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TUNABLE FILTER FOR HIGH MOLECULAR WEIGHT DNA SELECTION AND LINKED-READ SEQUENCING

In third generation sequencing, the production of quality data requires the selection of molecules longer than ~20 kbp, but the size selection threshold of most purification technologies is smaller than this target. Here, we describe a technology operated in a capillary with an accordable selection threshold in the range of 3 to 40 kbp controlled by an electric field. We demonstrate that the selection cut-off is sharp, the purification yield is high, an analytical model predicts the actuation settings of the filter, and the purification throughput is scalable. The selection of high molecular weight genomic DNA from the Melon Cucumis melo L., a diploid organism of ~0.45 Gbp, is then reported. Linked-read sequencing data show that the N50 phase block size, which scores the correct representation of the two chromosomes, is enhanced by a factor of 2 after size selection, establishing the relevance and versatility of our technology.

Introduction

DNA sequencing technologies have been maturing rapidly to enhance the sequencing speed, throughput and associated cost. The list of annotated genomes has been growing in consequence together with the resolution of complex genomic structures 1,2 . Although essential results for research and diagnostics are collected with second generation sequencing technologies (SGS), short-read sequencing holds some intrinsic limitation for the unbiased assembly of genomes 3,4 . The long read capability of third generation sequencing technologies (TGS) 5,6 overcomes some of these limitations, yet the full potential of TGS relies on quality library preparation with high molecular weight (MW) DNA molecules in the range of 20 to 200 kbp 7 .

The process flow for DNA sequencing starts with a purification step (Fig. 1A), which is most commonly operated by controlling the binding of genomic DNA on a matrix and subsequently releasing it to an appropriate buffer 8 , or by DNA precipitation. Matrix binding and precipitation protocols have performed equally well for the production of quality sequencing data with SGS 9 . However, molecules of more than ~20 kbp tend to be degraded during these purification protocols 10 , and a size selection step is usually carried out to remove the low MW residues before library preparation in TGS. If the MW of these by-products is very low, typically a few nucleotides, they can readily eliminated by solid-phase reversible immobilization 11,12 . The selection of higher MW residues is however more laborious, because it is often performed by pulsed-field gel electrophoresis for separation followed by band excision and electroelution [13][14][15] . Furthermore, the yield of this size selection process is lower than 50% for molecules of 20 to 50 kbp, imposing the purification of large initial amounts of genomic material, which are not always accessible for e.g. single cell sequencing studies 16 . The development of fast and high-yield size selection technologies is therefore direly needed to enhance and speed up the extraction of quality data in TGS.

Microfluidic technologies offer unique solutions for the manipulation and purification of high MW DNA. For instance, DNA electrophoresis in artificial separation matrices made out of periodic arrays of obstacles etched in glass or silicon demonstrated their relevance for the sorting of ~100 kbp in 15 s 17 . Because DNA molecules are not entrapped in the separation matrix, they can subsequently be sorted and purified by size, as recently reported with a selection cut-off of ~2 kbp 18 . Alternatively, we recently developed the "µ-Laboratory for DNA Analysis and Separation" (µLAS) technology for DNA analysis in the size range 0.1 to 200 kbp 19,20 . This technology is operated in a capillary electrophoresis system by controlling the fluid flow and using a counter electrophoretic force 21 . The key component of µLAS is a constriction, in which DNA can be concentrated before its analysis with a limit of detection of 10 fg/µL 19,20,22 . Because the technology is operated without separation matrices, it can be used for DNA size selection 20 . Here, we set out the development of a tunable size selection filter to rapidly produce 10 to 20 ng of DNA for TGS. The first section of this report describes the operating principle of this filter, which is subsequently operated in a monocapillary system. The selection cut-off can be tuned with excellent precision in the size range 3 to 40 kbp by monitoring the electric field in the range of 3 to 7 kV/m. We then prove that the throughput of the filter is scalable by parallelizing the technology in a multicapillary system of 61 channels. These settings allow us to produce 17 ng of high MW genomic DNA in two hours. The resulting sample is analyzed by linked-read sequencing, which consists in partitioning long DNA molecules into one million droplets each containing a specific barcode and the material for library preparation, before standard short-read sequencing 23 . Sequencing data are significantly improved with the purification than without it for haplotype resolution. We finally discuss the different applications for which µLAS size selection technology may offer advantages to obtain quality sequence data.

