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Abstract

Motivation Facioscapulohumeral Muscular Dystrophy (FSHD) is an autosomal dominant form of muscular dystrophy
caused by genetic or epigenetic changes within the D4Z4-repeat at the DUX4-gene, on chromosome 4q. Genetic
analysis is challenging due to a nearly identical region on chromosome 10, multiple haplotypes, long and short repeat
subtypes, and complex rearrangements such as translocations and duplications. So far, no single method detects all
known causes of FSHD.

Results We have developed an integrated approach combining an optimized wet-lab protocol with an automated
bioinformatics workflow, called DUCKS4. It enables read-level resolution of the D474 array for FSHD1 repeat

sizing, variant detection for FSHD2, and detection of methylation patterns. Using NCBI BLAST, it assigns reads to
chromosomes and haplotypes, supporting robust filtering and analysis. Our approach also includes a novel adaptive
sampling workflow for human high molecular-weight DNA. With long-read Nanopore sequencing technology, our
tool enables precise determination of D474 array size, individual haplotype assignment, methylation profiling, and
complex allele analysis. It also allows for the detection of mosaicism and structural variation like interchromosomal
translocations, providing a comprehensive, single-method solution for FSHD analysis.

Availability and implementation DUCKS4 is implemented within a Docker environment. Source code and
supplementary materials are accessible at https://github.com/tamara-nano/ducks4, https://github.com/tamara-nano
/ducks4_wovar (light version without variant calling) and archived at https://figshare.com/projects/DUCKS4-FSHD/26
0306
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Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is the
third most common autosomal dominant muscular dys-
trophy, affecting ~5-10 in 100,000 individuals [1, 2]. It is
characterized by progressive, often asymmetric skeletal
muscle weakness, typically beginning in the facial and
shoulder muscles, and may lead to loss of ambulation in
up to 20% of cases [3-6].

Two genetically distinct forms are known: FSHD1
(OMIM: 158900) and FSHD2 (OMIM: 158901). Both
involve aberrant expression of the DUX4 gene, leading
to muscle cell apoptosis, inflammation, and impaired
regeneration [7-9]. DUX4 is embedded in the macro-
satellite D474 repeat array at chromosome 4q35. The
D474 repeat has a motif size of 3.3 kb, and within the
population, 11-150 repeat-units are considered normal.
ESHD1 is caused by a contraction of the D474 array to
1-10 units on a permissive 4qA haplotype. In contrast,
FSHD2 results from epigenetic hypomethylation of a
normal-sized D4Z4 array in combination with a permis-
sive 4qA haplotype, typically due to disease-causing vari-
ants in chromatin regulators like SMCHDI, DNMT3B,
or LRIFI [10-12]. Importantly, only 4qA haplotypes are
pathogenic due to the presence of a polyadenylation sig-
nal (PAS) in the pLAM region, 4qB and chr10 homologs,
however, lack this feature and are therefore regarded as
non-permissive alleles [13, 14].

A major technical challenge in FSHD diagnostics lies
in the high sequence identity (~ 99%) between the 4q and
10q D4Z4 regions, impairing haplotype resolution and
accurate repeat sizing. Furthermore, over 30 sub-haplo-
types have been described across chromosomes 4 and 10,
including subtypes and hybrid alleles as well as structur-
ally complex rearrangements such as de novo translo-
cations or in-cis D4Z4 repeat duplications [11, 15-19].
Moreover, mosaicism should be considered in FSHD
diagnosis, which is described in cases where the disease
occurs despite a negative family history, similarly to de
novo pathogenic variants or low penetrance [20, 21].

Current diagnostic tests for FSHD, such as South-
ern blotting, allow repeat sizing and haplotype assign-
ment but are labor-intensive and have limited resolution
[16]. To some extent, optical genome mapping (OGM)
offers an alternative, although, importantly, chr4-to-10
translocations cannot be detected [22, 23]. Short-read
sequencing fails due to the repetitive structure of the
disease-associated region. FSHD2 analysis additionally
requires variant calling and methylation profiling. Clini-
cal diagnosis alone is not sufficient, as misdiagnoses of
ESHD can occur due to phenotypic overlap with other
muscular dystrophies such as Becker (BMD), Duchenne
(DMD), or Limb-Girdle Muscular Dystrophies (LGMD),
especially in early or atypical cases [24, 25], and blended
phenotypes have also been reported [26].
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The emergence of Nanopore long-read sequencing
technology offers a unique opportunity to unify all rele-
vant analyses in a single assay. This includes D4Z4 repeat
sizing, haplotype determination, methylation profiling,
and the detection of mosaicism and structural rearrange-
ments. Nevertheless, the D4Z4 locus remains one of the
most challenging regions of the human genome. Standard
long-read analysis pipelines mostly fail to completely
resolve this locus, particularly in structurally complex
samples. In recent years, several studies have demon-
strated that Nanopore sequencing enables the simul-
taneous assessment of D4Z4 repeat length, haplotype
structure, and CpG methylation using whole-genome
sequencing or Cas9-targeted enrichment [27-30]. More
recent work extending these strategies to resolve com-
plete end-to-end D4Z4 arrays across FSHD and reference
cohorts [31], preprint). Together, these findings under-
score both the diagnostic potential of long-read sequenc-
ing and the need for specialized bioinformatic workflows
to fully exploit its capabilities in FSHD analysis. Following
this body of work, we additionally describe an adaptive
sampling-based enrichment workflow of high molecu-
lar weight genomic (HMW) DNA. This approach allows
cost-efficient, flexible and indication-specific enrichment
of large genomic regions while preserving long fragment
lengths and minimizing wet-lab work.

Here, we present a comprehensive workflow incorpo-
rated in a convenient tool, DUCKS4, that allows for fast
and simultaneous analysis of FSHD1 and FSHD2, as well
as the detection of more complex alleles. This approach
offers a comprehensive and scalable alternative to the
fragmented and labour-intensive methods traditionally
used in FSHD diagnosis. Inspired by previously pub-
lished BLAST-based strategies for Nanopore-derived
data for FSHD-analysis [32, 33], our tool represents a
substantially advanced workflow for the complexity of
ESHD analysis. Compared to existing methods, DUCKS4
enables the resolution of complex cases that previously
remained challenging, including chr4-to-10 transloca-
tions, mosaicism, DBED alleles (proximal deletion in the
D4Z4-array), and hybrid alleles.

Material and methods

Sample collection

The cell cultures for the human reference genomes
HG001 (GM12878), HG002 (GM24385), and HGO003
(GM24149) were ordered from coriellorg and culti-
vated according to the website’s recommendations. The
benchmark sequences of maternal and paternal alleles of
HGO002 were downloaded from the HG002 “Q100” proj-
ect (https://github.com/marbl/HG002?tab=readme-ov-f
ile) of the Telomere-to-Telomere Consortium [34]. The
other reference genome sequences were acquired via
ncbinlm.nih.gov (https://github.com/genome-in-a-bottle
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/giab_data_indexes). Patient DNA samples were provided
from patient cohorts of the Institute of Medical Genetics,
Vienna (Mosl, Negl, Neg2, Neg3) as well as from Poland
(samples Pos1-3, Trans1-4) with patients’ informed con-
sent for using the DNA samples for scientific purposes.

