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ABSTRACT

Cas9-assisted targeting of DNA fragments in com-
plex genomes is viewed as an essential strategy to
obtain high-quality and continuous sequence data.
However, the purity of target loci selected by pulsed-
field gel electrophoresis (PFGE) has so far been in-
sufficient to assemble the sequence in one contig.
Here, we describe the pnLAS technology to capture
and purify high molecular weight DNA. First, the tech-
nology is optimized to perform high sensitivity DNA
profiling with a limit of detection of 20 fg/ul for 50
kb fragments and an analytical time of 50 min. Then,
1LAS is operated to isolate a 31.5 kb locus cleaved by
Cas9 in the genome of the plant Medicago truncatula.
Target purification is validated on a Bacterial Artifi-
cial Chromosome plasmid, and subsequently carried
out in whole genome with pLAS, PFGE or by combin-
ing these techniques. PacBio sequencing shows an
enrichment factor of the target sequence of 84 with
PFGE alone versus 892 by association of PFGE with
RLAS. These performances allow us to sequence and
assemble one contig of 29 441 bp with 99% sequence
identity to the reference sequence.

INTRODUCTION

The emergence of third generation sequencing technologies
with long-read capabilities has raised great interest to speed
up the production of quality sequencing data (1,2). How-
ever, de novo assembly of plant genomes remains a feat due
to their complexity in terms of size, polyploidy or high per-
centage of repetitive elements (3). In situations where whole
genome sequencing is not necessarily required, sequence
capture methods appear to offer a relevant solution to ob-
tain reliable and very high quality sequence assembly in
large genotype panels with advantages with respect to time
to results and computational cost. This statement is partic-
ularly true for crop improvement, in which the key challenge
consists in linking a phenotype to a genomic region mapped
with great precision, i.e. with no gaps or misassemblies (4).

For sequences of less than 10 kb, specific enrichment is
mostly achieved using polymerase chain reaction amplifi-
cation or by array capture (5). Yet, the typical size of e.g. a
human gene is 10-15 kb (6), requiring the use of multiple
amplification reactions that can only be performed in doc-
umented genomic regions. For longer tracks with a high de-
gree of polymorphism (7), the multifunction CRISPR /Cas9
technology (8-10) has been viewed as a unique oppor-
tunity to overcome some limitations of current methods,
which require whole-genome clone libraries and haplotype-
specific iterative sequencing (11,12). This approach, called
CATCH (Cas9-Assisted Targeting of CHromosome seg-
ments) or CISMR (CRISPR-mediated Isolation of Specific
Megabase-size Regions of the genome), has been imple-
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mented to isolate a gene target of 100 kb in bacteria (13,14),
as well as a 200 kb target containing BRCA1 gene in the
human genome (15) or a 2.3 Mb region in mouse (16). Af-
ter Cas9-directed restriction, the target region is isolated
according to its size using pulsed field gel electrophoresis
(PFGE). Direct sequencing of the purified DNA fragment,
which was characterized by a maximal enrichment of ~200-
fold, enabled mapping and exploration of structural diver-
sity but the assembly of the sequence in one contig remains
to be reported.

We recently introduced the DNA processing technol-
ogy wLAS (17), which allows us to perform the opera-
tions of separation and concentration by tuning electro-
hydrodynamic actuation in viscoelastic (VE) liquids (18).
In the size range 100-1500 bp, this technology reached
good detection performances down to 10 fg/pl (19) and
proved to be efficient to detect the expansion of genes im-
plicated in neurodegenerative diseases (20). Briefly, when
DNA molecules conveyed in a Poiseuille flow are subjected
to counter electrophoresis, a transverse force oriented to-
ward the capillary walls appears (Figure 1A). Because this
transverse force builds up with DNA molecular weight,
long molecules are dragged closer to the wall than smaller
ones, which are transported at a faster hydrodynamic ve-
locity (Figure 1B). Hence wLAS separation is operated in
continuous flow. We thus reasoned that it was well-suited
for DNA purification and collection of target fragments
defined by CRISPR /Cas9 restriction. To prove this asser-
tion, we first established the settings to separate, concen-
trate, and detect DNA molecules of high molecular weight
(HMW) spanning 3-200 kb. We report a limit of detec-
tion (LOD) of 20 fg/p.1 for fragments of 50 kb, equivalently
360 molecules/ .1, for an analytical time of 50 min. We also
demonstrate the isolation, sequencing and assembly of a lo-
cus of 31.5 kb fragment extracted from a BAC clone and
from genomic DNA (gDNA) of the plant Medicago trun-
catula (2,21). In comparison to PFGE alone, wLAS selec-
tion enables us to increase the enrichment factor of the tar-
get fragment by a factor of 4- to 10-fold. We finally discuss
the relevance of our technological development for HMW
DNA isolation and its usefulness for targeted sequencing in
complex genomes.

