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APPLICATION NOTE
CRISPR Edit Assessment

Verifying CRISPR Editing with Xdrop™: Indirect Sequence
Capture and Detection of Unintended Edits
Background
CRISPR-Cas9 systems are today’s most popular tool for
genome editing and engineering. Guided by a synthetic
RNA, CRISPR-Cas9 generates double-strand breaks in a
cell’s genome and triggers cellular non-homologous end
joining or homology directed repair mechanisms that
result in removal and/or insertion of sequences at specific
locations. CRISPR-Cas9 systems are easier and cheaper to
design than zinc finger nucleases or transcription activatorlike effector nucleases (TALEN) which require the creation
of custom proteins. Applications for CRISPR-Cas9 range
widely, from crop engineering to gene therapies.
Xdrop™ enriches long (~100 kb) target DNA regions by
amplifying a Detection Sequence corresponding to a
small portion of the Region Of Interest (ROI) or in
flanking regions. This amplicon is exclusively used to
detect, select and enrich the full-length ROI, which is then
captured and sequenced.

Firstly, Xdrop™ partitions the DNA into millions of double
emulsion droplets. Droplets containing the target DNA
molecules are identified by a 120-160 bp targeted dPCR
specific to a Detection Sequence within or adjacent to the
region of interest.
The detection and sorting of droplets are performed using
a standard cell sorter, which allows the PCR positive
droplets containing the ROI to be collected. The sorted long
DNA fragments are finally amplified in droplets (dMDA) to
ensure unbiased DNA amplification.
The Xdrop™ enrichment and amplification technology
are compatible with both long- and short-read library
preparation and sequencing.
Main Applications of Xdrop™ targeted enrichment
•
•
•
•
•
•

Structural Variations
Tandem Repeats
GC-rich Regions
Gap-closing
CRISPR edit verification
Integration of Transgenes & Viral DNA

Experimental Setup for Cell Line Genome Enrichment
Four isogenic cell lines designed as model systems for
Alzheimer’s Disease were created from BIONi010-C, a cell
line with the genotype e3/e4 for the APOE gene on
chromosome 19.3 Two of the novel cell lines were
constructed by editing two single-nucleotide positions
(rs429358 and rs7412) in Exon 4 to create first a
homozygous e3/e3 cell line, and then from that cell line a
homozygous e2/e2 cell line (see figure below). The two
single-nucleotide positions were only 139 bp apart.

Detection Sequence

Current CRISPR-Cas9 editing checkpoints focus on offtarget edits and unintended InDels in the immediate
vicinity of on-target modifications, but more complex
changes can occur further away.1,2 We evaluated Xdrop™
technology on five isogenic cell lines, four of which were
CRISPR-engineered, as a comprehensive tool to assess
potential CRISPR editing beyond the immediate
surrounding of the target.
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The Xdrop™ Technology
The Xdrop™ technology combines high-resolution
droplet PCR (dPCR) with droplet sorting and Multiple
Displacement Amplification in droplets (dMDA).
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APPLICATION NOTE
CRISPR Edit Assessment
The Xdrop™ technology was applied to enrich DNA from
the four cell lines using a primer set targeting 129 bp on
chromosome 19 (position: 44,906,188–44,906,317).

could be selected. The plasmid should not have been
present in the final cell lines nor integrated into their
genomes.

After droplet PCR (dPCR), the double emulsion
droplets were stained with Droplet dye and sorted on a
SONY SH800 cell sorter with 100 µm nozzle sorting
chip. Positive fluorescent droplet containing the target
DNA represented roughly 0.01% of all dPCR droplets
and were easily gated and sorted.

The insertion went undetected by other assessment
methods because it affected only one of two haplotypes
(the C-C haplotype). The original primers used to validate
editing when these cell lines were constructed amplified
a 227 bp region including the two edited single-nucleotide
positions. With the insert, the primer distance expanded
to >3.5 kb, preventing amplification with a standard PCR
design (see figure below). Given that the other haplotype
(T-C) was still present, its amplification and analysis gave
the impression that the haplotype C-C was correctly
modified, and the cell line genotype was T/T – C/C. This
insertion occurred originally in the APOE-e3/e3 cell line
and was passed on undetected to the constructed
APOE-e2/e2 line.

Released into solution, target long DNA sequences were
re-encapsulated for amplification by droplet MDA
(dMDA). The amount of enriched DNA subsequently
released from dMDA droplets was measured by
fluorometry and fragment size evaluated on a
TapeStation™ (Agilent).
Library Preparation and Sequencing
DNA libraries were prepared directly from Xdrop™
enriched DNA samples and sequenced on Oxford
Nanopore’s MinION (ONT) and Illumina’s iSeq (ILL).
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The enrichment with Xdrop™ and subsequent shortread and long-read sequencing enabled examining
~100 kb around the edited region with an average
enrichment of ~200x. The figure below shows read
coverage with both sequencing platforms for a 100 kb
and 10 kb region around the Detection Sequence.
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Xdrop™ technology allows verifying CRISPR editing by
targeted short- and long-read sequencing. Its broader scope
to detect and resolve potential unintended modifications
further away from the edit regions is a game-changing
feature, ensuring the right outcome of gene therapies and
accurate conclusions from model studies.
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Xdrop™ empowers applications with a simple design and the
Indirect Sequence Capture of long DNA fragments (~100 kb).
This workflow simplicity, coupled with long- and/or short-read
sequencing, makes Xdrop™ an exceptionally well-suited tool
for any CRISPR-based genome editing or engineering where
demonstrating accuracy and fidelity is of essence.
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Detection of Unintended Edits

This application was developed in collaboration with Bioneer A/S, Hørsholm,
Denmark.