Principle of the DNA filter controlled by an electric field

In the conventional operation of µLAS 19,21 , DNA manipulation is performed in a fluidic system formed by the assembly of two capillaries of different inner diameters of 330 and 50 µm (Fig. 1B). The sample is conveyed in the large capillary using a constant pressure source and a counter electrophoretic force (blue and red arrows in Fig. 1B, respectively). In a viscoelastic solution, the shearing of the fluid around DNA molecules is associated to a build-up in normal stress, which leads to migration in the direction transverse to that of the flow. Transverse viscoelastic forces drag and trap DNA molecules at the vicinity of the walls 24,25 where the flow velocity is low. Because transverse viscoelastic forces are low in the large capillary, hydrodynamic transport is prevalent upstream of the constriction. Conversely, the fast flow velocity in the narrow capillary triggers high transverse viscoelastic forces associated to a mode of transport dominated by electrophoresis, and defining a region of accumulation at the constriction (green rectangle in Fig. 1B). As soon as the electric field decreases, transverse viscoelastic forces decrease and DNA molecules progressively escape from the accumulation region by migrating in the small capillary. The DNA filter exploits the size dependence of viscoelastic transverse forces and consists in setting the electric field to a threshold value that enables the passage of molecules up to a threshold size while retaining the high MW fraction (middle panel in Fig. 1B).

The purified genomic material is finally collected by turning off the electric field and collecting the molecules in a fresh vial (lower panel in Fig. 1B). More quantitatively, we showed that the transverse viscoelastic force increased linearly with the fluid maximum velocity and the electrophoretic velocity with the mobility 24,25 , following a scaling in the form:

(

with the size of the chain, the radius of the capillary, and the distance from the walls. The linear dependence of the transverse force with DNA size comes from the fact that the molecule can partitioned into a series of "Kuhn" segments, each undergoing a "monomeric" transverse force and each contributing additively to the total transverse force acting on the molecule. We note that transverse migration also occurs in Newtonian fluids 26,27 , and the transverse force is expected to scale linearly in and but not in DNA size.

The force in Eq. ( 1) is equivalent to an elastic spring that keeps the molecule near the wall, allowing us to deduce the average position of DNA from the wall based on Boltzmann statistics 24,25 :

(

The threshold size corresponds to the situation of null velocity with balanced hydrodynamic and electrophoretic velocities at the constriction:

(

Plugging Eq. ( 2) into Eq. ( 3), we deduce that:

Because the electric field can be tuned with excellent precision, the size selection threshold appears to be highly accordable. The cubic dependence in electric field also suggests that can be adjusted over a broad range with small variations of the electric field.

The prediction of the size selection threshold (Eq. ( 4)) is expected to be relevant for a multicapillary system, which consists of parallel channels of equal diameter (Fig. 1C, see Methods in Supplementary Material for details on the fabrication protocol). Indeed, the flow velocity and electric field are the same in each narrow channel, and they can be set to the same regime of concentration as in the monocapillary system (green rectangle in Fig. 1C). Notably, because the total flow rate is the sum of that flowing in each channel, we expect the multicapillary system to be a scalable technology for processing larger volumes and larger DNA quantities.

Experimental

Reagents Molecular biology grades chemicals were purchased from Sigma-Aldrich (St. Louis, MO). The Quick-Load ® 1 kb Extend DNA Ladder (# N3239S), containing 13 bands from 0.5 to 50 kbp, was purchased from New England Biolabs (Ipswich, MA). Running buffers was composed of 1X Tris-Borate-EDTA (TBE, 89 mM Tris, 89 mM boric acid, 2 mM EDTA) supplemented with 3% 43 kDa PVP 19,28 . The intercalating dye (Picometrics Technologies, France, # 16-BB-DNA1K/01) was used at a 2X final concentration in the buffer solution. All buffer solutions were filtered at 0.22 µm before use.

Mono and multicapillary systems fabrication

Fused silica monocapillaries were purchased from Polymicro Technologies (Phoenix, US). The monocapillary device contained three pieces of capillary, (i) 5 cm in length and 50 µm in inner diameter (ID),

(ii) 4 cm in length and 330 µm in ID used as an injection chamber of 3.4 µL, and (iii) 19 cm in length and 50 µm in ID. Monocapillary devices were assembled manually at Picometrics using a UV-curable acrylate-based glue, as previously described in 19 .

The multi-capillary system is based on the technology developed to manufacture photonic crystal optical fibers by the stack-and-draw method 29 . More precisely, a meter-long silica tube of 25 mm outer diameter (OD) and 15 mm ID was elongated into several tens of millimeter-sized capillaries. This operation was performed on a drawing tower, a vertical equipment consisting in a feeding preform unit, a high temperature furnace, and a tractor unit. The resulting monocapillaries were then assembled manually to form a hexagonal stack inserted into a tube of 25 mm OD and 19 mm ID. This stack was eventually drawn into a multi-capillary cane using the same drawing tower. A fiber of ~900 µm in OD and constituted of 61 capillaries of 45.8 µm in diameter (standard deviation 0.6 µm) was obtained. In order to fabricate the multicapillary system, we fitted a 2 cm long section of multicapillary fiber into a glass vial insert of 300 µL (# 4025 GF-625, J.G. Finneran Associates, Vineland, NJ) and assembled it with the acrylate UV-curable glue.