MATERIALS AND METHODS
Chemical and instrumentation

Molecular biology grades chemicals were purchased from
Sigma-Aldrich (France). The buffer of the experiments was
TBE 1x (Tris—HCI 89 mM, boric acid 89 mM, ethylene-
diaminetetraacetic acid (EDTA) 1 mM, pH = 8.3) sup-
plemented with different PVP polymers purchased from
Sigma-Aldrich, BASF or custom-synthesized by the IM-
RCP laboratory. Quick-Load® 1 kb Extend DNA Ladder
(# N3239S) was purchased from New England Biolabs and
used at 1 ng/pl in separation experiments by wLAS. The
Lambda Ladder PFG Marker (New England Biolabs) was
used for PFGE experiments. The intercalating dye (Pico-
metrics Technologies, France, # 16-BB-DNA1K/01) was
used at a 2x final concentration in the buffer solution. All
the solutions were filtered at 0.22 pm.
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Measurements and sample purification were performed
with an Agilent 1600CE system (Germany) equipped with
a Zetalif LED 480 nm detector (Picometrics Technolo-
gies, France). Fused silica capillaries were purchased from
Polymicro Technologies (Phoenix, USA). Two different
capillary systems have been used in this study. Capillary sys-
tem 1 consists of a single capillary of 50 pm in diameter and
1 m in length. Capillary system 2 is an assembly of a large
capillary of 320 wm in diameter with two smaller capillaries
of 50 wm, as described in (19). Electrokinetic injection was
used at 100 V/cm for 10 s in separation experiments. Hy-
drodynamic injection at 50 mBar during 180 s was used for
concentration and collection experiments.

Quantification of resolution, DNA size, concentration and
limit of detection

Resolution between two peaks is defined by
R = 2(t; — t;)/(w; +w;) with t; and w; the time of
passage and width of band i. Rsy corresponds to the
resolution between the 20 and 50 kb bands in the ladder.
Quantification and sizing precision were estimated using
the kb extend DNA ladder as reference with the methods
described in (19). The LOD was calculated by linear ex-
trapolation of the DNA concentration corresponding to a
signal to noise ratio of three from the four dilutions. Noise
was estimated with Open LAB CDS (Agilent Technologies)
software using a lag of 1 min at the beginning and the end
of the experiment (Supplementary Figure S1).

BAC and genomic DNA agarose plug production

The Mth2-17015 (CR931730) M. truncatula BAC clone
containing the 31.5 kb region was isolated from the Mtr-B-
mth2 M. truncatula BAC library available at the CNRGV
(https://cnrgv.toulouse.inra.fr/library/genomic_resource/
Mtr-B-%20mth2). The BAC clone was extracted with the
NucleoBond® Xtrac Midi Plus kit (Macherey-Nagel)
following the manufacturer’s instructions using 100 ml of
LB media with a chloramphenicol selection at 12.5 wg/ml.
Agarose plugs with BAC DNA were produced by mixing
40 pl of an agarose solution InCert®) (Lonza) at 1.5%
with 40 wl of BAC DNA at 50 ng/pl during 10 min at
45°C. The plugs were then casted in CHEF Mapper® XA
System 50-Well Plug Mold (BioRad) placed on ice and
incubated at 4°C for 30 min. The plugs were stored in a
buffer containing 10 mM Tris—HCI (pH = 7.4) and EDTA
1 mM (TE) at 4°C.

Agarose plugs with genomic DNA were produced from
40 g of fresh A17 M. truncatula leaves at the three-leaf
seedling stage pretreated in the dark for 2 days, following an
adjusted version of the protocol published by Zhang et al.
(22). The main modification is the step of nuclei centrifuga-
tion and washing performed at 2400 g in order to take into
account nuclei and genome sizes. The resulting material was
dissolved in 40 agarose plugs of 80 pl at an agarose concen-
tration of 0.75%. gDNA was extracted in the plugs with the
lysis buffer of (22), washed and treated with 0.1 mM Phenyl-
methylsulfonyl fluoride. The plugs were finally stored in TE
at 4°C.
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Figure 1. Mechanism of DNA separation by wLAS. (A) The panel shows the parabolic profile of the Poiseuille flow in blue and the counter electrophoretic
force in red, which are responsible for DNA transport. In a viscoelastic fluid, a transverse force oriented toward the capillary walls occurs. (B) The amplitude
of transverse viscoelastic forces is size-dependent and DNA molecules are transported along different streamlines according to their molecular weight.