Analysis of the Xdrop™ enriched fragments detected an
unintended insertion of approximately 3.4 kb near the
edited region in two of the lines, APO-e2/e2 and APOEe3/e3. Positions 44,908,822–44,908,829 of chromosome
19 were replaced with a fragment from a modified pEasy
Flox plasmid containing an insert of the human MAPT
gene.4 This plasmid was used to co-transfect the cell
lines with resistance to neomycin so nucleofected cells
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APPLICATION NOTE
Droplet WGA

Improved Whole Genome Amplification with Xdrop™: Even
Coverage through unbiased, single-molecule amplification
Background
Whole genome amplification (WGA) enables downstream
molecular analyses of highly limited samples. The
complete genome of small organisms, blood spots, or
sorted cells is amplified in bulk, typically using some
form of isothermal and/or PCR based system. Such
methods include bulk multiple displacement amplification
or MDA.1 Unfortunately, bulk amplifications generate
errors, artifacts and biases that produce false mutations
and allelic dropout.2 Xdrop™ offers an elegant solution
to overcome these issues. Individual DNA fragments
from the samples are compartmentalized into droplets
to run independent amplification reactions and thus
ensure even coverage of the entire genome.
Xdrop™ partitions DNA fragments isolated from a
sample into millions of droplets. Each droplet also
contains reagents and primers for multiple
displacement amplification (droplet MDA). Any DNA
present in the droplet, regardless of sequence, is thus
amplified by a high-fidelity, proofreading Phi29 enzyme
and the isothermal reaction is gentler on the DNA
template, leaving it intact for downstream analyses.
The generation of droplets and subsequent dMDA is
automated. The resulting amplicons are then released
from the droplets and can be used directly in nextgeneration sequencing. This simple and user-friendly
approach addresses the most common challenges of
WGA using alternative solutions:
•

Xdrop™ requires significantly less input material
(1 pg DNA)

•

Single-molecule amplification eliminates bias,
ensures even coverage of the entire genome, and
reduces the risk of forming chimeric molecules

•

The outcome is 100–1000x more sensitivity with
no background amplification

target DNA molecules are identified by a targeted dPCR that
specifically amplifies a 120-160 bp Detection Sequence
within or adjacent to the region of interest (ROI). This
amplicon is exclusively used to detect, select and enrich
the full-length ROI.
The detection and sorting of droplets are performed using
a standard flow cytometer, which allows the PCR positive
droplets containing the ROI to be collected. The sorted long
DNA fragments are finally amplified in droplets (dMDA) to
ensure unbiased DNA amplification.
The Xdrop™ enrichment and amplification technology
are compatible with both long- and short-read library
preparation and sequencing.
Main Applications of Xdrop™ targeted enrichment

Comparing Xdrop™ dMDA to bulk MDA methods
Chromosomal DNA from Escherichia coli was used to
compare the performance of Xdrop™ droplet MDA to three
selected bulk MDA methods. Following manufacturer’s
instructions, MDA solutions from three alternative suppliers
were used to amplify different concentrations of E. coli DNA,
ranging from 1 pg to 1 ng. Amplified reactions were used in
library preparation for Illumina sequencing.
Sensitive amplification without misleading background
The amount of output DNA resulting from a given
amplification was measured for a serial dilution of input E. coli
DNA and compared among the tested solutions.

Output of dMDA (µg)

The Xdrop™ Technology
The Xdrop™ technology combines high-resolution
droplet PCR (dPCR) with droplet sorting and multiple
displacement amplification in droplets (dMDA) to enrich
long (~100 kb) target DNA regions offering better
biological representation for downstream applications.
The dPCR step is used to sort out target molecules for
subsequent dMDA. In the case of WGA, this step is
omitted. The entire genome is used in the dMDA step.

Structural Variations
Tandem Repeats
GC-rich Regions
Gap-closing
Integration of Transgenes & Viral DNA

•
•
•
•
•
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A brief description of the complete Xdrop™ workflow
begins with the partitioning of sample DNA into millions
of double emulsion droplets. Droplets containing the
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APPLICATION NOTE
Droplet WGA
While some of the bulk MDA solutions struggled to
amplify the low-input samples and others generated a
measurable product in the no-template control, Xdrop™
produced consistently sensitive results and no
background noise.
Unbiased and even coverage of the genome
Across the various sample input amounts tested, Xdrop™
dMDA generated unbiased amplification outputs that
lead to even coverage in the sequencing libraries. The
spread in relative coverage over the sequenced genome
is minor for Xdrop™ compared to the other tested
methods.

Accurate representation of the genome
Bulk MDA methods can generate errors.2,3 For example,
during the amplification reaction, two similar molecules
can recombine. Taken as a template for further
amplification, they produce intermolecular chimeric
products.1,4 Bulk MDA can also lead to allelic dropout,
when one of the alleles present in a heterozygous sample
is not amplified.2 In this comparison, dMDA minimized
the risk of such errors by compartmentalizing the
amplification reaction with each droplet containing, on
average, one DNA molecule. As a result, nearly every read
in the downstream sequencing mapped to the target
genome, even with 1 pg input DNA. This was not the case
for the bulk MDA approaches.
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In fact, 99% of the target genome was covered more
than once by sequencing reads from libraries
generated with Xdrop™ dMDA output, even at input
amount as low as 1 pg.
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Droplet MDA in the Xdrop™ workflow enables highly sensitive,
accurate and unbiased WGA of DNA in single-digit picogram
amounts. Compared to alternative bulk MDA solutions,
sequencing libraries constructed from the dMDA amplicons
lead to reads that evenly covered more of the genome. This
accurate representation of the genomic content of biological
samples is a hallmark of the Xdrop™ technology. Featuring an
automated and easy workflow, Xdrop™ is a promising new way
of extracting information from precious samples.
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APPLICATION NOTE
Virus Integration Detection