Sample preparation and sequencing

High molecular weight (HMW) DNA was extracted
from frozen EDTA blood or cell cultures according to the
“ultra-long-dna-sequencing-kit-sqk-ulk114-ULK_9177_
v114_revK_27Nov2022-promethion”  protocol from
Oxford Nanopore Technologies (UK), with the following
modifications. Blood was washed a minimum of 3 times
with RBC-Lysis Solution (Qiagen, Hilden, DE) until the
cell pellet appeared near-white and the liquid was clear.
Then an additional washing step with 10 min incuba-
tion with RBC-Lysis Solution at RT was performed. After
discarding the supernatant, 40 pL 1 x PBS was added to
the pellets, not resuspended, and frozen at- 20 °C. After
thawing, DNA was extracted with the Monarch HMW-
DNA Extraction Kit for Tissue (NEB, Ipswich, US). Pro-
teinase K digestion was extended to up to 1 h at 56 °C
and 650 rpm on a heater-shaker to ensure complete pellet
dissolution. DNA was purified and eluted per protocol,
incubated overnight at room temperature and stored for
a few days at+4 °C, then quantified via Qubit. A total of
40-60 pg of DNA was used for library preparation with
the SQK-ULK114 Library prep Kit (Oxford Nanopore
Technologies, UK). Following library preparation, stor-
ing the library at+4 °C for at least 1-2 weeks prior to
sequencing is essential to achieve superior sequencing
results. One third of the resulting library was used for
subsequent sequencing via a PromethION P2-Solo con-
nected to a GridlON machine (Oxford Nanopore Tech-
nologies, UK).

DNA obtained using routine clinical laboratory meth-
ods (referred to as standard DNA) was extracted from
cell cultures using the automated EZ1 Advanced XL
robot (Qiagen) with the EZ1 DNA Tissue Kit. Standard
DNA from human whole blood (EDTA) was extracted
using the Chemagic Revvity robot (Revvity). Left-side
size selection for eliminating fragments <30 kb for ~6 pg
DNA was performed using a Polyvinylpyrrolidone solu-
tion (final concentration: 2% PVP 360 K, 600 mM KClI,
10 mM Tris pHS8; [35]). Equal amounts of sample and
SRE-Buffer were mixed, incubated for 30 min at 50 °C and
centrifuged for 30 min at 10.000 g at RT, and supernatant
discarded. The sample was washed twice with 80% EtOH
and eluted with ddH20O and incubated for 20 min at RT
and 10 min at 37 °C without mixing to carefully elute
DNA from the pellet. Afterwards the sample was stored
overnight at+4 °C prior quantification. The Nanopore
library was prepared according to the “Ligation sequenc-
ing 30 kb human gDNA on P2-Solo for SQK-LSK114,
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Version GDH_9174_v114, revD, 10.11.2022” protocol for
the SQK-LSK114 Kit. The protocol was adapted as fol-
lows: the sample was eluted at the end of the end-prep
with half of the amount of ddH20O and in the subsequent
adapter-ligation step half of the amount of the reagents
were used and a library sufficient for one loading on the
flow-cell was created. 80% EtOH and LFB were used
for the washing steps. Also, where possible the samples
were handled with wide-bore-tips to minimize possible
fragmentation.

Adaptive sampling targeted chromosomes 4 and 10
(DUX4 regions and D4Z4 arrays) and FSHD2-related
genes (supplementary table S4), covering~0.5% of
the T2T-CHM13v2.0 genome supplemented with the
HGO002 4qB allele (Q100 project; see 2.1). Sequence
duration was 17 h, achieving 15-40 x coverage in tar-
get regions. Basecalling was performed using Dorado
[0.7.3 + 6e6c45c] in SUP mode with methylation detec-
tion (basecalling model: dna_r10.4.1_e8.2_400bps_sup\@
v5.0.0_5mCG_5hmCG\@v1/).

DUCKS4 methodology

The DUCKS4 scripts are written in Python (v3.7.11) and
R (v4.3.2; [36]), and are available at https://github.com/
tamara-nano/ducks4. The automated workflow for the
read-based FSHD statistical analysis of DUCKS4 is out-
lined below (Fig. 1).

Input file handling and database screening

The DUCKS4 workflow accepts unmapped and mapped
BAM files, FASTQ files, or FASTA files. First, the file for-
mat is checked and converted to FASTA format if nec-
essary. Input files are searched against a custom-created
database for FSHD analysis using BLASTn (v2.14.0; [37]).
A visual representation of the target regions and motifs
identified in this process can be seen in Fig. 2. The data-
base includes the data for the most common haplotypes
4q35 A (4A161) and B (4B163) and 10q26 (10A164b)
[38], D4F104S1 (locus for the p13E-11 probe from South-
ern Blotting) for the proximal area of the repeat, pLAM
for the distal end of the repeat, as well as D4Z4-RU for
4q35 and 10q26. Moreover, two extra regions are defined
to test for completeness of the repeat-array: CLUHP4
(~2,3 kb upstream of D4F104S1) and the distal part of
DUX4 (DUX4-end). Sequences for creating the blast
database were downloaded from the NCBI nucleotide
database (https://www.ncbi.nlm.nih.gov/nuccore).

Target regions and off-target markers

BLASTN results are processed via a custom R-based
pipeline that determines the exact repeat composition
per read by evaluating hit identity, alignment length, and
query position. Prior to repeat analysis, off-target hits
for 4qA-pLAM/4qB-pLAM and D4F104S1 (p13E-11)
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Fig. 1 Overview of sample preparation and DUCKS4 methodology. File outputs are indicated by file icons. An additional BAM output for visualization is

marked with a BAM file icon

were identified and filtered. A known off-target hit for
4qB-pLAM (~88% identity) occurs approx.~58.2 kb
upstream of the D4Z4 array on chromosome 4 and is
annotated as “pLAM_4qB_lowpid” (Fig. 2, panel 1). This
marker also serves as a positive control for full-array
coverage and chromosome 4 specificity. Additionally, up

to two off-target D474 blast-hits upstream of the D474
array (~42 kb) resulting from an inverted D4Z4 repeat
unit on chr4 are annotated as “c4_ctrl” and used to distin-
guish chr4 from chrl0 reads, marking the end of 4q/10q
homology [14]. Reads lacking a “c4_ctrl” hit are tested for
length and orientation to assess whether spanning this
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Fig. 2 Scheme of the order of the blast-hits for the D474 repeat on a forward read. The first panel shows chromosome 4, while the second panel shows
chromosome 10. The DUCKS4 output represents the order of the output in orientation of the read; therefore, for reverse reads, the repeat-order will be

shown in reverse order

region would be possible. If so, and no hit is found, a “no_
chr4_hit” tag is added, indicating a possible chr10 origin.
A dedicated “c10_ctr]l” hit is also included upstream for
direct chr10 read identification (Fig. 2, panel 2). After fil-
tering, only D4Z4 hits > 1500 bp are considered. Chr4 and
chr10 D4Z4 hits appear in parallel, but only the hit with
higher identity is retained, allowing a gstart difference
of <100 bp to define parallel hits. Reads are then assigned
to chr4 or chr10 based on the dominant hit identity.

