly

tandem multiplications (duplications, triplications, etc.),
tandem repeat expansion/evolution, deletions, retro-
transposon insertions (five L1HS, four AluYa5, two
AluYb8, three SVA, and one or two ERV-K LTRs), and
other non-tandem duplications (Fig. 4d, e, Additional file
1: Table S6, Additional file 2: Table S12, Fig. S8). These
types of retrotransposon are known to be active or poly-
morphic in humans [23–25]. We checked three AluYa5
insertions by PCR: all were confirmed (Additional file 1:
Fig. S9). One insertion appears to be an orphan 3′-trans-
duction from an L1HS in chr20: the L1HS was tran-
scribed with readthrough into 3′ flanking sequence, then
the 3′-end of this transcript (without any L1HS se-
quence) was reverse-transcribed and integrated into
chr10 (Fig. 4e). Such orphan transductions can cause
disease [26]. We also found an insertion of mitochon-
drial DNA (NUMT) into chr2 (Fig. 4e). Some of these
rearrangements have been previously found in other
humans, e.g., the ERV-K LTR inserted in chr12 [27].
Thus, our subtraction of rearrangements found in other
humans was not thorough, especially because patient 1
is Caucasian whereas most of our controls (32/33) are
Japanese.

Patient 2
Patient 2 (case 1 in Nishimura et al.) [19] has reciprocal
chromosomal translocation between chr4 and chrX: 46,
X,t(X;4)(q21.3;p15.2), a 4-kb deletion in chrX, and a 7-
kb deletion in chr4 (Fig. 5a). These were found previ-
ously by Southern blot combined with inverse PCR se-
quencing [19], but not by short read sequencing [17].

We performed PromethION DNA sequencing (117 Gb)
and found 3336 groups of rearranged reads relative to
the reference genome, which reduced to 33 groups after
control subtraction (Fig. 5b). Only 2 out of 33 groups in-
volve both chr4 and chrX: they show a reciprocal unbal-
anced chromosomal translocation exactly as described
previously and confirmed by Sanger sequencing [17, 19]
(Fig. 5c, Additional file 1: Fig. S10a,b). We examined
DNA of the patient and parents by breakpoint PCR and
confirmed that the translocation breakpoints occurred
de novo (Additional file 1: Fig. S10b, c). Another of the
33 read groups shows a 43-kb deletion near the trans-
location site at chrX:107943899-107986412 (Fig. 5c,
Additional file 1: Fig. S10a), which eliminates the
TEX13B gene (Additional file 1: Fig. S10a), and was not
previously described [17]. We found that this deletion is
inherited from the father (Additional file 1: Fig. S10b, c).
About half of the other rearrangements were tandem mul-
tiplications and retrotranspositions (Fig. 5d, Additional file
1: Fig. S11, Table S6, Additional file 2: Table S12). Three
of the 33 groups lie near each other in chr11q11 (Fig. 5e):
they have a unique order and orientation that produces
one linear sequence, whereby we fully inferred the struc-
ture of this previously unknown rearrangement (Fig. 5e).
This rearrangement has translocated and inverted frag-
ments and three deletions, including a 10-kb deletion that
removes most of the TRIM48 gene. Breakpoint confirm-
ation of this rearrangement by PCR and Sanger sequen-
cing showed inheritance from the mother (Additional file
1: Fig. S12a, b).

Patient 3: complex rearrangements at chr7-chr15
translocation
We next analyzed patient 3 whose precise structure of
chromosomal translocations was only partly solved be-
fore [17, 20]. Patient 3 was reported to have reciprocal
chromosomal translocation between chr7 and chr15 and
also between chr9 and chr14, t(7;15)(q21;q15) and t(9,
14)(q21;q11.2) (Fig. 6a) and has 4.6-Mb and ~ 1-Mb de-
letions on chr15 and chr7, respectively, which were pre-
dicted by microarray, although the precise locations of
breakpoints were not detected in detail. We performed
whole genome nanopore sequencing (95 Gb) on this pa-
tient and found 3351 groups of rearranged reads relative