Cas9 digestion

The sgRNA were designed using the Crispor V4.3. software
(23; http://crispor.tefor.net/), their target sequence being
GTTTGTTAATTCTCGACCGG(AGG) and CTGCTC
GACAATTTCACCAG(AGG) in Medtr5g005120.1 and
Medtr5g005050.2 (the 3 nucleotides in parenthesis corre-
spond to the PAM sequence). The RNA guides provided
by Integrated DNA Technologies were rehydrated and com-
plexed using IDT Nuclease-Free Duplex Buffer following
the supplier recommendations at 300 ng/l. Before starting
the Cas9 digestion reaction, the plugs were washed in fresh
TE during 1 h at room temperature with agitation at 450
rpm, as recommended in (14). Each plug was then cut into
32 pieces and pre-incubated in 2 ml of 1 x Cas9 nuclease re-
action buffer (New England Biolabs) at room temperature
with agitation at 450 rpm during 30 min. In parallel, 12 pg
of each sgRNA was pre-incubated with 40 pmol of EnGen
Cas9 NLS (20 pM, New England Biolabs) in 1x Cas9 re-
action buffer at 25°C during 30 min. The two sgRNA com-
plexes were finally incubated with gDNA in the plugs during
2 h at 37°C. To stop Cas9 digestion, 240 wg of Proteinase
K (20 mg/ml) was added and incubated during 3 h at 43°C.
The plugs were eventually rinsed in 1 x TE by overnight in-
cubation at 4°C.

PFGE, electroelution and FEMTO Pulse® analysis

PFGE was used for (i) removing small DNA from the
gDNA plugs, (ii) quality control or (iii) separation and iso-
lation of the fragment of interest. (i) Small and medium
MW DNA were removed from the plugs by running a short
PFGE cycle of 1 hina 1% agarose gel in 0.25x TBE at 12°C
with an electric field of 9 V/cm, 120° tilt angle, 0.5 s initial
switch time, 1.5 s final switch time, linear ramping (CHEF
Mapper® XA Pulsed Field Electrophoresis System (Bio-
Rad). The plugs were eventually removed from the PFGE
stage and stored in TE at 4°C. (ii) Quality control of HMW
DNA plugs was carried out by running a long PFGE cy-
cle of 24 h. One half of a plug was placed on a 1% agarose
gel in 0.25x TBE and the electric field was set to 6 V/cm,
120° tilt angle, pulse time 60120 s, linear rampling at 12°C
(Supplementary Figure S2). In order to evaluate DNA con-
centration in the plugs, one half of a plug was melted at
70°C for 2 min and digested by 1 unit of Agarase (Thermo

Fisher Scientific) during 45 min at 43°C. DNA concentra-
tion was determined with the Qubit™ dsSDNA BR Assay Kit
and the associated Qubit 3.0 Fluorometer (Invitrogen) after
10 min of sonication. (iii) The separation of the fragment
of interest from the bulk of gDNA was performed in a 1%
agarose 0.25x TBE PFGE gel was casted with a low melt-
ing window following Peterson and collaborators protocol
(24). The NEB Lambda Ladder PFG Marker and the BAC
DNA digested by Cas9 were used as size makers. The Cas9
digested plug pieces were run for 16 h with the following
conditions: 6 V/cm, 120° tilt angle, pulse time 5-15 s, lin-
ear ramping at 12°C. A band corresponding at the 30 kb
fragment size was cut from the gel. The DNA was eluted in
about 100 wl of TBE 1x from the plug pieces using the Bio-
Rad 422 Electro-Elutor for 2 h following the manufacturer’s
recommendations. The DNA fragments were analyzed on
the FEMTO Pulse® Automated Pulsed-Field CE Instru-
ment (Advanced Analytical Technologies) with the gDNA
165 kb methods.

PacBio sequencing

The 31.5 kb fragments isolated from BAC or gDNA were
amplified using the whole genome amplification (WGA)
kit Illustra GenomiPhi V2 DNA (GE Healthcare) start-
ing from 2 pl of material. The amplified fragments were
pooled for the construction of a SMRT® library using the
standard Pacific Biosciences preparation protocol for 10
kb library with Barcoded Adapters. It was sequenced in
one SMRT cell using the P6 polymerase with C4 chem-
istry. Sequencing was performed on a PacBio RSII se-
quencer at the INRA sequencing platform GeT-PlaGe in
Toulouse, France (http://get.genotoul.fr/la-plateforme/get-
plage/) or the NGI Platform in Uppsala, Sweden (http:
/Isnpseq.medsci.uu.se/about-us/ngi/).