Haplotyping, subtyping, and chimaera detection

Chr4 reads are assigned to 4qA or 4gB haplotypes based
on the presence of the proximal D4F104S1 and/or the
distal pLAM identity. Reads with chromosome 4 mark-
ers but lacking definitive haplotype features are labeled as
"undefined". Reads containing only D474 units without
flanking regions are evaluated based on repeat composi-
tion to infer chromosomal origin (chr4 vs. chr10). 4qA-
reads are further subclassified based on the length of the
most distal D4Z4 unit, distinguishing between the short
(“S”) and long (“L”) sub-haplotypes. Typically, 4qA_S
alleles end in a truncated D4Z4 unit (~1.8 kb), while
4qA_L alleles retain a full-length unit (~ 3.3 kb). Follow-
ing repeat annotation, reads are categorized as complete
if both proximal (D4F104S1) and distal (pLAM) ends
flanking the D4Z4 array are present, or partial if only
one side was captured. Additional control targets outside
the array, including CLUHP4 (proximal) and DUX4_end
(distal), are used to support classification. Finally, com-
plete reads are screened for chimeric features, such as
mixed chr4/chrl0 repeat patterns. Chimeric reads, e.g.,
those beginning with chrl0-like sequences and ending
in 4qA-specific pLAM, may indicate rare structural rear-
rangements or non-canonical haplotypes involving chro-
mosomes 4 and 10.

DUCKS4 output: aligned haplotypes and output statistics

All sorted and original input reads are aligned to the
T2T-CHM13v2.0 reference genome using minimap2
(v2.28-r1209; [39]) and samtools (v1.16.1, [40]) to gen-
erate sorted and indexed BAM files. Mean alignment
depth is computed using samtools coverage. Detailed
repeat composition per haplotype is provided in.csv files,
listing read ID, RU (repeat unit) count, distal RU type

Table 1 Example of sample HG0O02 detailed results for 4qA-reads
from the DUCKS4 tool

Read.id RU S/L Status
count

HG2r1 43 S

Repeat-sequence

complete  DUX4_end-4gA_pLAM-c4S—
C4—-C4—C4—Cc4-c4-c4-c4—-c4—-c4-
C4—-C4—-C4—c4-c4-c4-c4-c4-c4-
C4—-c4—-c4-c4-c4—-c4-c4—c4—c4-
C4—C4—Cc4—c4-c4-c4—-c4-c4-
C4-C4-c4-c4-c4-c4-c4-4gA_
D4F104S1-CLUHP4-201_exon1
C4-Cc4-c4—-c4-c4-c4—-c4-c4-c4-
C4-C4-C4-C4-C4-C4-Cc4-c4-c4-
Cc4-c4-c4-c4-c4-c4-c4-c4-c4-
C4-Cc4-c4—-c4-c4-c4—-c4-c4-c4-
c4-c4S-4gA_pLAM-DUX4_end
C4—-C4—-c4-c4-c4-c4—c4—c4-
C4—C4-C4-Cc4-c4-c4—-c4-c4-
C4-C4-c4-c4-c4-c4-c4-4gA_
D4F104S1-CLUHP4-201_exon1
C4—C4—-C4—Cc4-c4-c4-c4-c4-c4-
Cc4-c4-c4-c4-c4-c4-c4-c4-
Cc4-c4-c4-c4-4gA_DAF104S1-
CLUHP4-201_exon1-c4_ctrl-
c4_ctrl-4gB_pLAM_low-pid
C4—-C4—-Cc4—-c4-c4-c4-c4—-c4—c4-
C4—C4—C4—Cc4—-c4-c4—-c4-c4-
c4-c45-4gA_pLAM-DUX4_end
DUX4_end-4gA_pLAM-c4S-
C4-C4-Cc4-c4-c4-c4-c4-c4-
Cc4—-c4—-c4-c4-c4-c4—-c4
4qB_pLAM_low-pid-c4_ctrl-
c4_ctrl-CLUHP4-201_exon1-
4qA_D4F10451-c4-c4—c4-c4-
C4—-C4-c4-c4-c4-c4
CLUHP4-201_exon1-4gA_
D4F104S1-c4-c4—c4—-c4-c4-
c4-c4-c4-c4
C4-C4-c4—c4-c4—c4-c4-c4S-
4gA_pLAM-DUX4_end
c4-c4-4gA_D4F104S1-CLUHP4-
201_exonl

DUX4_end-4gA_pLAM-c45-c4

HG2r2 38 S partial

HG2r3 23 partial

HG2r4 21 partial

HG2r5 19 S partial

HG2r6 16 S partial

HG2r7 10 partial

HG2r8 9 partial

HG2r9 8 S partial

HG2r10 2 partial

HG2r11 2 S partial

(S/L), status (complete/partial), and exact repeat order
(Table 1). For reverse-oriented reads, repeat composi-
tion is reported in reverse. Reads classified as 4qA or 4qB
but containing chromosome 10 markers trigger a warn-
ing for non-canonical haplotypes. An overview statistics
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reports read counts per chromosome and haplotype, RU
distribution for complete, partial, and D4Z4-only reads,
and a summary of chimeric reads with mixed chr4/chr10
features if they occur. A detailed explanation for all addi-
tional output files can be found at (https://github.com/ta
mara-nano/ducks4).

An excerpt of the table, including the information for
the read-id, RU count, S/L differentiation, read status and
resolved repeat-sequence, is shown.

Methylation analysis

An optional methylation analysis is implemented for
4qA and, if present, chimeric reads. Methylation lev-
els are assessed for the two most distal D4Z4 RU and
the DUX4 gene body [33] using modkit (v0.4.4, Oxford
Nanopore Technologies), which quantifies 5mC at CpG
sites, creating a bedmethyl file and methylation statistics.
A sub workflow within the DUCKS4 package “DUCKS4._
ID2bam2meth.py” enables selection, alignment, and
methylation calling for user-defined read subsets via read
ID. It further enables the selection of an individual read
as a custom reference to which a subset of reads can be
aligned. Using the corresponding blast-based annota-
tion of this reference read, methylation can be quantified
for each annotated segment of the D4Z4 array, enabling
reconstruction of methylation gradients across the array
(see Supplementary Figure S2). The workflow outputs the
custom reference sequence as indexed fasta file, its anno-
tated D4Z4 structure as bed file, per-segment methyla-
tion values (bedGraph and summary statistics), and the
aligned reads (BAM). While complete reads are recom-
mended as references, partial reads can also be used, in
which case methylation analysis is restricted to the cov-
ered portion of the array.

FSHD 2 analysis

For optional variant calling the input file is aligned to the
GRCh38 reference, then variant calling is performed with
Clair3 (v1.0.2; [41]), phasing is done with Whatshap (v2.4
[42]), and structural variant calling is carried out with
Sniffles2 (v2.0.7 [43]). Furthermore, variant annotation is
carried out by SnpEff (v5.2f [44]) and SnpSift [45] against
the human genetic variant databases ClinVar (v20250729
[46]).