(See figure on previous page.)
Fig. 4 Chromosomal rearrangement in patient 1 with 46,X,t(X;2)(q22;p13). a Ideograms showing patient 1’s translocation between chrXq22 and
chr2p13. Chromosome images are from NCBI genome decoration (https://www.ncbi.nlm.nih.gov/genome/tools/gdp). b Filtering out
rearrangements shared with 33 controls. Finally, 80 groups of reads with patient-only rearrangements are found. Two of the 80 groups show
reciprocal chr2-chrX translocation. c Dotplot of reconstructed derivative chromosomes shows reciprocal balanced chromosomal translocation
(upper panel: horizontal dotted gray lines join the parts of each derivative chromosome; lower panel: vertical dotted gray lines join fragments
that come from adjacent parts of the reference genome, showing there is no large deletion or duplication). d Pie chart of the types of
rearrangement. TSDel target site deletion, NUMT nuclear mitochondrial DNA insertion. e Examples of retrotransposition and NUMT insertion (the
alignments to retrotransposons, e.g., the AluYa5 in chrX, often have low confidence, indicating uncertainty that this specific AluYa5 is the source)
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Fig. 5 (See legend on next page.)
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to the reference genome, which reduced to 43 groups
after control subtraction (Fig. 6b). Fifteen out of 43
groups are involved in the two translocations: dnar-
range-link found a unique way to order and orient
them without changing the number of chromosomes
(Fig. 6c, Additional file 1: Fig. S13). At first, there seem to
be two read groups involving both chr9 and chr14, which
accurately indicate the balanced chr9-chr14 translocation
described previously [17]. However, dnarrange-link
additionally identified a complex rearrangement for t(9,
14)(q21;q11.2). A part of chr4 was unexpectedly inserted
into derivative chr9 (Fig. 6d). This rearrangement was not
investigated in the previous analyses, as chr7q21 was the
primary locus for split-foot. In addition to this, dnar-
range identified 8 out of 43 groups involving chr7 and
chr15 (Fig. 6c, Additional file 1: Fig. S13). The order and
orientation of these groups was difficult to determine by
manual inspection, but dnarrange-link found only
one possible way to connect them without changing the
number of chromosomes (Fig. 6c). Finally, dnarrange-
link could automatically reconstruct the whole rear-
rangements (Fig. 6d, e). The reconstructed rearrange-
ments show that 3 fragments (breakpoint-to-breakpoint,
asterisks in Fig. 6d, e) from chr4 and 1 fragment from
chr14 were inserted into derivative chr9 (Fig. 6c, d), and 3
fragments from chr7 and 6 fragments from chr15 were
inserted into derivative chr15 (Fig. 6c, e). They show 677-
kb and 4.7-Mb deletions on chr7 and chr15, respectively,
which were detected by microarray (Fig. 6e). Note that
these deletions are not present in any part of the re-
arrangement, but only in the fully reconstructed re-
arrangement: they are holistic properties of the complex
rearrangement. One candidate gene for split-foot, SEM1,
was not disrupted, nor had altered expression in lympho-
blastoid cells (Additional file 1: Fig. S14a, b).
A striking feature of these rearrangements is that the

rearranged fragments come from near-exactly adjacent
parts of the ancestral genome (Fig. 6d, e). This suggests
that the rearrangements occurred by shattering of the
ancestral genome into multiple fragments, which
rejoined in a different order and orientation with loss
of some fragments. Such shattering naturally explains
why the fragments come from adjacent parts of the an-
cestor [10].

We performed Sanger sequence confirmation for all
18 breakpoints (Additional file 1: Fig. S15, primer se-
quences: Additional file 1: Table S2). There were only
minor differences (usually 0 or 1 bases) between Sanger
sequence-confirmed breakpoints and dnarrange-pre-
dicted breakpoints from lamassemble consensus se-
quences (Additional file 1: Fig. S16). Breakpoint junctions
show blunt ends or microhomologies, which suggests
nonhomologous or microhomology mediated end joining
as reported in other congenital chromothripsis cases
(Additional file 1: Table S7) [28, 29].
The other rearrangements are mostly local tandem du-

plications or insertions (Additional file 1: Table S6, Fig.
S17, Additional file 2: Table S12). We found one proc-
essed pseudogene insertion, where exons of the MFF
gene (chr10) were inserted into chr15 (Fig. 6g). Interest-
ingly, there is also an AluYa5 insertion into chr15 nearby
(Fig. 6g). Both Alu and processed pseudogene insertions
are thought to be catalyzed by LINE-1-encoded proteins
[30]: thus, we speculate that these two insertions did not
occur independently.