Resolving complex structural variation with Xdrop™:
Detecting HPV18 integration sites in the human genome
Background
Targeted DNA enrichment is often necessary when it
comes to sequencing complex DNA regions or rare
genetic elements. However, available enrichment
methods often fail to enrich for high-complexity,
unknown and rearranged regions.
Xdrop™, a novel DNA enrichment technology based on
microfluidics, is able to enrich for long (~100 kb) regions
of interest. This technology requires the design of a
single primer pair amplifying the Detection Sequence,
within the Region of Interest (ROI) or in flanking regions.
This amplicon is exclusively used for detection, selection
and enrichment of the ROI.

sorted long DNA fragments are finally amplified in
droplets (dMDA) to ensure unbiased DNA amplification.
The Xdrop™ enrichment and amplification technology
are compatible with both long- and short-read library
preparation and sequencing.

Main Applications of Xdrop™ targeted enrichment
•
•
•
•
•

Structural Variations
Tandem Repeats
GC-rich Regions
Gap-closing
CRISPR edits verification

Experimental Setup for HPV18 Integration
Enrichment
The HeLa cancer cell line HPV18 integration sites were
enriched by designing a single primer pair (amplifying
the Detection Sequence) on the HPV18 virus sequence.

We evaluated the Xdrop™ technology on the human
cancer cell line HeLa, designing an enrichment
experiment targeting integrations of the human
papilloma virus 18 (HPV18) in the genome. Xdrop™
allowed to successfully enrich and identify the HVP18
virus integration sites in the human genome.

The Xdrop™ Technology
The Xdrop™ technology combines high-resolution
droplet PCR (dPCR) with droplet sorting and Multiple
Displacement Amplification in droplets (dMDA).
Firstly, Xdrop™ partitions the DNA into millions of double
emulsion droplets. Droplets containing the target DNA
molecules are identified by a 120-160 bp droplet PCR
specific to the Detection Seuence within or adjacent to
the region of interest.
The detection and sorting of droplets are performed
using a standard flow cytometer, which allows the PCR
positive droplets containing the ROI to be collected. The

Version 1.1

Library Preparation and Sequencing
DNA libraries were prepared directly from Xdrop™
enriched DNA samples and sequenced on three
platforms: 1) PacBio RSII, 2) Oxford Nanopore MinION,
and 3) Illumina MiSeq.
The sequencing reads were mapped to both HPV18 and
the human genome (GRCh38) and three integration
sites were detected on chromosome 8.
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APPLICATION NOTE
Virus Integration Detection

Resolving HPV18 Integration into the Human
Chromosome 8

Mapping to the HPV18 Genome

Detailed analysis of the reads spanning the breakpoints
revealed the presence of several HPV18 integration
sites in the region on chromosome 8. The identified
integration sites were supported by PacBio, Oxford
Nanopore and Illumina datasets.

All three datasets (from PacBio, Oxford Nanopore and
Illumina) showed that the central part of the viral
genome (E2-L2 genes) was absent in the integrations, as
previously reported (Adey et al. 2014). The sharp drops
in the HPV18 mapping coverage graphs above
(positions 25, 3100 and 5736) are caused by sequence
reads that have only one end mapping to HPV18, while
the other end maps to an insertion breakpoint in the
human genome. A fourth less frequent breakpoint with
a lower coverage drop was identified at position 2497.

Mapping to the human chromosome 8

Conclusions

More than 20 kb of the viral integration site region in the
human genome (HeLa) could be retrieved. Vertical lines
pinpoint the integration sites. In total, regions of ~30 kb
were characterized, demonstrating the efficiency of
Xdrop™ in enriching for long DNA fragments. The exact
size of the enriched region could be even larger, as it is
highly rearranged with multiple sequence repeats.

The Xdrop™ technology is a novel targeted DNA
enrichment method with the unique feature that native
DNA fragments can be selected, enriched and
sequenced. This allows enriching for large genomic
portions (~100kb), including unknown regions. The long
fragments generated with Xdrop™ method are not only
suitable for long-read sequencing but also can provide
valuable context information with short-read
sequencing.

1000-fold enrichment with Xdrop™

Fold Enrichment

The HeLa sample enrichment for HPV18 has been
calculated to be 500-1000x as determined by
sequencing.
1500
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APPLICATION NOTE
Closing genomic gaps

Gap closing with Xdrop™: Complete sequencing of the
falcarindiol gene cluster in tomato
Background
The genome of the inbred tomato cultivar Heinz 1706
was published by The Tomato Genome Consortium in
20121 and has been improved several times since then.
The genome is approximately 900 Mb in size and
consists of 12 chromosomes.
Gene clusters are prominent in plant genomes.2 With
knowledge of the mRNA sequence of one protein in a
biosynthetic pathway, you can identify the corresponding
genomic location and the rest of the pathway genes
based on their proximity. However, limited knowledge of
the region of interest, repetitive sequences, and large
genome size are all factors that make it difficult to
sequence the context surrounding key genes in a
pathway. Enrichment with Xdrop™ solves this issue.
The Xdrop™ Technology
The Xdrop™ technology combines high-resolution
droplet PCR (dPCR) with droplet sorting and Multiple
Displacement Amplification in droplets (dMDA).
Firstly, Xdrop™ partitions the DNA into millions of double
emulsion droplets. Droplets containing the target DNA
molecules are identified by a ~150 bp targeted dPCR,
specific to a Detection Sequence within or adjacent to
the region of interest.
The detection and sorting of droplets are performed
using a standard cell sorter, which allows the PCR
positive droplets containing the ROI to be collected. The
sorted long DNA fragments are finally amplified in
droplets (dMDA) to ensure unbiased DNA amplification.
The
Xdrop™
enrichment
and
amplification
technology are compatible with both long- and shortread library preparation and sequencing.