Bioinformatics analysis

The data were demultiplexed and filtered, low quality reads
(read quality <0.75 and read length <500 bp) were re-
moved. As WGA generates chimeric reads, filtered reads
were then mapped against their corresponding reference -
BAC clone (GenBank CR931730.1) for the BAC sample,
and the sequence of the v4.0 M. truncatula genome for
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gDNA samples- with minimap?2 once with option -cx map-
pb—secondary = n to generate PAF format output and once
with the option -ax map-pb —secondary = n to generate
SAM format output (25). This step allows the splitting of
chimeric reads, and non-chimeric corresponding fastq se-
quences were generated using homemade python scripts.
Those sequences were then assembled and corrected with
the pipeline of the CANU assembler (26). Using samtools-
1.8 (27), the SAM files were sorted and indexed with func-
tion sorted and index, then depth coverage of the target re-
gion and the rest of the matrix were estimated with the func-

tion bedcov. Enrichment was calculated as the ratio of the
mean depth of the targeted region over the mean depth of

the other part of the genome:
E=

(Number of sequenced bases of the targeted region / Length of the region)

(Number of all sequenced bases except the targeted region/Length of the genome except the targeted region)

(1)

Coverage along the genome was calculated using the
function depth and plots coverage were generated using R-
3.4.3 (R Core Team 2017, https://www.r-project.org/).

RESULTS

Viscoelastic fluid formulation for high molecular weight DNA
separation by pnLAS

DNA separation and concentration by wLAS is dictated by
transverse migration in VE liquids (18). Viscoelastic prop-
erties are conferred to the separation buffer by addition of
the neutral polymer Polyvinylpyrrolidone (PVP). For DNA
molecules of less than 1 kb (19), we used PVP chains of
HMW and a volume concentration of 5%, which was as-
sociated to a viscosity of 30 mPa.s and an elasticity of 0.7
Pa (18). The isolation of longer fragments of ~30 kb re-
quired the definition of an appropriate VE fluid formulation
and the associated flow actuation conditions. Eight differ-
ent PVP polymers with average molar mass (M) spanning
10 to 360 kDa have been purchased or custom-synthesized
((28), Table 1). For each PVP, we carried out series of sepa-
ration experiments on the capillary system 1 (see ‘Materials
and Methods’ section) with a ladder containing 13 bands
in the range 0.5-50 kb using the resolution Rs) between the
bands of 20 and 50 kb as readout (see the definition in ‘Ma-
terials and Methods’ section).

We first selected PVP of 40 kDa as reference for bench-
marking the polymer library (Table 1), and optimized
HMW DNA separation by tuning its concentration, the
flow velocity and the electric field. PVP 40 kDa was thus dis-
solved in a buffer for electrophoresis at four different con-
centrations spanning 2-20%, which corresponded to vis-
cosities of 1.4-18.6 mPa.s, respectively. The chromatograms
shown in Figure 2A were obtained for a mean flow velocity
v, set to 1.5 mm/s, and electric fields adjusted to optimize
Rsy as reported in Supplementary Figure S3. We noticed
that Rsy increased from 0.7 to 2.3 as the concentration of
PVP decreased from 20 to 5%, and then decreased to 1.7
for a concentration of 2%. Notably, v,, was set to 1.5 mm/s
because we obtained an optimal Rsy of 2.3 with a minimal
separation time of 15 min in a parameter space defined by
a flow velocity in the range 0.6 to 20 mm/s and an electric
field spanning 10 to 50 V/cm (Figure 2B and C). This first
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set of experiments therefore showed that HMW DNA sep-
aration required a formulation of PVP characterized by a
viscosity 15-fold lower, as well as settings for the flow ve-
locity and electric field 10-fold lower than the conditions to
separate molecules of 0.1-1 kb (19).

We then compared the different PVP polymers by dis-
solving them at a concentration that corresponded to a
viscosity of 2.6 mPa.s, i.e. as for 5% PVP 40 kDa, as re-
ported in Table 1. The flow velocity was set to 1.5 mm/s.
Using HMW PVP of 360 kDa or k90 (Table 1), the resolu-
tion Rsy was lower than 1.3, showing that long PVP chains
were not adequate for HMW DNA separation. Optimal
separation performances with an optimum Rsy of 3.0 were
achieved with custom-made PVP of 43 kDa (Figure 2D).
The separation was performed in ~15 min, and the the-
oretical number of plates per meter was ~4.10° plates/m
for the 50 kb peak. This result compared well to the best
reported value of 10° plates/m obtained with nanofabri-
cated pillar matrices (29). It was also much greater than
103 plates/m achieved with matrix-free separation based on
cyclic electro-hydrodynamic actuation (30). Further, using
this optimal PVP formulation, we could separate a sample
containing four bands of 50, 100, 150 and 210 kb in 1 h (Fig-
ure 2E). This time to result was faster than the 4 h required
by PFGE (31). Altogether, this study shows that wLAS is
relevant to perform DNA separation in the size range 3—
210 kb in less than an hour with a resolution in the range of
1-3 (Figure 2F).