Patient 4: difficult case with translocation breakpoint in
centromere repeat
Patient 4 had a reciprocal translocation between chr1
and chr9 (Fig. 7a). Breakpoints in chr1 were previously
described at chr1:206,401,153 and chr1:206,402,729,
which disrupted SRGAP2, by intensive investigations
using fluorescent in situ hybridization (FISH), Southern
hybridization and inverse PCR [21], or short read whole
genome sequencing [17]. Chr9 breakpoints have not
been found and were suspected to reside in repetitive
centromeric heterochromatin. We performed Pro-
methION DNA sequencing (41 Gb) and found 2523
groups of rearranged reads relative to the reference gen-
ome, which reduced to 14 after control subtraction,
none of which indicates chr1-chr9 translocation (Fig. 7b,
c, Additional file 1: Fig. S18, Additional file 2: Table
S12). Dotplot pictures of reads that cross the chr1 break-
point suggest that there is a reciprocal translocation, but
the other half of the read aligns (with low confidence) to
satellite or simple repeat sequences at centromeric re-
gions on multiple different chromosomes (Fig. 7d, two
example reads are shown). This limitation might be

(See figure on previous page.)
Fig. 5 Chromosomal rearrangement in patient 2 with 46,X,t(X;4)(q21.3;p15.2). a Ideograms showing patient 2’s translocation between chr4p.15.2
and chrXq21.3. b Filtering out rearrangements shared with controls produces 33 groups of reads with patient-only rearrangements. Two of the 33
groups show chr4-chrX translocation. c. Dotplot of derivative (vertical) versus ancestral/reference (horizontal) chromosomes showing reciprocal
chromosomal translocation. There are 7-kb and 4-kb deletions at the breakpoints in chr4 and chrX, respectively. There is also a 43-kb deletion in
chrX. Yellow vertical lines show deletions. d Pie chart of patient-only rearrangements. e A complex rearrangement on chr11. Three dotplots at
chr11q11 were linked to reconstruct a complex rearrangement with three sequence losses, chr11:54633567-54685157 (51 kb), chr11:55071498-
55088834 (17 kb), and chr11:55263629-55274386 (10 kb). The latter disrupts the TRIM48 gene, which is not known to cause any diseases. Upper
dotplot panel: horizontal dotted gray lines join the parts of each derivative chromosome. Green vertical lines show exons. Lower dotplot panel:
vertical dotted gray lines join fragments that come from adjacent parts of the reference genome. Yellow vertical lines show deletions
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overcome by obtaining reads long enough to extend be-
yond the centromeric repeats, or perhaps by obtaining a
reference genome that is more accurate in centromeric
regions.

Comparison to other tools
We also tried two existing structural variant (SV) detec-
tion methods: LAST-NanoSV [7] and ngmlr-Snif-
fles [31] (Additional file 1: Supplementary Methods).
These methods mainly detect breakpoints and categorize
them into 4 SV types (insertion, deletion, inversion, and
duplication) or breakpoints (described as “BND”). Be-
cause there is no method to filter SVs that are present in
controls using these tools, we manually examined break-
points in the translocation sites predicted by G-band
analysis.
In patient 1, ngmlr-Sniffles called two candi-

date breakpoints in the translocation site, but they
were ± ~ 600 bp different from the Sanger sequence results
and the reciprocal change was not detected (Additional file 3:
Table S13). LAST-NanoSV could detect the breakpoints
accurately, similarly to dnarrange (+lamassemble),
with only − 1 ~ + 6 bp differences (Additional file 3:
Table S13). It is not too surprising that LAST-NanoSV
can detect the breakpoints similarly to dnarrange,
because they are based on identical LAST alignments.
We also examined LAST-NanoSV results for four TE in-
tegration examples in Fig. 4e (Additional file 1: Table S8).
The AluYa5 integration was described as insertion
(though “duplication” would be more precise); however,
others are reported as BND and it was difficult to know if
these are TE integrations. The AluYb8 integration has two
different calls (insertion and BND) which could lead to
misinterpretation (Additional file 1: Table S8).
In patient 2, ngmlr-Sniffles called four candidate

breakpoints near the translocation sites but there were ±
~ 500 bp discordances from the Sanger sequence results.
The most critical thing is that orientations were wrong
and could cause misinterpretation of this reciprocal
chromosomal translocation (Additional file 3: Table
S13). LAST-NanoSV accurately detected the break-
points similarly to dnarrange.