Optical genomic mapping

HMW DNA was isolated from frozen EDTA-blood
samples with the “Bionano Prep SP G2 Frozen Human
Blood DNA Isolation” protocol, and fluorescence labelled
with DLE-1 enzyme via the “Bionano DLS-G2” protocol
(Bionano Genomics, USA). The labelled HMW-DNA
was then processed via a Bionano Saphyr instrument
on a Saphyr G3.3 chip and analysed with the Bionano
Genomics EnFocus” FSHD Analysis pipeline for ESHD
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diagnostics, distinguishing 4qA and 4qB haplotypes and
D4Z4-array repeat counts. The analysis was performed
with the Bionano Access software (Tools Version 1.8.2,
Solve Version Solve3.8.2_main-04-30-24-rel) using the
GRCh38 reference database. If needed, a de novo assem-
bly to T2T-chm13v2.0 was performed for genome-wide
analysis of structural variants.

Statistics

Determination of sequencing statistics like read length
distributions and the median read quality was performed
with seqkit (v2.10.0; [47]) and NanoStat (v1.6.0 [48]). Per-
read error rates were estimated from primary alignments
using CIGAR and MD tags in uniquely mappable regions
proximal to the D4Z4 array, calculating the fraction of
mismatches, insertions, and deletions relative to aligned
bases. This aims to avoid inflation of apparent error rates
caused by alignment ambiguity within the highly repeti-
tive D4Z4 macrosatellite itself. We further summarized
the proportion of reads>37 kb, the length of 11 RUs,
per sample by DNA input (HMW vs. standard) using
boxplots showing the median and interquartile range
(IQR; 25th-75th percentiles), with the individual samples
indicated as points. For that we used R-studio (version
2025.5.0.496; [49]) with ggplot2 [50].

Results
Comparison of HMW with standard DNA
In total, six whole genome sequencing (WGS) runs and
eighteen adaptive sampling (AS) runs were conducted
with HMW-DNA, whereas from 7 AS runs only sequenc-
ing and alignment parameter are presented in this
study (see Supplementary Table S3). Mean WGS cover-
age was~19,2x (SD: 9,6), and for AS~24,4x (SD: 14,3).
Excluding the low-coverage positive controls, AS aver-
aged 30.7x (SD: 14.6). In six cases (Posl, Transl, Dupl,
Hmwl, Hmw4, Hmw6_L2) one AS run for 17 h on a
PromethION flow-cell reached up to 40-50xin mean
depth. For the HMW-DNA an average N50 of ~72 kb
(SD: 20.5) was reached. Although AS yielded higher cov-
erage, no substantial differences in analytical outcomes
were observed between WGS and adaptive datasets for
HMW-DNA. We also incorporated the sequencing and
alignment parameters for six AS and one WGS run with
Standard-DNA where we yielded mean depths averaged
38.4x (SD: 16.8) with mean N50 of ~18.3 kb (SD: 4.9; see
Supplementary Table S3). Across all samples, HMW-
DNA libraries showed comparable median per-read error
rates to Standard-DNA libraries, with distributions con-
sistent with expected SUP basecalling performance and
indicating overall high read accuracy (Supplementary
Table S3).

Storing HMW libraries at+4 °C prior to sequencing
was associated with improved sequencing performance,
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whereas libraries sequenced immediately after prepa-
ration showed a higher risk of reduced yield and mean
depth (Supplementary Table S3). This observed effect
was further illustrated by a paired comparison of two
aliquots from the same library, where sequencing after
18 days of storage resulted in a substantially higher mean
depth (48 x) compared to immediate sequencing (5.1x).
Notably, the first aliquot was sequenced on a new flow
cell with 7459 available pores, while the second aliquot
was sequenced on a previously used and washed flow cell
with 6613 pores remaining, indicating that the observed
improvement was not attributable to pore availability in
this case.

To assess the yield of fragments capable of resolving
or excluding FSHD1-relevant repeat lengths, we quanti-
fied the proportion of reads > 37 kb, corresponding to the
minimum size required to span an 11-RU D4Z4 allele
(11RU = ~ 36.3 kb). HMW DNA libraries showed a mark-
edly higher fraction of long reads than standard DNA
libraries (median 0.358 vs. 0.037; see Fig. 3), represent-
ing an approximately tenfold enrichment. Despite higher
total read counts in Standard DNA samples, the yield
of 237 kb fragments remained consistently low, indi-
cating that increased sequencing depth alone does not
compensate for reduced long-fragment recovery (Supple-
mentary Table S10).

Long-read yield by DNA input
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Validation of workflow with reference genomes and
positive controls

The accuracy of the DUCKS4 workflow was validated
using HMW-DNA from well-characterized reference
samples (HG001, HG002, HG003), an additional negative
control, and three FSHD1-positive controls, all indepen-
dently verified by OGM via Bionano Genomics EnFocus .
An overview of mean coverage, read counts, and repeat
unit (RU) composition per haplotype is summarized in
Supplementary Table S1. Final results, including OGM
comparisons, are provided in Supplementary Table S2,
and further sequencing metrics in Supplementary Table
S3.

With a WGS run for HG002, two chr4 alleles were
identified: 4qA with 43 RU and 4qB with 27 RU, along
with two chrl0 alleles (18 RU and 33 RU). These find-
ings were confirmed by aligning filtered reads to the
phased HGO002 reference genome from the Q100 project
[34], and by processing the reference genome through
DUCKS4. OGM results closely matched, with only one
RU difference (42 RU for 4qA, 26 RU for 4qB, Table 2).
An additional AS run for HG002 resolved chrl0 and
4qB completely; 4qA was partially resolved (>41 RU).
For HGO03 (father of HG002), a 4qA_S allele with 28
RU and a 4qB allele with 27 RU were detected. HG001
(not related to HG002) carried a 4qA_S allele with 48
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Fig. 3 Long read-yield by DNA input. Proportion of reads > 37 kb was calculated from primary alignments overlapping chr4:192,406,429-193,419,672 (on-
target read set, located proximal of the D474 array). Proportion was defined as: number of on-target primary reads with read length > 37 kb)/total number
of on-target primary reads. Each point represents one sample, the samples are grouped by DNA input (HMW vs. Standard (std))