HMW DNA concentration and determination of the limit of
detection

The wLAS technology allowed us to concentrate DNA
molecules of 0.1-1 kb at the junction of two capillaries of
different diameters (19). For this study, we engineered the
capillary system 2 composed of a large and a narrow capil-
lary of 320 and 50 wm in inner diameter, respectively (Figure
3A). The large capillary component serves to accommodate
an injected volume of ~2 .1, i.e. 1000 times more than that
of conventional CE. The long narrow capillary is dedicated
to size separation. In capillary system 2, concentration op-
erations were carried out by delivering a high electric field,
which impeded the migration of DNA molecules in the sep-
aration channel and forced DNA enrichment at the con-
striction. The electric field was then progressively reduced
in order to allow the migration of the DNA species in the
separation channel. A typical concentration and separation
experiment is reported in Figure 3B. The first concentration
phase lasts 10 min with a flow velocity set to 1.5 mm/s and
a high electric field of 165 V/cm (red curve in Figure 3B).
During the next 30 min, the electric field was gradually re-
duced to 25 V/cm (red curve in Figure 3B), i.e. the separa-
tion conditions defined in the previous paragraph. Notably,
the progressive decrease of the electric field allowed us to
maintain good separation performances after the concen-
tration phase because the resolution Rsy remained equal to
three with this two-step process (black curve in Figure 3B).
Furthermore, we performed multiple analysis of the ladder
sample and determined an accuracy in sizing of 3% and
quantification of 13% for a 50 kb fragment (Supplemen-
tary Tables S1 and 2). The overall analytical process took
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Table 1. Characteristics of PVP polymers
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Sigma 10 Custom BASF k30 Custom30 Sigma 40 Custom 43 BASF k90 Sigma 360
PVP kDa 12.5kDa ©) kDa kDa (**) kDa 1) kDa
M, (kDa) 9.3 12.5 14 30.3 26.5 43.6 325 427
M,, (kDa) 16.4 13.5 50 41.1 59.3 66.2 1400 740
Concentration for a 10% 8% 5% 4% 5% 3% 2.5% 0.7%
viscosity of 2.6 mPa.s
Resolution Rsp 1.5 2.8 1.5 2.1 2.3 3.0 1.3 1.0

Eight PVP formulations are compared according to their number average molecular weight Mn, average molecular weight Mw, mass:volume concentration
corresponding to a viscosity of 2.6 mPa.s and separation performance based on resolution between the 20 and 50 kb fragments. Structural properties are
inferred from supplier information (marked with {) or chromatography, as described in (28). The Sigma 40 kDa marked with two asterisks corresponds to

the reference formulation in our study.

~50 min, and the LOD, as measured from the analysis of
serial dilutions of the kb extend DNA ladder (Supplemen-
tary Figure S1 and Table S3), was 13 and 20 fg/ul for the
bands of 10 and 50 kb, respectively. For comparison, we es-
timated the gain in sensitivity of ~1000-fold using the capil-
lary system 2 versus the conventional linear capillary system
1 (not shown). Using a preconcentration strategy based on
conventional electrokinetic stacking, an LOD of 2 pg/ul,
i.e. two orders of magnitude higher than with wLAS, has
been reported for a fragment of 50 kb (32). The LOD re-
ported in this study is also 15-fold enhanced in comparison
to state-of-the-art commercial systems, such as the FEMTO
Pulse® of 300 fg/ul. The recent microfluidic technologies
based on molecular rheotaxis reached better performances
with an LOD of 5 fg/pl (33), yet this analytical instrument
has not been reported to be adequate for DNA purification.

Capture of a 30 kb fragment

We then decided to exploit wLAS to separate, collect and
purify a fragment of ~30 kb. Sample purification was
achieved by monitoring the travel time of the sample in the
separation channel and defining a temporal window for col-
lecting the target fraction in a fresh tube placed on the car-
rousel of the capillary electrophoresis system, as schema-
tized by Figure 3A. In order to calibrate the size selection
window, we used a broadly distributed sample (black curve
in Figure 4A) and collected fractions during 16, 8 and 2 min.
Note that we performed the operation of selection by inject-
ing ~125 pg of material in a volume of 2 .l in the capillary
system in order to avoid uncontrolled DNA leak during the
concentration phase associated to the saturation of the con-
centrator (manuscript in preparation). Because we wished
to collect a total volume of ~25 pl to meet the requirements
of downstream molecular biology operations, in particular
WGA (see below), the sample collection procedure was au-
tomatically repeated ten times consecutively.

The three different fractions were subsequently analyzed
by wLAS, showing the successful fractionation of the sam-
ple (compare the red and black curves in Figure 4A). As
the collection decreased from 16 to 2 min, we noted that the
DNA mass decreased and that the size distribution of the
purified sample was narrowed down (red and blue curves
in Figure 4A). Using a Gaussian fit to determine the trace
amplitude and full width at half maximum (FWHM), we
could show that the DNA mass increased linearly with the
collection time following a slope of 11 pg/min (dashed black
line in Figure 4B). Furthermore, the FWHM decreased by

a factor of 3 from 15 kb to 4.4 kb for 16 and 2 min of col-
lection. In order to reach a compromise between mass and
size selection window, we chose a collection time of 6 min
(red dashed vertical line in Figure 4B), which corresponded
to a FWHM of 10 kb, as confirmed by the characterization
shown in Supplementary Figure S4.