The falcarindiol gene cluster in tomato (Solanum
lycopersicum)
Falcarindiol is a modified lipid involved in pathogenic
defense. Recent metabolic and mRNA analyses identified
candidate genes in a ~20 kb cluster encoding four
biosynthetic genes.3 The data from these analyses, however,
did not correspond to the reference genome build SL3.0.
Whole genome sequencing using Oxford nanopore
technology (ONT) and Sanger sequencing revealed two fulllength
duplicated
genes
(Solyc12g100240
and
Solyc12g100260), only partially present in the SL3.0 build.
Since that study, a newer build (SL4.0) has been completed
which is congruent with the data (see figure below).
At the time of their study, Jeon and colleagues had to
sequence the whole genome and complement the finding
using PCR and Sanger sequencing. This approach was
laborious and resulted in only 3 long ONT reads covering the
region of interest among almost 4 Gb of data. Our goal in this
Application Note is to demonstrate that Xdrop™ can enrich the
entire gene cluster for in depth examination via long-read
sequencing.
Sample Preparation, Xdrop™ and Sequencing Setup
Xdrop™ primers were designed to target Solyc12g100270 by
Niraj Mehta (Department of Chemistry, Stanford University).
Though not centrally located in the gene cluster, Xdrop™
captured roughly 50 kb on each side of the Detection
Sequence. DNA of high molecular weight (>60 kb) was
extracted from tomato leaves (Solanum lycopersicum, cultivar
VF36) and also provided to Samplix by Niraj Metha. Only 2.4
ng were needed for the Xdrop™ workflow. Long-read
sequencing was performed using Oxford Nanopore
Technologies.

Falcarindiol gene cluster in the SL3.0 and SL4.0 builds

Detection Sequence Validation Sequence
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APPLICATION NOTE
Closing genomic gaps
Enrichment Estimate
We obtained a 1,029-fold enrichment of the gene
Solyc12g100270, using the SL4.0 build as the
reference genome. The broader 100 kb region around
the Detection Sequence was enriched 237-fold.

Solyc12g100240 and Solyc12g100260 that are not
represented in this reference build. These are filled in the
newer SL4.0 build, where we could obtain full coverage for
the 100 kb region (see figure below).

De novo Assembly
We performed de novo assembly of the reads obtained
from the ONT run to demonstrate the efficiency of
Xdrop™ in closing gaps when having only partial
genomic information.
The data consisted of 73,728 reads totaling 0.39 Gb. We
used Pacasus4 to split chimeric reads (inverted repeats
of the same read) introduced during dMDA and
assembled the resulting reads with Canu v.1.95 using
the default settings.
The raw assembly produced by Canu, was exposed to 3
iterations of the high-quality consensus sequences
generation by Racon6 to create the Samplix Assembly.
Using minimap2 and the default settings, the split reads
were mapped back to the de novo assembled region
(“Samplix Assembly”). The same reads were also
mapped against the assembly reconstructed in Jeon et
al. 2020 Heinz and the tomato genome builds SL3.0 and
SL4.0 (see figure coverage distribution in figure below).
SNP variants were called using freeBayes7 (see the grey
bar in the figure below) . Notice that the assembly based
on Xdrop™ enrichment (Samplix) displays many fewer
SNPs (a proxy for errors) compared to the assembly
from Jeon et al. 2020, based only on 3 ONT reads. The
increased assembly accuracy was possible thanks to the
high enrichment, which allowed more data to be
available to reconstruct the cluster region.
Mapping to the Reference Genome
We also mapped the reads to the SL4.0 reference
genome. 56,454 reads mapped to the genome, where
1,711 reads aligned with the 100 kb region around the
Detection Sequence. The two gaps visible in the
coverage graph for SL3.0 correspond to segments of

Version 1.1

Conclusions
Xdrop™ opens new possibilities to explore gene clusters in
plant genomes with minimal knowledge of the region of
interest. The resulting sequencing coverage and enrichment
are high, enabling in-depth characterization of functionally and
spatially related genes.
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APPLICATION NOTE
Unknown Regions

Resolving repetitive and GC-rich regions with Xdrop™:
Indirect Sequence Capture on Epstein Barr Virus
Background
PCR and probe-based targeted DNA enrichment
approaches require intensive design optimization and
the knowledge of the Region of Interest (ROI) in full
length. These conventional approaches also fail in
characterizing complex genome contexts (e.g. repetitive
regions, structural variations, GC-rich regions), as well as
unknown and rearranged regions. To circumvent these
limitations Samplix has developed a novel microfluidic
approach, the Xdrop™ enrichment workflow, based on
Indirect Sequence Capture.
Xdrop™ can enrich for long (~100 kb) target DNA regions
requiring the design of a single primer pair over the
Detection Sequence, corresponding to a small portion
of ROI or in flanking regions. This amplicon is exclusively
used for detection, selection and enrichment of the fulllength ROI, which is ultimately captured and sequenced.

specific to a sequence (Detection Sequence) within or
adjacent to the region of interest.
The detection and sorting of droplets are performed
using a standard flow cytometer, which allows the PCR
positive droplets containing the ROI to be collected. The
sorted long DNA fragments are finally amplified in
droplets (dMDA) to ensure unbiased DNA amplification.
The Xdrop™ enrichment and amplification technology
are compatible with both long- and short-read library
preparation and sequencing.