In patient 3, ngmlr-Sniffles missed several break-
points which made it impossible to reconstruct this pa-
tient’s complex rearrangement (Additional file 3: Table
S13). LAST-NanoSV detected all breakpoints (16 out of 18
with high confidence, i.e., “PASS”); however, it has no fur-
ther function to reconstruct the rearranged genome: so it
would be hard to understand this rearrangement, especially
without filtering the numerous rearrangements shared with
controls (Additional file 3: Table S13). We also checked the
processed pseudogene/AluYa5 insertion in patient 3
(Fig. 6g) in NanoSV calls. The MFF gene (chr2) insertion
into chr15 was described in 9 calls including deletion, inser-
tion, and BND. The AluYa5 integration was not detected
by NanoSV (Additional file 1: Table S8). This also illus-
trates the importance of understanding the whole re-
arrangement: NanoSV misleadingly reports deletions in
chr2 for some of the removed introns in the processed
pseudogene, and the distinctions between “insertion”,
“BND”, etc. may be more confusing than helpful.

Trio analysis
Among the control datasets, controls 1, 2, and 3 are a
parent-child trio (Additional file 1: Table S1). By the same
filtering as for patients 1–4, but without using controls 1–
3, we obtained 27 groups of rearranged reads in the child
(control 1). If the mother (control 3) is used for further fil-
tering, nearly half of the groups (n = 14) are removed, and
if the father is used as a control, the others (n = 12) are re-
moved, except one (group23, Additional file 1: Table S9,
Additional file 1: Fig. S19). The one remaining rearrange-
ment is actually present in the mother, but not automatic-
ally filtered. This is an insertion of an SVA repeat, so its
alignment to the genome is highly ambiguous and incon-
sistent between reads; thus, the shared rearrangement was
not automatically recognized. We recognized it by manu-
ally investigating dnarrange results for reads aligned to
this region. In summary, trio analysis is a powerful way to
filter rearrangements.

Re-analysis of deletions found from long reads
As a further test and comparison, we checked large dele-
tions (more than 5 kb) in one human genome (NA12878)

(See figure on previous page.)
Fig. 6 Chromosomal rearrangement in patient 3 with 46,XX,t(7;15)(q21;q15),t(9;14)(q21;q11.2). a Ideograms showing translocation positions of
patient 3. b Filtering out rearrangements shared with 33 controls produces 43 groups of reads with patient-only rearrangements. While there are
2 groups indicating chr9-chr14 reciprocal translocation, there are 8 groups involved in the chr7-chr15 translocation. c dnarrange-link with 5
additional groups involving chr14q11.2, 15 groups in total, which were linked to construct 5 derivative chromosomes. d Dotplot of reconstructed
derivative chr9 and chr14 shows reciprocal balanced chromosomal translocation. Upper panel: horizontal dotted gray lines join the parts of each
derivative chromosome. Asterisks indicate fragments. Lower panel: vertical dotted gray lines join fragments that come from adjacent parts of the
reference genome, showing there is a 6-kb deletion on chr4. e Dotplot of joined fragments showing reciprocal chr7-chr15 translocation with
complex rearrangements. Black arrow indicates inverted 129-kb region that caused misinterpretation of deletion size. Upper panel: horizontal gray
lines join the parts of each derivative chromosome. Asterisks indicate fragments. An inset magnifies 4 tiny fragments. Lower panel: vertical gray
lines join fragments that come from adjacent parts of the reference genome, showing loss of 677 kb and 4.7 Mb of chr7 and chr15, respectively. f
Pie chart of patient-only rearrangements. g Processed pseudogene insertion in chr15 from exons of MFF on chr2, with nearby AluYa5 insertion

Mitsuhashi et al. Genome Medicine           (2020) 12:67 Page 12 of 17



that were reported previously [13]. We used publicly avail-
able nanopore sequencing data (rel6, https://github.com/
nanopore-wgs-consortium/NA12878/blob/master/Gen-
ome.md). Our pipeline without control filtering found re-
arrangements at the sites of all 30 reported deletions