Lowenstern et al. Human Genomics (2026) 20:48 Page 8 of 14
Table 2 Overview of Nanopore DUCKS4 and OGM analyses
OGM and Nanopore results of the haplotypes with RU-count on chromosome 4
campies Nanopore - Results OGM-Results
Chr4 Chr 4
mean
Sample Type method depth (x) HP1 D4Z4-RU HP2 D4Z4-RU HP1 DAZERY HP 2 Doz U
(+/-1) (+/-1)
HGO01 reference WGS 31,4 49A_S 48 4qB 20
HGO01 reference AS 18,4 4qA_S 48 4qB 20 4qA 48 4qB 19
HGO001 reference AS 31,1 4qA_S 48 4qB 20
HG002 reference WGS 19,4 49A_S 43 4qB 27 49A 2 408 2
HGO002 reference AS 16,9 4qA_S >41 4qB 27
HGO03 reference WGS 20,4 49A_S 28 4qB 27 49A 27 4qB 28
Posl pos. control AS 50,7 49A_S 5 4qB 45 4g9A 4 49B 14
Pos2 pos. control AS 4,7 4qA_S 7 4qB >23 4gA 6 4q9B 34
Pos3 pos. control AS 6,8 49A_S 8 4qB 22 4gA i 49B 21
Negl neg. control WGS 17,4 4qA_L 42 49A_S 64 4qA 42 4qA 63

RU and a 4qgB allele with 20 RU. All results were con-
firmed with OGM. Two AS experiments were also per-
formed for HGOO01 with the same results. Three positive
FSHD1 cases (Posl-3) served as test samples during
development. Despite low mean coverage in Pos2 (4.7 x)
and Pos3 (6.8 x), both chr4 alleles could be resolved and
validated with OGM. In Pos2, only one chrl0 allele was
detected by DUCKS4 (32 RU), but heterozygous SNVs
indicated a second allele. Posl achieved a mean depth
of ~ 50 x using adaptive sampling. For Posl the extended
methylation profiling approach via ID2bam2meth was
used demonstratively at the chr4 and chrl0 alleles: an
increasing methylation gradient can be observed on the
contracted and hypomethylated 4qA-allele (5RU) and
the contracted and hypomethylated 10qA-allele (7RU;
see Supplementary Figure S2). Three negative controls
(Negl, Neg2, Neg3) were also analysed, with Negl addi-
tionally validated by OGM.

Minor discrepancies of+1 RU between Nanopore and
OGM results are attributed to the S/L structure of the
distal repeat. For 4qA_S haplotypes, which terminate in
a shortened RU (~1.8 kb), OGM typically undercounts
by one RU. In contrast, for 4qA_L (e.g. 4A161L), counts
were identical across platforms (Table 2). For 4qB, which
is not permissive and therefore not stratified by S/L,
at1 RU difference was also observed, though clinically
irrelevant.

The results for reference samples, positive and nega-
tive control are shown. WGS =whole genome sequenc-
ing, AS =adaptive sampling. The complete table with all
samples is in Supplementary Table S2.

Analysis of atypical and clinically relevant cases

Clinical diagnostic samples may harbor structurally com-
plex variants, including somatic mosaicism, and struc-
tural variants like chromosomal translocations. Given
their potential to complicate molecular diagnosis, repre-
sentative cases were selected to evaluate the performance
of the DUCKS4 workflow in resolving such complex
genomic rearrangements.

Detection of mosaicism

Additionally, to a FSHD1-positive case, we investigated
the asymptomatic mother (MOS1), who previously
showed only mildly elevated creatine kinase levels, an
unspecific but potentially supportive finding for FSHD
[20]. Southern blotting was not available, prompting
long-read analysis for molecular characterization.

Overview statistics (Supplementary Table S1) revealed
exclusively 4qA-reads and three distinct D4Z4 arrays:
two complete arrays with 2 and 16 RU, and one partial
array exceeding 26 RU. Based on DUCKS4 allele-specific
statistics (Fig. 4A) and the size of the most distal RU (S/L
status), the reads could be assigned to two 4qA_L alleles
(2 RU and > 26 RU) and one 4qA_S allele (16 RU). The lat-
ter lacked the proximal DBET (D4F104S1) and CLUHP4
regions and showed a~37.9 kb gap within the repeat
array, consistent with a D4Z4-proximal extended dele-
tion (DBED or p13E-11 deletion allele). This was inde-
pendently confirmed using Sniffles2 detecting a~8 kb
deletion including CLUHP4 and DBET (Fig. 4A, B). Such
permissive 4qA-DBED alleles occur at low frequency
(~3%) within the population [16, 51-53]. Methylation
profiling (Fig. 4C) showed the 2 RU allele to be hypo-
methylated (41.2%,~25% read depth), indicating a per-
missive allele in mosaic, whereas the>26 RU and 16 RU
alleles were hypermethylated (80.7% and 73.5%, respec-
tively) each with ~ 25 and ~ 50% read depth.

The 2 RU and the 16 RU DBED allele were fully
resolved. The >26 RU allele could be identified from both
sides of the D4Z4 array via SNV and S/L distinction, but
not fully spanned. Repeat composition of all reads is pro-
vided in Supplementary Data (MOS1). OGM was not
performed on this sample.

Translocation chr4/chr10

Translocations involving the 4qA subtelomeric region
and proximal 10q D4Z4 arrays have been described as
rare causes of FSHD1 [17]. Such events may generate chi-
meric reads, which are reads that span sequences from
both chromosomes, visible as split or supplementary