We then performed a model purification experiment us-
ing a 97 kb BAC clone from M. truncatula (see ‘Materials
and Methods’ section), in which we identified two sgRNA
for Cas9 restriction to produce two molecules of 31 512 and
65 337 bp, hereafter referred to as the 31 and 65 kb frag-
ments. Our process of purification and cleavage was carried
out by embedding 1.5 pg of BAC DNA in agarose plugs
in order to emulate standard protocols for gDNA purifica-
tion (see below). Quality control of the digestion reaction
was performed by PFGE and wLAS, showing three bands
around 100, 70 and 30 kb corresponding to the linearized
BAC and the two cleaved fragments (Supplementary Fig-
ure S5). The yield of the cutting reaction was 93% according
to profiling and titration with the FEMTO Pulse® system
(Supplementary Figure S5C and Table S4). At last, the di-
gested BAC DNA was electroeluted from the agarose plug,
resulting in a solution of 106 wl of DNA at a concentra-
tion of 25 ng/ul, as inferred from Qubit Fluorometry. The
amount of DNA after electroelution of 2.6 wg was nearly
twice that of the input material, suggesting that sgRNA
contributed to ~50% of the fluorescence signal. The anal-
ysis of the electroeluted sample with wLAS confirmed this
hypothesis (black curve in Figure 4C), because the detec-
tion of a strong and broad fluorescence peak during the
concentration phase is very likely associated to the passage
of sgRNA, which are too small to be retained at the junc-
tion during the concentration step. Furthermore, the two
peaks of 31 and 65 kb were resolved during the separation,
and an HMW residue that corresponded to the linearized
BAC clone was detected as a shoulder after the 65 kb peak.
The concentration of the 31 kb DNA fragment was 3 4+ 0.4
ng/wl based on our calibration with the kb extend DNA
ladder (Supplementary Figure S5), meaning that the yield
of the collection process was 70 = 9%.

Figure 4C reports the characterization of the fractionated
sample, showing the discard of sgRNA and most of the 65
kb fragments. Specifically, a residual intensity signal in the
65 kb region was recorded, corresponding to ~8 £+ 1% of
the total signal. We thus deduced that the purification rate
was ~92 + 2%. The final product concentration was 4 +
0.5 pg/pl, equivalently 100 4 13 pg were recovered and the
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Figure 4. Capture of a 31 kb DNA fragment from a BAC clone. (A) The chromatogram shows a broadly distributed DNA sample (black curve), and the
result of its fractionation with different collection times, as indicated in the legend (red, green and blue curves). The dashed black curve corresponds to
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yield of the DNA isolation process was 67 + 9%. The puri-
fied 31 kb fragment was then amplified using WGA in or-
der to produce at least 8 wg of DNA for PacBio RSII long
read sequencing. We obtained 6124 reads, among them 5856
mapped against the published sequence of the Mth2-17015
BAC clone (Table 2). The average read depth was 1525x
for the 31 kb region of interest and of 129x for the rest of
the BAC clone (Figure 4D). We calculated the enrichment
factor by comparing the depth of coverage in the region of
interest against the rest of the BAC clone sequence and de-
duced an enrichment factor of 11.9. The reproducibility of
this selection strategy was confirmed by running the isola-
tion and sequencing experiment in triplicate, showing en-
richment factors of 12.7 and 10.8 for the two other repeats
(Table 2). Using the CANU assembler (26), we obtained
a consensus sequence with 1 contig of 31 009 bp (Supple-
mentary Data Sequence ‘Contig CATCH_30kb_BAC’) rep-
resenting 98% of query coverage with 99% of identity and 47
gaps with the reference sequence using the Blast 2 sequences
online software (34). In Figure 4D, the alignment of the se-
quences against the BAC reference shows a residual peak in
the complementary region of the target representing ~1/12
of the sequences, in very good agreement with our purifica-
tion rate estimated from the chromatograms in Figure 4C.
The average read depth of 1525 x nevertheless allowed us to
obtain an assembly of the sequence of interest in a unique
contig.

Capture of a fragment of interest from plant genomic DNA

We finally focused our study on the capture of the same
31 kb fragment in the 450 Mb genome of M. truncatula
(2). The fragment of interest represents a fraction of 7.107>
of the genome. After cas9 targeting, three different capture
methods have been compared (Figure 5). As a reference and
for comparison to recent studies (15,16), DNA sequencing
has been performed on a sample obtained by the standard
method of band excision after PFGE and electro-elution
(method 1, lower arrow in Figure 5). The same electro-
eluted sample has been processed by wLAS to evaluate the
benefit of this technology for sequencing (method 2, middle
arrow in Figure 5). At last, method 3 consisted in directly
performing size selection by wLAS without PFGE (upper
arrow in Figure 5).