(Additional file 1: Table S10, Fig. S20). At 20/30 sites, we
confirmed the presence of a simple deletion. Two other
sites (1 and 13 in Additional file 1: Fig. S20) do not have
deletions in NA12878 relative to the ancestral state, but
rather have retrotransposon insertions in the reference

Fig. 7 Chromosomal rearrangement in patient 4 with 46,XX, t(1;9)(q32;q13). a Ideograms showing translocation position of patient 4. b Filtering
out rearrangements shared with controls produces 14 groups of reads with patient-only rearrangements. There is no group supporting chr1-chr9
translocation. c Pie chart of patient-only rearrangements. d Dotplot of two reads that cross the chr1 breakpoint
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genome (hg38). Sites 3 and 9 do not have simple deletions:
they are more-complex rearrangements that include loss
of sequence. Site 28 has a more-complex rearrangement
with a larger deletion than reported. Sites 8 and 20 appear
to have gene conversions, not simple deletions. At three
sites (16, 18, 29), we find extremely complex rearrange-
ments: these are in segmental duplications (large, recent
duplications) and near assembly gaps in the reference gen-
ome. The rearrangements suggest rampant homologous
recombination between the segmental duplicates, which is
plausible, but the reference genome may not be reliable at
these loci. In summary, we mostly confirm the previous
results, but find greater complexity in some cases.

Discussion
We analyzed a variety of chromosomal translocations in
4 patients, who were selected because previous studies
had difficulty in determining precise breakpoints by con-
ventional approaches including microarrays and short
read sequencing. Especially, complex rearrangements in
patient 3 were not solved even by intensive analysis [17,
20]. Our method could not only precisely detect break-
points but also characterize how shattered fragments were
ordered and oriented. To the best of our knowledge, there
has been no method to filter patient-only rearrangements
and connect them to reconstruct rearranged chromo-
somes from long read sequencing by an automatic algo-
rithm. As we have shown, existing methods for long read
sequencing (e.g., NanoSV) could only find breakpoints in-
stead of SV types, which can be confusing in some cases
(e.g., TE insertions; shown in Additional file 1: Table S8).
In contrast, our method could semi-automatically find
patient-only rearrangements and their types, which is in-
deed advantageous when looking for a potentially patho-
genic rearrangement.
Recently, long read sequencing is becoming available

for individual genome analysis due to a decrease in cost
and increase in output data size. Accordingly, there have
been a few approaches to use long read sequencing to
detect structural variations [7, 10, 31], including tandem
repeat changes in rare genetic diseases [6], providing evi-
dence that long read sequencing has a clear advantage in
precisely detecting rearrangements. We observed that
multiple breakpoints were jointly detected in a single read
in patient 3 (Additional file 1: Fig. S15d, e), because long
enough reads can cover several breakpoints, which is help-
ful to phase and order rearrangements. There are continu-
ous efforts to obtain longer nanopore reads; however, in
case of complex rearrangements (e.g., chromothripsis), it
is not easy to cover whole rearrangements, as seen in
patient 3, by current read lengths. Our new tool,
dnarrange-link, is useful to infer a complete pic-
ture of complex rearrangements. In addition, dnar-
range-link can provide a clear visualization of

reciprocal chromosomal translocations, inversions, or
complex rearrangements with or without loss of se-
quence as seen in patients 1, 2, and 3. Most import-
antly, sequence loss was indicated after reconstructed
derivative chromosomes were compared to the refer-
ence genome. We have shown that sequence losses in
patient 3 agree with previously described microarray re-
sults. Previous studies on patient 3 predicted 802-kb
deletion (microarray could only suggest ~ 1-Mb dele-
tion due to low resolution), because a small inversion
(arrow in Fig. 6e) was missed by previous studies using
long PCR. We also presented an example in patient 1,
who has an inverted duplication on chr16, which was
only understood as copy number gain, or simply inver-
sion, by microarray or conventional sequencing tech-
nologies (Additional file 1: Fig. S8, Additional file 2:
Table S12). In summary, our approach using dnar-
range and long read sequencing is superior to conven-
tional approaches (e.g., microarray) because it can (1)
connect multiple rearrangements, (2) subtract shared
rearrangements, and (3) detect balanced chromosomal
rearrangements (e.g., inversion). Recently, our pipeline
fully characterized another chromothripsis more com-
plex than that of patient 3, enabling diagnosis [32]: this
shows our method is robust and useful in actual med-
ical settings. We also showed a limitation of our
method: detecting rearrangements in large repetitive re-
gions beyond the length of long reads in patient 4. To
date, there is no good method to detect rearrangements
in large repetitive regions (e.g., centromeric or telo-
meric repeats) genome-wide. We hope our understand-
ing of these still-intractable regions will expand as
sequencing technologies advance.
Our approach in this study narrowed down patient-