Lowenstern et al. Human Genomics (2026) 20:48

Page 9 of 14

read.id RU_count S_or_L status repeat_sequence
MOS1_4gA_r2 17 S complete  4qB_pLAM_low-pid - c10 - gap_37857bp - c4 - c4 - c4 - c4 - c4 - c4 - c4 - c4 - c4 - c4 - c4 - c4 - ¢4 - ¢4 - ¢4 - c4S - 4gA_pLAM - DUX4_end
MOS1_4qgA_r3 17 S complete  4qB_pLAM_low-pid - c10 - gap_37971bp-c4-c4-c4-c4-ch-cd-c4-ch-cd-ch-ch-ch-ch-ch-ch-cdS-4gA_pLAM - DUX4_end
MOS1_4qA_r4 17 S complete  4gA plLAM-c4S-c4-cd-c4-ch-cd-cd-cl-cd-cd-cd-cd-ch-cd-cd-cd-gap_39609bp - c10 - 4gB_pLAM_low-pid
MOS1_4gA_r30 2 L complete  4qA_D4F10451 - c4 - c4L - 4gA_pLAM - DUX4_end
MOS1_4qA_r31 2 L complete  CLUHP4-201_exonl - 4gA_DA4F10451 - ¢4 - cL - 4gA_pLAM
MOS1_4qA_r32 2 L complete  CLUHP4-201_exon1 - 4gA_D4F104S1 - ¢4 - cAL - 4gA_pLAM
MOS1_4qA_r35 2 L complete  CLUHP4-201_exon1 - 4gA_D4F104S1 - ¢4 - c4L - 4gA_pLAM - DUX4_end
MOS1_4gA_rl 26 L partial DUX4_end - 4gA_pLAM - c4L-c4-cd-cd-cd-cd-cd-cd-cd-cd-cd-cd-cd-cd-ch-cd-cd-c4-c4-cd-cd-cd-cd-cd-cd-cd
MOS1_4gA_r5 16 S partial C4-cl-ch-ch-ch-ch-c4-ch-c4-cl-ch-Ch-ch-ch-ch-caS-4qA_pLAM - DUX4_end
MOS1_4qA_r6 15 partial CLUHP4-201_exon1 - 4qA_D4F10451 -c4-c4-c4-c4-c4-cd-ch-cd-cd-cd-c4-c4-c4-c4-cd
MOS1_4gA_r7 11 S partial C4-ch-ch-ch-ch-cd-ch-ch-cd-ca-caS-4gA_pLAM - DUX4_end
MOS1_4qA_r8 10 partial C4-cd-ch-ch-ch-cd-ch-ch-cd-cd-4gA_DAF104S1 - CLUHP4-201_exonl - c4_ctrl - c4_ctrl - 4gB_pLAM_low-pid
MOS1_4gA_r9 10 partial c4-cd-ch-cd-ch-cd-ch-ch-ch-cd-4gA_DAF104S1 - CLUHP4-201_exonl
MOS1_4gA_r10 10 partial c4_ctrl - c4_ctrl - CLUHP4-201_exon1 - 4gA_D4F104S1-c4 -c4-c4-c4-cd-c4-c4-ch-cd-ch
MOS1_4qgA_rll 10 S partial DUX4_end - 4gA_pLAM -c4S-c4-c4-cd-cd-cd-cd-cd-cd-cd
MOS1_4gA_ri12 10 L partial 4qA_pLAM -c4L-c4-c4-c4-cd-ch-cd-ch-cd-ch
MOS1_4qA_r13 9 L partial C4-cd-cd-ch-ch-cd-c4-ch-cal-AagA_plLAM
MOS1_4gA_r14 9 S partial c4-c4-cd-cd-cd-cd-ch-chd-cdS-4qA_pLAM
MOS1_4qA_r15 8 partial c4-cd-ch-cd-ch-cd-ch-ch-4gA_DAF104S1 - CLUHP4-201_exonl
B1_4qA_rl6 7 L partial  4qA_pLAM-c4L-c4-c4-c4-cd-c4-cd
1_4qA_r17 6 S partial 4qA_pLAM -c4S-cd -cd-cd-cd-ch
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Fig. 4 Somatic mosaicism of MOST1, read composition, and genotype. A. Excerpt from the DUCKS4 output for the 4gA reads with the repeat composition
featuring S/L distal RUs. B. Genotype schemes of the three 4gA alleles: The ~ 8 kb deletion of the DBET-region with D4F104S1 (so-called DBED) is shown.
C. Alignment at the distal end of the D4Z4-array, example reads of the three 4gA alleles with methylation data are shown separately: blue-hypomethyl-
ated, red-hypermethylated. The 4gA_S allele had around 50% of the read depth and was methylated. The other reads were split into 2 more alleles: the
contracted and hypomethylated 4gA_L-allele with 2 RU and the methylated 4gA_L allele with > 26 RU. Data visualized with IGV-viewer

alignments. However, structural rearrangements within
the highly homologous D4Z4 array, especially with
breakpoints inside the array, are not detectable by OGM
due to resolution limitations [22] and can also pose
challenges for ONT-based variant calling and phasing.
Within a family of four cases (mother with three sons,
Trans1l-Trans4) chimeric reads and the complete chr
10 reads could not be properly phased and remained
in the unphased alignment pile-up (example Transl,
Supplementary Figure S1). Furthermore, minimap2’s
supplementary alignment feature labeled only a sub-
set of chimeric reads: 33% (Transl), 14% (Trans2), 17%
(Trans3), and 18% (Trans4) (Supplementary Table T1-T4

analysis). Such misalignment may compromise the detec-
tion of translocations.

The DUCKS4 workflow includes a dedicated chime-
rism-detection module that filters and annotates chi-
meric reads, identifying proximal and distal haplotypes
as well as full repeat composition (Table 2). In a family
with four affected individuals (mother and three chil-
dren, Trans1-Trans4), a translocation was consistently
identified (t(4;10)(q35;q26)). For example, in Transl,
two 4qA alleles (20 and 41 RU), one chr10 allele (24 RU),
and one chimeric allele (5 RU) were detected (Supple-
mentary Table S1). Of 18 chimeric reads, 9 included
a chrl0 marker (c10_ctrl), indicating that these reads
extended beyond the D4Z4 region into the unique chr10
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sequences. All chimeric reads had a consistent com-
position: 4 chr10-type RUs followed by 1 chr4-type RU
ending in a 4qA_S haplotype, suggesting a translocation
breakpoint between the 4th and 5th RU of chr10 (see Fig.
5 upper panel). The chimeric reads were further aligned
against a selected read via the ID2bam2meth workflow
and the methylation analysis further showed an increas-
ing gradient of methylation over the D4Z4-array (see Fig.
5 lower panel).

To confirm the D4Z4 unit types in chimeric reads,
restriction enzyme recognition sites were inspected
manually. Based on Xapl and BInl digestion motifs
from Southern Blotting, RU types were assigned as fol-
lows: chr4-type (B-/X+), chrl0-type (B+/X-), and
hybrid-type (B-/X-, typical for non-permissive 4qA
4A166 alleles). This confirmed the composition inferred
by DUCKS4. Additional SNV and SSLP analyses further
resolved the proximal segment as 10A166b and the dis-
tal segment as either 4A161S or 4A168, with intact 4qA
pLAM PAS sequences, confirming a de novo transloca-
tion with a permissive haplotype.

Haplotyping-sub-haplotypes and non-standard
chromosomes

The analysis of D4Z4 arrays is complicated by a wide
diversity of non-canonical alleles and sub-haplotypes on
both chromosomes 4 and 10. Over 30 sub-haplotypes
have been described to date, including at least 9 for
4qA, 8 for 4qB, and 13 for chr10 [7, 11, 16, 17, 38]. This
complexity likely reflects the high sequence homology
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between chr4 and chrl0, the subtelomeric position of
D474, and its repetitive nature.

Chimeric reads identified by DUCKS4 can point to
rare sub-haplotypes or structural variants. In cases where
chromosome-specific markers are absent or alleles are
incomplete, manual inspection of the SSLP region and
proximal restriction enzyme sites (Blnl/XapI) can aid
in haplotype resolution. To support this, we provide
supportive material like a haplotype identification key
(Supplementary Table S8) and a BED file (Haplotypes_
identification_regions.bed, Supplementary Table S7)
marking key regions (SSLP, enzyme motifs, informative
SNPs), which can be cross-referenced with SNP data for
D4F104S1 and pLAM (Supplementary Tables S5, S6).