For this study, twenty agarose plugs were prepared, each
containing ~10 ng of gDNA. Assuming the Cas9 digestion
reaction to be complete, we expect the maximal mass of 31
kb fragment to be 0.7 ng per plug. For method 3, we first
analyzed the size distribution of the Cas9-digested gDNA
electroeluted from the plug, hoping that the agarose mesh-
work would trap chromosomes and allow the migration of
the 31 kb fragment. The resulting material was character-
ized by a broad size pattern in the range 20 to more than
100 kb without any specific signature at 30 kb (blue curve in
Figure 6A). In addition to the fact that this profile was ob-
served with or without Cas9 restriction (not shown), the to-
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tal mass of Cas9-digested gDNA recovered after electroelu-
tion was 300 ng, i.e. 400 times more than the expected mass
of the 31 kb fragment. This result indicated that despite
careful nuclei isolation and elimination of small residues
by a pre-conditioning step of PFGE (see ‘Materials and
Methods’ section), gDNA degradation remained detectable
in the form of an heterogeneous pool of molecules escap-
ing from the meshwork of the gel. It was in fact consistent
with the documented challenge of preparing quality gDNA
from plants in particular due to the damage during the leave
grinding step (22,35). The resulting material was neverthe-
less purified by wLAS using the selection window of 31 £
5 kb (Supplementary Figure S5). We collected 20 pl at 4
pg/wl, as plotted by the red curve in Figure 6C. This purified

sample was then amplified, sequenced, and we obtained an
enrichment of 56 associated to a low coverage for the target
sequence of 4.3 that was insufficient for sequence assembly
(not shown).

We then moved to methods 1 and 2, which both involve
the reference technology of band excision after PFGE as
first step of the protocol. Band excision and electro-elusion
at ~30 kb allowed us to collect 10 ng of gDNA per plug
(Supplementary Figure S6). Although this quantity still
represents 15 times more than the 0.7 ng expected for the
31 kb locus, we could detect the presence of the 31 kb frag-
ment as a spike in a broad smear pattern in the range 10—
60 kb (red curve in Figure 6B). We further confirmed the
presence of this 31 kb peak performing FEMTO Pulse®
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Table 2. The table presents sequencing data obtained with the different purification methods shown in Figure 5 and for the three repeats on BAC DNA

Mapped bases
Method # bases (bp) # reads N50 on target region  Cov target Cov matrix Enrichment

BAC 30 kb 60 657 835 12 056 7401 74% 1422 112 12.7

59 356 468 6124 12 665 80% 1525 129 11.9

106 274 884 14 161 8428 78% 2592 241 10.8
ADNg—Method 1 679 211 859 134 435 5593 0.5% 103 1.2 84
ADNg—Method 2 325120 000 43 863 8268 4.6% 448 0.5 892

750 242 645 101 146 8264 2.2% 498 1.2 416
ADNg—Method 3 43 882 868 9725 6415 0.3% 4.3 0.08 56

analysis (Supplementary Figure S6B). Notably, we detected
the same smear pattern, yet without any spike, for the neg-
ative undigested control (green curve in Figure 6B). This
control suggested that gDNA degradation occurred dur-
ing extraction, but marginally during the cleavage reaction
through Cas9 non-specific activity. We estimated that the 31
kb fragment represented ~2.5% of the total DNA mass in
the smear pattern, meaning that we collected 0.26 + 0.03 ng
of 31 kb fragment. The overall recovery yield was therefore
37 £ 5%.

We then purified the 31 kb fragment using wLAS with
a size selection window centered at 31 kb with a breadth
of + 5 kb. We injected ~0.2 ng of DNA in the capillary
device and fractionated the sample 10 times consecutively
to obtain 25 pl at 3 pg/pl (black curve in Figure 6D). We fi-
nally performed WGA and sequenced the product with the
PacBio RSII. The control solely based on PFGE purifica-
tion (method 1) allowed us to collect 139 450 reads among
which 93% mapped against the published genome of M.
truncatula (Table 2). The coverage was 103 x for the target
fragment and 1.2x for the rest of the genome, meaning that
the enrichment factor was 84 (Figure 7A). This result was
consistent with recent reports, in which enrichment factors
of 237, 75, 174 and 39 for captured sequences of 200, 263,
610 and 2300 kb, respectively, have been obtained (15,16).
A fastq file of sequences that mapped in the target region
was generated and assembled with CANU into two non-
overlapping contigs of 18 733 bp (Supplementary Data
Sequence ‘Contigl _ CATCH_30kb_ ADNg_Method1’)
and 7760 bp (Supplementary Data Sequence ‘Con-
tig2_ CATCH_30kb_ADNg_Method1’). Further selection
of the target genomic locus with wLAS after PFGE
(method 2) led to 43 863 reads of which 94% mapped
against the published sequence of M. truncatula (Fig-
ure 7B). We obtained a 448x coverage of the region of
interest and a final enrichment factor of 892 that was
4- to 10-fold improved in comparison to PFGE alone.
A fastq file of sequences mapping in the target region
was generated and assembled with CANU in one contig
of 29 441 bp (Supplementary Data Sequence ‘Con-
tig_ CATCH_30kb_ADNg_Method?2’) representing 93% of
query coverage with 99% of identity and 11 gaps with the
reference sequence according to Blast 2 software (34).