Main Applications of Xdrop™ targeted enrichment
•
•
•
•
•
•

Structural Variations
Tandem Repeats
GC-rich Regions
Gap-closing
Unintended CRISPR edits detection
Integration of Transgene and Virus

Experimental Setup for EBV enrichment
Epstein Barr Virus (EBV) has been associated with
several cancers, such as Hodgkin’s lymphoma, Burkitt’s
lymphoma and gastric cancer. However, the genomic
characteristics and diversity of the EBV is relatively
poorly understood, also because of the low viral copy
number in patient samples.

We evaluated the Xdrop™ by designing an enrichment
experiment targeting an unknown repetitive and GCrich region of the Epstein Barr Virus (EBV) from a
complex sample including human genomic DNA and
EBV genetic material, mimicking an infected individual.

To address this, the Xdrop™ technology was applied to
enrich for EBV DNA using a primer-set targeting 89 bp
on the EBV genome (Detection Sequence, Positions:
50165- 50251, Accession: NC_007605).

The Xdrop™ Technology
The Xdrop™ technology combines high-resolution
droplet PCR (dPCR) with droplet sorting and Multiple
Displacement Amplification in droplets (dMDA).
Firstly, Xdrop™ partitions the DNA into millions of double
emulsion droplets. Droplets containing the target DNA
molecules are identified by a 120-160 bp targeted dPCR

Version 1.1
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APPLICATION NOTE
Unknown Regions
Selection of positive droplets with flow cytometry
Double emulsion droplets were sorted using a BioRad
S3e flow cytometer sorter. The top graph shows Side
versus Forward scatter (height), with a clear cloud of
double emulsion droplets (in the blue square). The
bottom graph shows Fluorescence versus Time for the
Double Emulsion Droplets selected. The top green
cloud of Positive Droplets can be clearly distinguished
from the Negative droplets cloud and sorted out.

combination of high GC-content and repeat sequences
(Treangen et al. 2012).
The Xdrop™ approach allowed to successfully
characterize the region of interest, including the 1,5 kb
GC-rich region using a single primer set amplifying the
Detection Sequence for the detection and sorting of
long fragments surrounding it (see figure below).

The ability to resolve such challenging regions with the
Xdrop™ technology opens the door to resolving many
other challenging regions, which might represent a big
proportion of genomes. Combining Xdrop™ enrichment
with long and short-read sequencing technologies can
provide high resolution needed to resolve complex
genomic scenarios with a quick and affordable
approach, bypassing whole genome sequencing.

Conclusions

Library Preparation and Sequencing
After sorting and dMDA amplification, DNA libraries
were prepared and sequenced on PacBio RSII without
size selection using the SMRTbell™ Template Prep Kit.
Mapping to EBV genome
The sequencing reads were mapped to EBV reference
genome (NC_007605) and the unknown region was
reconstructed by long-reads mapping.
Xdrop™ enriched for a region of ~40 kb around the
Detection Sequence, where the target selection primer
pair were designed. The region included a 1,5 kb
sequence with high GC-content (76-91% GC) consisting
of 12 repeats, each 125 bp in length. The repeats are
positioned in the EBV-IR2 region, approximately 10 kb
from the enrichment primers. This specific region is
known to be highly challenging in sequencing due to the
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The Xdrop™ technology is a novel enrichment method
based on Indirect Sequence Capture, with the unique
feature that native DNA fragments can be selected,
enriched and sequenced. This allows enriching for large
genomic portions (~100 kb), including unknown regions.
The long fragments recovered with Xdrop™ method are
not only suitable for long-read sequencing but also can
provide valuable context information with short-read
sequencing.
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Genes vs. pseudogenes

Phasing CYP2D6

Xd

: distinguishing genes from

pseudogenes
Background
CYP2D6 codes for cytochrome P450, an enzyme responsible
for metabolizing or activating nearly 25% of all currently
available drugs.1 Its high polymorphism leads to
considerable variability in enzyme activity among
individuals2 which influences their response to different
drugs,
including
antipsychotics,
beta-blockers,
antidepressants, antihypertensives, antidiabetics and more.
Genotyping this rather small gene (4.4 kb) has proven
challenging based on short sequencing reads. The gene
exhibits structural variations, like duplications and deletions,
and hybrid gene conversions. It is also flanked by 2
genes/pseudogenes, CYP2D7 and CYP2D8, with over 90%
sequence homology. 3,4 However, Xdrop
enrichment
followed by long read sequencing resolves the problem.
Xd
e c es long (~100 kb) target DNA regions by
amplifying a Detection Sequence corresponding to a small
portion of the Region Of Interest (ROI) or in flanking regions.
This amplicon is exclusively used to detect, select and enrich
the full-length ROI, which is then captured and sequenced.

biobanked DNA (Coriell Institute, NA23348) previously
genotyped as CYP2D6*7/CYP2D6*35A.5
T e Xd

Tec

g

T e Xd
ec
c b e high-resolution droplet PCR
(dPCR) with droplet sorting and Multiple Displacement
Amplification in droplets (dMDA).
F
, Xd
a
e DNA
d be
emulsion droplets. Droplets containing the target DNA
molecules are identified by a 120-160 bp targeted dPCR specific
to a Detection Sequence within or adjacent to the region of
interest.
The detection and sorting of droplets are performed using a
standard cell sorter, which allows the PCR positive droplets
containing the ROI to be collected. The sorted long DNA
fragments are finally amplified in droplets (dMDA) to ensure
unbiased DNA amplification.
T e Xd
e c
e
a d a
ca
ec
compatible with both long- and short-read
preparation and sequencing.
Main Applications f Xd

a ge ed e

c

is
library

e

Structural Variations
Tandem Repeats
GC-rich Regions
Gap-closing
Integration of Transgenes & Viral DNA
Detection
Sequence