In our dataset of 14 samples, six contained at least one
non-canonical allele. For example, HG001 showed two
chimeric D4Z4 alleles composed of a proximal chrl0-
type D4F104S1 and a distal chr4-type pLAM: one with
48 RUs (4qA) and one with 20 RUs (4gB) (Fig. 6). Two
canonical chrl0 alleles (16 and 21 RUs) were also pres-
ent. Chromosome 4-specific markers were detected
for both chimeric alleles. Based on the DUCKS4 hap-
lotype key (Supplementary Table S8), the 48 RUs allele,
which showed two proximal ¢10-D4Z4 hits followed by
c4-D4Z4 hits, was fully assigned to the permissive 4qA
sub-haplotype 4A166H, whereas the 20 RU allele was
classified as a 4qB haplotype. For verification, the align-
ment of the 48 RU chimeric repeat confirmed a charac-
teristic restriction pattern across the first three repeat
units (B*X", B*X", BX"), reflecting a chr10-chr10—chr4
origin matching the DUCKS4 results (Fig. 6 upper and

read.id RU_count S_or_L status repeat_sequence D4F10451_type pLAM_type
T1_chim_r1 5 S complete c10_ctrl - no_chr4_hit - CLUHP4-201_exon1 - 10gA_D4F104S1 - c10 - ¢10 - ¢10 - ¢10 - ¢4S - 4gA_pLAM - DUX4 10gA 4gA
T1_chim_r2 5 complete CLUHP4-201_exonl - 10gA_D4F104S1 - c10 - ¢10 - ¢10 - c10 - ¢4S - 4gA_pLAM - DUX4_end 10gA 4gA
T1_chim_r3 5 S complete CLUHP4-201_exonl - 10gA_D4F104S1 - c10 - ¢10 - ¢10 - c10 - ¢4S - 4gA_pLAM - DUX4_end 10gA 4gA
T1_chim_r4 5 S complete no_chr4_hit - CLUHP4-201_exon1 - 10gA_D4F10451 - ¢10 - ¢10 - ¢10 - c10 - ¢4S - 4gA_pLAM - DUX4_end 10gA 4gA
T1_chim_r5 5 S complete CLUHP4-201_exonl - 10gA_D4F104S1 - c10 - ¢10 - ¢10 - ¢10 - ¢4S - 4gA_pLAM - DUX4_end 10gA 4gA
T1_chim_r6 5 S complete c10_ctrl - no_chr4_hit - CLUHP4-201_exon1 - 10gA_D4F104S1 - c10 - ¢10 - c10 - 10 - c4S - 4gA_pLAM - DUX4 10gA 4gA
T1_chim_r7 5 S complete ¢10_ctrl - no_chr4_hit - CLUHP4-201_exonl - 10gA_D4F104S1 - c10 - ¢10 - c10 - c10 - c4S - 4gA_pLAM - DUX4 10gA 4gA
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Fig. 5 Resolved haplotype of the translocation of Trans1. Upper panel shows excerpt from the DUCKS4 detailed output for chimeric reads. The middle
panel shows the resolved genotype of the translocated allele. The lower panel shows the methylation for each segment of the D4Z4-array and depicting
a methylation gradient; reads aligned against a custom reference (DUCKS4_ID2bam2meth workflow, Tool: IGV-desktop-viewer, red-hypermethylated,

blue-hypomethylated)
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R RU D4F104S1 pLAM count count
read.id s/L status repeat_sequence
count type type c4 cl0
4qB_pLAM_low-pid - ¢4_ctrl - c4_ctrl - CLUHP4-201_exon1 - 10gA_D4F104S1 - c10- 10 - ¢4 - cd - o4 -cd - ch - cd-ch - cd-cd - ch - ch -cd- A -cd- cd
HG1_chim_r1 48 S complete c4-cA-ca-c4-cd-ch-cd-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-cd-h-cd-ch-cdS-4gh_plAM - 10qA 4gA 46 2
DUX4_end
4qB_pLAM_low-pid - ¢4_ctrl - c4_ctrl - CLUHP4-201_exon1 - 10gA_D4F104S1 - o4 -c10-c4 - c4 - A - ch- A -c4- oA -ch- ch - ch-cd - cd - cd - cd - ch -
HG1_chim_r2 48 S complete c4-cd-cd-c4-ca-ch-cd-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-ch-Ch-ch-ch-ch-ch-ch-ch-ch-cd-h-cd- - caS-Agh_plAM - 10qA 4gA 47 1
DUX4_end
" 4GA_pLAM - ¢45 - ¢4 - ¢4 - 8- A -CA-CA-CA-CA-cA-ch-Ca-Ch-Ch-Ch-CA-CA-CA-CA-Ch-Ch-Ch-CA-CA-CA-CA-Ch-ch-chd-ch-ch-cd-ch-
HG1 chim_r3 48 S complete 0/ 4 s ca-ca-co-cd-cd-cd-c-cd-cl0-cl0- 10GA_DAF104S1 - CLUHPA-201 exond- cd ctrl - c&_ctrl - 4q8_pLAM_low-pid 109A 49A 46 2
. 4gA_pLAM - c4S - c4-c4 -4 -4 -ch-ch-CA-CA-cA-ch-ch-ch-Ch-Ch-CA-CA-cA-Cl-CA-Ch-ch-Ch-ch-cA-cA-ch-chA-ch-ch-ch-ch-ch-
HGl_ch|m_r4 48 S complete c4-cA-cd-c4-cd-cd-cd4-cd-cl-ch-cd-cd-cd-cl0-cl0-10gA_D4F10451 - CLUHP4-201_exonl 10qA 4qA 46 2
HG1_chim_r5 20 NA complete CLUHP4-201 exonl- 10gA_D4F10451-c4-c4-cA-cA-cA-cd-cA-cd-cA-ch-ch-ch-ch-ch-ch-cd-ch-cd-cd-cd-A4qB_pLAM 10gA 4qB 20 0
HG1_chim_r6 20 NA complete c4_ctrl-CLUHP4-201_exonl - 10gA_D4F10451 - c4 - c4 - 10 - ¢4 - 4 -c4 - o4 - ¢4~ ¢ - ch - 4 - 04 - o4 - ¢4 - o -4 - o4 - ¢4 - ¢4 - ¢ - 4qB_pLAM 10qA 4qB 19 1
(4 J={10qapsrr0as1 H{ c10 M c10 M > [ c45 )] 49A pLAM 4A166H
48 RU
(4 Jfr0gapsrroasi |{ 4 ] 4 > @ > [ 4 > 498 pLAM | 4B168
20 RU

Fig. 6 HGOO1 chimeric-reads sequence composition. Upper panel shows DUCKS4's detailed chimeric-reads output. A warning is given when it indicates
a sub-haplotype or non-standard chromosome rather than a translocation. Lower panel shows the scheme of resolved haplotypes. No FSHD2 associated

variants were detected

lower panel), which is characteristic for the 4A166H sub-
haplotype [17]. SSLP-region inspection further verified
both alleles and identified the 20 RU allele as the 4qB
subtype 4B168.

Discussion

In this study, we present DUCKS4, an automated read-
based pipeline to resolve the D4Z4 array and detect hap-
lotypes, repeat number, and composition per read. A key
advantage is its initial BLAST-based approach, which
avoids issues with alignment and phasing against a fixed
reference due to the high regional homology between the
chromosomes 4 and 10 and the extreme heterogeneity
within the D4Z4 locus itself. Therefore, the blast-based
pre-selection approach allows for precise annotation of
the repeat-sequence and its specific chromosome/hap-
lotype motifs for the individual reads. This is especially
beneficial for complex alleles, non-standard chromo-
somes, and sub-haplotypes, where read alignments often
hinder interpretation. By sorting annotated reads by hap-
lotype and completeness, aligning filtered subsets, and
providing fully annotated D4Z4-array tables per read,
DUCKS4 simplifies sub-haplotype assignment and struc-
tural characterization.