At last, we noted that the enrichment of the target se-
quence was critically dependent on the quality of gDNA
prior to size selection operations. We indeed performed an-
other independent experiment for which the 31 kb fragment
did not step out from the smear pattern of the gDNA sig-
nal after purification by PFGE (Supplementary Figure S7).

Because gDNA concentration was 1.1 ng/pl, i.e. nearly five
times more than the previous sample characterized in Fig-
ure 6B, and since we used the same input for both exper-
iments, we concluded that the absence of the 31 kb peak
stemmed from an excess of degradation prior to its pro-
cessing. Using wLAS to isolate the 31 kb fragment from
the smear, we obtained an enrichment factor of 416, i.e.
2.1 times lower than with the other sample (second line of
Method 2 in Table 2), yet still higher than in every study
based on PFGE alone (15,16). Keeping the same bioin-
formatics settings to process the resulting sequence data,
we obtained two contigs instead of one. Hence, quality se-
quence data based on size selection procedures (PFGE or
wLAS) rely on minimal damage during the purification of
genomic DNA. Although our two experiments cannot be
considered as duplicates per se, the 2.1-fold difference in
enrichment rate that we report appears to be comparable to
that obtained from a triplicate with the CISMR technology,
which showed 2.2-fold difference in enrichment (16).

CONCLUSION

We presented a simple and versatile technology to perform
the operations of DNA concentration, separation and pu-
rification. We first optimized the formulation of the vis-
coelastic solution for HMW DNA separation for fragments
of up to 50 kb. We then engineered a capillary system to con-
centrate DNA samples and reach a LOD of ~10 fg/pul for
the 50 kb fragment. At last, taking advantage of the fact
that wLAS technology is operated without separation ma-
trix, we developed an assay to capture a fragment of inter-
est of 30 £ 5 kb. The technology was subsequently applied
to Cas9 directed targeted sequencing of a 31.5 kb fragment
from the plant M. truncatula. Compared to PFGE alone,
our method increases the target sequence enrichment by a
factor of ~10 and enables the assembly of a unique contig
of the sequence of interest with 99% of identity to the refer-
ence sequence.

Due to the presence of residual plant gDNA degradation
products, we also report that wLAS has to be performed
in conjunction with PFGE in order to obtain optimal re-
sults. Because the residues can hardly be eliminated by size
selection technologies alone, we suggest that the sensitivity
of wLAS constitutes an additional advantage for targeted
sequencing. Indeed, high sensitivity sizing is suited to guar-
antee an optimal purity based on rigorous quality control
of virtually every step of the purification, digestion and cap-
ture process. In some sense, wLAS complements the efforts
in enzyme engineering to improve Cas9 digestion efficiency
and reduce off-target restriction (36). Given that human
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Figure 7. Sequencing of the 31 kb DNA fragment purified by methods 1 and 2. (A) The graph presents the read depth as a function of genomic position
on the first 500 kb of the Medicago truncatula chromosome V, as purified with method 1. (B) Same plot as in A based on the purified material obtained by

method 2. The vertical dashed grey lines represent the position of the sgRNA.

genomic DNA is generally seen as simpler to purify than
that of plants, it would be interesting to test whether wLAS
improves targeted sequencing of target human genes. We
could start with high quality references, such as NA12878,
CHM1, CHM13, HG002. Depending on these results, tar-
get regions of extremely low heterozygosity or a segmental
duplication, which are particularly difficult to solve by con-
ventional sequencing methods, should be targeted due to
their impact in molecular medicine.

Future technological developments consist in defining
the conditions to manipulate molecules of 100 kb or more
and in processing 1 pg of target DNA in order to avoid arti-
facts associated to WGA and to feature performances more
competitive with PFGE. The first objective appears man-
ageable, because we showed that molecules of 100, 150 and
210 kb could be sorted in a monocapillary at the expense
of longer separation times of 1.5 h instead of 15 min. The
second one is more challenging because capillary systems
are notoriously known to be undersized to process volumes
larger than 2 w1 (37). It may be overcome with arrays of cap-
illaries, which have been fabricated to increase the through-
put of analytical systems.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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