Implications of pseudogene homology

We e a a ed Xd
ec
for the purpose of
preparing samples for long-read sequencing to phase
structurally complex genes. For that purpose, we used
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The DNA used in this evaluation included the 3
genes/pseudogenes CYP2D6, CYP2D7 and CYP2D8P. The
pairwise identity analysis below reveals the high homology
among these 3 sequences (visualized with Geneious Prime).
Standard hybridization-enrichment panels designed for
CYP2D6, such as Agilent® SureSelect®, generally also enrich the
highly similar CYP2D7 and CYP2D8 pseudogenes. As a result,
correct mapping short reads generated from these enrichment
products is impossible. Reads are randomly assigned to the 3
genes (see figure on next page).
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De novo assembly to call structural variants
We merged the sequencing reads of 3 replicates, each from 10
ng DNA input, to de novo assemble a contig spanning the
CYP2D6 and CYP2D7 gene regions, using roughly 1.6 Gb of raw
data.
We extracted the reads from the 100 kb region surrounding the
Detection Sequence, used Pacasus6 to split chimeric reads
(inverted repeats of the same read) introduced during dMDA,
and then de novo assembled the resulting reads using Canu
v.1.97, minimap2 and Racon8, and finally visualized the results
in Geneious Prime (see bottom figure).

Correct SNP variant calling
We enriched DNA fragments from 10 ng input material
Xd
a da
e
e e . We then sequenced
the libraries prepared directly from the enriched samples on
O
d Na
e M ION (ONT), which resulted in
162,383 total reads.
The CYP2D6*7 allele contains 1 single nucleotide
polymorphism (SNP), while CYP2D6*25A contains 22 SNPs.
We were able to call all 23 variants correctly, including
phasing (see figure on the right).
Conclusions
Xdrop e
e a
ca
a
e de
a d e I d ec Se e ce Ca
e
DNA a e
( 100 b).
Coupled with long- ead e e c , Xd
ec e d c e
a
a
e
e, e e ca
ee
e e
samples. The high fidelity of the enrichment enables detecting one or more SNPs in an allele and enables de novo assembly to
resolve structural variation.
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TECHNICAL NOTE
Duplex Xdrop™ enrichment

Duplex Xdrop™ enrichment: Enrichment of staggered long
DNA fragments for complete deep sequencing of BRCA2
Background

The Xdrop™ workflow

To better elucidate the steps of the Xdrop™ workflow
and how these are connected, we enriched DNA to
sequence a well-known gene and highlight the outcome
expectations at various milestones from sample
preparation to read mapping.

The Xdrop™ technology combines high-resolution droplet
PCR (dPCR) with droplet sorting and multiple displacement
amplification in droplets (dMDA) to enrich specific long DNA
fragments (~100 kb) in a sample.

BRCA2 is a human tumor suppressor gene located on
chromosome 13. The protein it codes for is responsible
for DNA repair. BRCA2 is involved in preventing genomic
rearrangements that can be oncogenic, and many of the
mutations identified to date in this gene correlate with
increased risk of cancer. For this reason, BRCA2 is
extremely well characterized and numerous enrichment
methods specifically target the gene for subsequent
sequencing. Our goal in this Technical Note is not to
compare performance, but to highlight features of the
Xdrop™ workflow, show data output for specific
milestones, and facilitate creative applications of this
simple but powerful technology.

Xdrop™ partitions the DNA into millions of double emulsion
droplets. During the droplet PCR, droplets containing the
target DNA molecules accumulate amplicons of a 120-160 bp
Detection Sequence within or adjacent to a region of
interest.
As a result of the amplified Detection Sequence, positive
droplets fluoresce and can be sorted by standard cell sorter.
The sorted long DNA fragments are released and then reencapsulated individually for unbiased droplet multiple
displacement amplification (dMDA).
The resulting enriched and amplified long fragments
containing the region of interest are compatible with both
long- and short-read library preparation and sequencing.

Milestone 1: DNA of high molecular weight
To enrich long fragments of DNA, it stands to reason that samples must include DNA molecules of high molecular weight.
For our BRCA2 case study, we started with human female genomic DNA (Reg. G1521, Promega®) extracted from blood of
6–7 anonymous donors between the ages of 21 and 65. The bulk of the DNA molecules were >60 kb long at a concentration
of 82.2 ng/µl, as measured on an Agilent® TapeStation system.
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Milestone 2: Primer design and selection
The primers used in the Xdrop™ workflow serve the purpose of identifying droplets containing DNA fragments that include
the region of interest. They are not used to amplify targets. Design is straightforward with the Samplix primer design tool.
The primer design was ready in a few minutes and we chose a primer set for the Detection Sequence (used in the droplet
PCR) and another one for the Validation Sequence, to check the enrichment success by qPCR.