DUCKS4 reliably distinguishes canonical 4qA, 4qB,
and 10qA alleles, as well as detects chimeric reads, indi-
cating sub-haplotypes or non-standard chromosomal
configurations. This is critical, as complex D4Z4 alleles
can lead to false positive/negative genetic FSHD1 diag-
nosis with other methods like Southern blotting and/
or OGM. For example, the 4qA subtype 4A166 is non-
permissive, despite an intact PAS, and occurs in~4% of
Europeans, undetectable by OGM, and only by extended
Southern blotting [16, 17, 38]. Hybrid 4qA alleles

containing both chr4- and chr10-type repeat units may
mimic chr10 alleles in Southern blotting, leading to false-
negative results, whereas OGM detection is unaffected
[16, 22, 23]. In contrast, non-canonical chromosomes
(e.g. ancient translocated founder alleles, 10qA/BT) are
non-permissive, but may be mistaken for 4qA alleles in
Southern blotting [16, 54, 55].

Within the main workflow of DUCKS4 methylation is
quantified at the distal end of the 4qA D474 array, fol-
lowing established approaches described previously [32].
An extended methylation profiling workflow is intro-
duced in the sub workflow ID2bam2meth of DUCKS4
allowing for methylation profiling over the whole D4Z4-
array, if needed. As demonstrated by the sample Posl
and Transl, an increasing methylation gradient can
be observed on both contracted and hypomethylated
4qA and 10qA alleles of Posl and over the translocated
contracted 10qA/4qA allele of Transl, which is also
described in Butterfield [27] for contracted D4Z4-arrays
(see Fig. 5 and Supplementary Figure S2).

Complementing the workflow, we also present a sample
preparation protocol using HMW-DNA, either enriched
via Nanopore adaptive sampling or from WGS data. We
successfully implemented adaptive sampling for human
HMW-DNA from whole blood samples, enabling tar-
geted sequencing of all relevant regions required for
comprehensive FSHD analysis. An important practi-
cal advantage of adaptive sampling compared to con-
ventional WGS is its substantially improved cost and
resource efficiency. While a single WGS experiment typi-
cally consumes the full capacity of a PromethION flow
cell, adaptive sampling requires only a fraction of the
available sequencing output. In our hands, this enabled
up to three, and in rare cases four, independent adaptive
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sampling runs per flow cell, allowing multiple samples to
be enriched sequentially on a single flow cell and mak-
ing the approach more economical for targeted FSHD
analysis.

For improved enrichment performance, we recom-
mend selecting relatively large target regions and/or mul-
tiple target loci, as enrichment efficiency improves when
a sufficient fraction of the reference genome is covered.
This consideration motivated our use of extended tar-
get regions spanning approximately 0.5% of the human
genome, which yielded robust enrichment in our experi-
ments. In addition, we recommend extended flanking
regions (also often referred as buffer regions) around
the primary targets when working with HMW DNA,
as adaptive sampling decisions rely on early sequence
information from long DNA fragments. Consistent
with Nanopore recommendations to use the N10 frag-
ment length as a guideline, and given that we observed
fragment lengths up to~500 kb—1.5 Mb, we opted for
larger flanking buffers than would be required for Stan-
dard DNA preparations. Beyond improving enrichment
efficiency, these extended target regions can facilitate
the detection of complex structural variation, including
large deletions, rearrangements, and regions of loss of
heterozygosity.

Taken together, these results show that DNA input
quality, and especially the preservation of long DNA
fragments, is critical for obtaining reads that reliably
span the D4Z4 array, which is essential for confidently
excluding FSHD1 (> 10-11 RU). While adaptive sampling
is also feasible with Standard-DNA on the D4Z4 locus
[56], such libraries typically exhibit N50 read lengths
of only~20-30 kb which limits the recovery of reads
spanning longer alleles. In contrast, HMW DNA consis-
tently increased the fraction of reads exceeding 11 RU
(>~37-40 kb).

Recently, D4Z4End2End was introduced as a long-read
workflow aimed at reconstructing complete end-to-end
D4Z4 arrays together with methylation profiles using a
consensus-based assembly approach applied to Cas9-
targeted sequencing data, which requires high sequenc-
ing depth [31]. In contrast, DUCKS4 is designed to
accept long-read data from diverse sequencing strategies
and focuses on read-level resolution using a blast-based
annotation and preselection approach. This enables
detailed haplotype and repeat characterization even in
cases of incomplete array coverage or lower sequencing
depth. In addition, DUCKS4 provides reference-guided
methylation profiling across the D4Z4 array, facilitating
comparison of array-wide methylation patterns. Taken
together, the two approaches are therefore complemen-
tary, addressing different experimental designs and ana-
lytical priorities.
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With HMW-DNA, full-length DNA repeat-expansions
up to 30-50 RU can be fully resolved, whereas repeat-
expansions larger than that are spanned at least partially.
Performing an adaptive sampling run for 17 h on a Pro-
methION flow cell typically yields coverage of 20-30x,
and in some cases even up to 40-50x. Even for lower
coverage samples (like Pos2 and Pos3), read lengths were
sufficient to differentiate haplotypes and detect con-
tracted FSHD1 repeat arrays. Overall, the DUCKS4 tool
is flexible and can process any long-read sequence data
provided in BAM/UBAM or FASTQ format and works
independently from the here described wet-lab and
sequencing approach.

In certain scenarios, such as hybrid-alleles (e.g. 4A166),
we recommend to verify DUCKS4 analysis by manual
confirmation. The current BLAST-based workflow dis-
tinguishes chr4 and chrl0 type D4Z4 RUs, but cannot
resolve hybrid RUs lacking BInl and Xapl restriction
sites (B-/X-). Instead, chr4 repeat units are called (data
not shown), requiring manual inspection. Furthermore,
the workflow does not make an automated overall eval-
uation, as the pathobiomechanism for FSHD is still not
completely understood. Therefore, the results always
need to be genetically interpreted. While low-coverage
FSHD1 controls were successfully resolved, we advise
against using low-coverage datasets.

For reliable performance, we recommend>15 xread
depth, ideally 20-25 x, which is recommended for SV and
SNV-calling. The optional SNV annotation pipeline pro-
vides preliminary annotation of variants based on SnpSift
[45]-annotation against the ClinVar [46] database. Iden-
tified variants, together with the methylation status of
the D4Z4-array should be further reviewed by clinical
geneticists following established guidelines for pathoge-
nicity assessment and integrating patient-specific clinical
data to confirm clinical relevance if used for diagnostic
purposes. In future versions of DUCKS4, an extended
SNV analysis pipeline could be implemented to improve
haplotype resolution and support FSHD2 diagnostics.
Integration of automated SSLP sizing is also a promising
addition under consideration.

Methodologically, DUCKS4 demonstrates that BLAST-
based pre-selection with per-read annotations and selec-
tive alignment is an effective strategy for robust analysis
in highly repetitive and variable, segmentally duplicated
regions minimizing manual curation.
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