only rearrangements using 33 controls. The number of
rearrangements decreased exponentially with the first
few samples to a few hundreds. This may be due to the
presence of common rearrangements in the population.
We suspect large numbers of controls will not be needed
if there is a target rearrangement locus (e.g., 4p15.2). In
all 4 patients, patient-only (not present in at least 66
autosomal alleles of 33 controls) rearrangements were
fewer than 100. If we were to further narrow down to
ultra-rare variations that may cause rare congenital dis-
orders, a larger number of controls may be considered.
Patient 1 has more patient-only groups of rearranged
reads (80) than the other patients (33, 43, and 14). This
is because the patient is Caucasian and most of the con-
trol data used were Japanese (32/33 datasets). Applying
ethnicity-matched controls, or parents or other relatives,
will be useful to further remove benign rearrangements.
We noticed that large fractions of these rearrange-

ments are insertions or tandem multiplications (Add-
itional file 1: Table S6). Perhaps surprisingly, patient-

Mitsuhashi et al. Genome Medicine           (2020) 12:67 Page 14 of 17



specific simple inversions were uncommon. There are
several types of insertions which are also known to cause
diversity of human genomes [33], e.g., transposable
element (TE) insertions, especially L1HS, AluYa5 or
AluYb8 [34], ERV [35], nuclear mitochondrial DNA in-
sertions (NUMT) [36], or processed pseudogene inser-
tions [37] (Additional file 1: Supplementary Results, Fig.
S21, Table S11). Interestingly, most of the inserted se-
quences were aligned to TEs. TE insertions may be a
common type of rare variation seen in individuals. In
addition to TE insertion, we detected rare processed
pseudogene insertion in 3 patients. Two of these inser-
tions were previously described with allele frequency 1–
10% in Japanese (MFF) and 1–10% in non-Japanese
(MATR3) [37]. We also observed non-tandem duplica-
tions that do not seem to be retrotranspositions: inter-
estingly, about half of these are localized, i.e., a copy of a
DNA segment is inserted near (e.g., within a few kb of)
the original segment [10] (see blue highlighted loci in
Additional file 2: Table S12).
Our analysis proves useful despite its dubious assump-

tion that the reference genome is ancestral to the DNA
reads. This may be partly because we focus on disease-
causing rearrangements, which are likely to be derived.
Also, incorrect rearrangements due to a non-ancestral
reference may be found in both patients and controls,
thus filtered out. It would be useful to construct a refer-
ence human genome that is ancestral (and complete), as
far as possible, because this simplifies the relationship
between the reference and extant human DNA se-
quences [10]. We also tested if dnarrange can detect
reported deletions from a human genome (NA12878)
that is widely used for benchmarking. Interestingly, 8/30
deletions show more complex structure than simple de-
letion/insertion, supporting the importance of consider-
ing more complex types of rearrangement [14].
There are some previously proposed methods for

reconstructing rearranged genomes from short DNA
reads, e.g., [38–40]. Our reconstruction method is sim-
pler: the main difference is that we do not use data on
the copy number of each part of the genome. These pre-
vious methods start from adjacencies between rear-
ranged genomic segments, so they cannot (without
modification) exploit the fact that one long read may
already indicate the order and orientation of multiple
adjacencies. Our reconstruction method is appropriate
for the germline rearrangements we have encountered
so far, but perhaps not for the complex and aneuploid
rearrangements of cancer.

Conclusions
We developed an effective method to find chromosomal
aberration, with precise breakpoint identification, only
from long read sequencing. Our method also provides

an automatic algorithm for reconstruction of complex
rearrangements. Long read sequencing may be consid-
ered when chromosomal abnormalities are suspected.
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