Milestone 3: Droplet sorting
We ran 2 input amounts in duplicate for Xdrop™ dPCR: 10 and 20 ng of DNA. After running the dPCR and staining the
droplets, we could easily distinguish and collect the positive droplets by gating on the higher fluorescence signal. The
two samples with 20 ng input resulted in ~2000 positive droplets while the 10 ng samples gave half that amount
(~1000), as expected. We released the target fragments from the sorted droplets and then re-encapsulated them for
amplification via droplet MDA.
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Milestone 4: Enrichment assessment
After droplet MDA, we estimated the enrichment
by qPCR using the initially designed qPCR primers
that were positioned approximately 50 bp
upstream of the Detection Sequence. The
enriched outputs of each input amount replicate
(10 ng ● and 20 ng ● DNA) were run side-by-side
with a standard curve consisting of diluted original
unenriched sample (40 ●, 20 ●, 10 ● and 5 ng ●).
We calculated enrichment from the results using
the Samplix online enrichment predictor.
Enrichment ranged roughly between 500 and
3500-fold, with an average of 1400-fold.

●
●
●
●

Input HMW
DNA
20 ng

Enrichment
estimation
554-fold

20 ng
10 ng

3586-fold
992-fold

10 ng

521-fold

Milestone 5: Sequencing and target coverage
We pooled the 4 enriched samples and prepared
libraries for short-read sequencing on an Illumina iSeq
instrument and long-read sequencing on the MinION
from Oxford Nanopore Technology. Read mapping
showed
high
coverage
of
a
10 kb (RoT10) and a 100 kb (RoT100) region around the
Detection Sequence with both sequencing methods.
Using the sequencing data, we calculated enrichment as
the ratio of the percent reads on target to the percent of
the genome length attributed to the target region.
However, because of the length of BRCA2 (~84 kb) and
the positioning of the Detection Sequence, the resulting
enrichment had low coverage of the distant upstream
portion of the gene.
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Milestone 6: Expanding enrichment range by multiplexing

To expand the range of Xdrop™ enrichment, we designed primers for a second Detection Sequence and
repeated the workflow above with a duplex droplet PCR.The result was an expanded set of positive droplets
with long DNA fragments containing Detection Sequence 1, Detection Sequence 2, or both. By enriching
these staggered fragments, our sequencing reads spanned all of BRCA2.

Conclusions
Xdrop™ empowers genomic applications with a simple design. Workflow steps generate easy-to-interpret data and Indirect
Sequence Capture features the flexibility to concatenate enrichment targets and explore regions beyond 100 kb. With creativity,
Xdrop™ opens new avenues of investigation previously limited by complicated, time-consuming and expensive methods.
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Xdrop™ vs. standard hybridization capture
Unparallel flexibility in target selection and more even coverage across
repeats and GC-regions
Background
In this Technical Note, we compare Xdrop™ with standard
hybridization capture, the most widely used approach for
target enrichment to date. Our goal is to describe how
Xdrop™ compares to a well-established technology in
terms of performance and workflow.
Hybridization capture typically uses tiled biotinylated cRNA
or DNA baits in a multiplexed manner to enrich for many
short DNA sequences spanning several targets. Xdrop™ is
based on Indirect Sequence Capture, to enrich for long
regions (~100 kb) surrounding a Detection Sequence
(~150 bp).
This makes the Xdrop™ very flexible, complementing
standard hybridization capture technologies, with a better
performance in case of difficult targets, i.e. GC-rich, repeat
expansion,
homologous
genes,
etc.
Moreover,
hybridization capture relies on short-read sequencing,
while Xdrop™ is compatible with both long and short
read sequencing.
Hybridization capture is the right choice to enrich many
genes concurrently and in a high number of samples.
Xdrop™, in contrast, is an agile platform that allows you
to easily switch from one target to another and explore
each with a handful of samples. This flexibility and
throughput make Xdrop™ particularly well-suited for the
new generation of personal sequencers, like iSeq and
miniSeq.

The Xdrop™ workflow
The Xdrop™ technology combines Indirect Sequence
Capture using high-resolution droplet PCR (dPCR) and
droplet sorting followed by multiple displacement
amplification in droplets (dMDA) to enrich specific long
genomic regions in a sample.
If the molecular weight of the input DNA is > 60 kb, one
single Detection Sequence can capture ~100 kb of
the surrounding region, with an enrichment of ~
1000-fold.
Xdrop™ partitions the DNA into millions of double emulsion
droplets. During the dPCR, droplets containing the target
DNA molecules accumulate amplicons of a 120-160 bp
Detection Sequence within or adjacent to a region of
interest, which is indirectly captured.
As a result of the amplified Detection Sequence, positive
droplets emit fluorescence signal after staining and can be
sorted by standard cell sorter. The sorted long DNA
fragments are released, mixed with amplification
reagents and then re-encapsulated individually for
unbiased droplet multiple displacement amplification
(dMDA).
The resulting enriched and amplified long fragments
containing the region of interest are compatible with both
long- and short-read library preparation and sequencing.

Overall experimental setup
Here we compare short-read sequencing data from three genes, enriched with hybridization capture probe and Xdrop™
platforms: BRCA2, CLU and DMPK. BRCA2 is a large gene with variable GC content and various repeats. CLU displays high
GC content, while the DMPK includes Alu repeats and a trinucleotide repeat expansion. The fact that Xdrop™ is not only
compatible with short-read, but also with long-read sequencing, represents an advantage for such loci associated to
difficult mapping.
In the three gene comparison we present here we used NA14170 (BRCA2 6174delT) Cell line DNA for the BRCA2
comparison and HeLa Cell line DNA for the CLU and DMPK comparison. For hybridization capture, we used the SureSelect
XT HS system and designed our probes with the SureDesign DNA Standard Design Wizard
(https://earray.chem.agilent.com/earray/).
We applied the following probe tilling parameters in the design:
•
Tiling density: 2x
•
Masking: least stringent
•
Boosting: balanced
The Tiling density was 2x, which indicates that designs were aimed at two probes to cover each nucleotide in each location.
For the Masking we choose the Least Stringent type, which means only sequences masked by all three databases used to
evaluate repeats in the SureDesign software (RepeatMasker, WindowMasker, and the Duke Uniqueness 35 track) would be
Version 1.0
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masked, hence forcing the design of probes in the other cases. For Boosting criterium we selected Balanced, which means
that SureDesign replicates any GC-rich probes present in the probe group by an Agilent-defined factor, potentially improving
the probe group's capture of genomic fragments. The SureSelect target capture and subsequent sequencing was performed
by Eurofins Genomics A/S to the best of their standard. We designed primers for both the Detection Sequence and the
Validation Sequence for the Xdrop™ workflow using the Samplix primer design tool available at samplix.com.
Note that Xdrop™ workflow including library preparation is PCR-free which increase chances of good coverage in
difficult regions. Hybridization capture applies PCR during library preparation.
BRCA
Hereditary breast cancer is responsible for 5-10% of total breast cancer cases and up to 30% of early on-set breast cancer.
BRCA2 is a tumor suppressor gene and one of the major susceptibility genes for breast cancer. Though breast and ovarian
cancer are most commonly associated with BRCA2, it is known to increase susceptibility to other cancer types as well. BRCA2
is a large gene that covers ~85 kb on chromosome 13q12 and includes 27 exons that code for a protein that binds to DNA
and is involved in homologous recombination-based DNA repair. Hundreds of BRCA2 mutations are known in various
populations around the world contributing to cancer susceptibility.
For the BRCA2 comparison, we used genomic DNA from the Coriell cell line NA14170 (BRCA2 6174delT). To support a high
coverage throughout the entire 85 kb of the BRCA2 gene, two Detection Sequences were designed for the BRCA2 Xdrop™
enrichment in contrast the other smaller genes we analyzed here which only required a Single Detection Sequence.
Combined, the two Detection Sequences provided enrichment for a >150 kb stretch of DNA that included all of BRCA2
whereas hybridization capture just provided the ~85 kb “on-gene” coverage. Short-read sequencing presented here has an
average depth of 500-600x for hybridization capture (~85 kb) and 100-300 for Xdrop™ (~150 kb) . Noteworthy is the
considerable variation in sequencing depth across BRCA2 resulting from the hybridization capture enrichment compared
to the very even coverage achieved with Xdrop™ (where less sequencing data was analyzed). The specific mutation BRCA2
6174delT was detected on both platforms.

CLU
The CLU or Clusterin gene is ~20 kb in size and located on Chromosome 8p21. The gene is very GC rich and exhibits
alternative splicing to generate two major protein isoforms. One localizes to the nucleus (CLU1) to induce apoptosis,
while the second is secretory and inhibits apoptosis. Clusterin is implicated in Alzheimer’s disease where it modulates
pathways such as inflammation and apoptosis and acts as an amyloid-beta (Ab) chaperone that alters Ab aggregation
and clearance.
For the CLU comparison, we used genomic DNA from HeLa Cell line (New England Biolabs). With high CG content, CLU
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can be problematic during enrichment and sequencing. However, in our comparison, both hybridization capture and
Xdrop™ perform very well. Both methods in the figure below display an average 500–800x sequencing depth, though
hybridization capture enrichment resulted in higher depth variation across the sequenced 20 kb DNA stretch. Xdrop™
generated very even coverage of CLU and captured sequence information from >80 kb around the target.

DMPK
The DMPK or myotonic dystrophy protein kinase gene is ~15 kb gene located on chromosome 19q13.32 and contains
both Alu repeats and unstable CTG trinucleotide repeat. Located in the 3’ untranslated region of DMPK, these
trinucleotide repeats cause mytonic dystrophy type I when the normal 5–37 copies expand to 50–5,000 copies.
Disease severity is correlated with copy number. Though the specific function of DMPK is unknown, it appears to play
a role in muscle, heart, and brain cells. Sequencing depth along the 15 kb DNA stretch enriched with hybridization
capture was overall successful but failed to cover central regions of DMPK that contain Alu repeats where the
SureSelect design algorithm is unable to design capture probes. The Xdrop™ enrichment provided coverage across a
genomic region >50 kb including DMPK. Both platforms display in the figure below a comparable average depth of 650–
1000x for the target gene region.
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Conclusions
Turnaround time from design to sequencing results could be as short as one week for Xdrop™, while 5-7 weeks are
needed only for the design and synthesis of hybridization capture probes. Moreover, Xdrop™ can be exploratory applied
to one or few samples with a small investment of few hundred dollars, while hybridization capture focuses high samples
throughput (with min. 16 samples) and multiplexing, with higher associated cost. Moreover Xdrop™ can successfully
explore the broader genomic context of sequence variants including difficult regions, thanks to its indirect sequence
capture technology and the compatibility with both long- and short-read sequencing.

Sequencing read length
Overage across GC rich regions and repeats
Flanking regions included
PCR
Oligos required
Turnaround time for custom assay
Cost per sample (without sequencing)
Best use case
Breadth of coverage

1.

Xdrop™

Hybridization capture

Short- and long-read sequencing

Short-read sequencing

Even

Uneven

Yes

No

PCR-free (no bias)

PCR-based

2

Thousands

1 day

5–7 weeks

200 USD/sample

390 USD/sample (min. 16 samples)

Flexible system to examine in detail
few targets in <100 samples
~100 kb per Detection Sequence
(only one primer set needed)

Multiplexed system to sequence many (predesigned) targets in many samples
Probe-dependent

Gnirke, A., et al. 2009. Solution hybrid selection with ultra-long oligonucleotides for massively parallel targeted sequencing. Nature Biotech. 27: 18
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