Instrumentation of capillary systems

Monocapillary experiments were carried out with an Agilent 1600CE system equipped with a Zetalif LED 480 nm detector (Picometrics Technologies, France) and modified to install the capillary device and place the optical head of the detector 7 cm downstream of the concentration junction. Prior to use, every capillary device was rinsed with 1 M NaOH, then with 0.1 M HCl, and finally flushed with de-ionized water. Prior to each experiment, the devices were conditioned with 0.1 M HCl, 1% poly-vinylalcool (PVA), and flushed with running buffer. We used the constriction facing the short capillary of 5 cm or the long one of 19 cm for purification or size characterization operations, respectively. This choice was motivated by the need to speed up the flushing of low MW residues during purification operations.

The multicapillary device was operated on a custom prototype with two electrodes connected to the insert and collection vial. Liquid flows characterized by a mean flow velocity of 1.0 mm/s were controlled by gravity (See supplementary for hydrodynamic modelling). The samples were manually loaded at the entrance of the fiber and a carousel with several tubes was placed at the outlet for sample fractionation.

After size selection operations with the mono-or multicapillary systems, the different sample fractions were characterized with the µLAS separation and titration protocol described in 28 . Sizing and quantification errors are 3% and 10%, respectively.

Sequencing library construction using the GemCode platform A Chromium Controller Instrument (10× Genomics) was used for sample preparation at the GeT-PlaGe core facility (Toulouse, France). Sample indexing and partition barcoded libraries were prepared using the Chromium Genome Sequencing Solution (10× Genomics, Pleasanton, CA). GEM reactions were performed on 5 ng of genomic DNA, with or without µLAS size selection, and DNA molecules were partitioned and amplified into droplets to introduce a 16-bp partition barcodes. GEM reactions were thermally cycled (30°C for 3h and 65°C for 10 min; held at 4°C) and after amplification the droplets were fractured. P5 and P7 primers, Read 2, and Sample Index were added during library construction according to 10x Genomics protocol. Libraries were amplified using 10 cycles of PCR and the DNA was subsequently size selected to 450 bp by performing a double purification on AMPure Xp beads. Library quality was assessed using a Fragment Analyzer and quantified by qPCR using the Kapa Library Quantification Kit.

Sequencing was conducted with an Illumina Hiseq3000 with 2×151 paired-end reads based on the manufacturer's protocols. The depth of sequencing was 65X.

Alignment, barcode assignment and calculation of sequencing metrics

The LongRanger analysis software (10x Genomics, v2.2.2) was used to convert sequences to fastQ files and to remove sequences that do not have the exact index sequence given by Chromium. The fastQ files in output were then used to produce a graph-based assembly by Supernova (10x Genomics, v2.2.2). The Fasta file of genome assembly was created with pseudohap formatting option. Finally, statistics were computed by Quast software (quast-5.0). Analysis was performed thanks to the Genotoul bioinformatics platform in Toulouse, Midi-Pyrenees (Bioinfo Genotoul), which provided computing and storage resources.

Results

DNA size selection in a monocapillary system

We first characterized the size selection filter with a high MW DNA ladder containing 13 bands between 0.5 to 50 kbp and using a commercial capillary electrophoresis system (see Methods). Our experiments consisted in loading 0.1 ng of DNA ladder in 1 µL, i.e. at a concentration of 100 pg/µL, in the monocapillary system (upper panel of Fig. 1B). During a first phase of 60 minutes, we eliminated the low MW fraction of the sample with a flow of buffer at a velocity of ~1 mm/s and different settings for the electric field spanning 3 to 7

kV/m (middle panel in Fig. 1B). The length of the small capillary was 5 cm, so the convection time of the buffer was one minute, i.e. much less than the process time of 60 minutes. In fact, the duration of this step was adjusted to ensure the elimination of low MW molecules, which migrate at a slow velocity compared to the buffer due to transverse forces. For instance, the typical migration speed of a 20 kbp fragment was ~0.13 cm/min (data not shown), so that ~40 min were necessary for their escape from the 5 cm-long capillary. The volume of fluid collected at the outlet during these 60 minutes was ~10 µL, and since it was collected in a fresh vial initially filled with 20 µL of buffer, the dilution of the low MW "leak" fraction was 30-fold. During the second step, we collected the retained high MW fraction by hydrodynamics only during ten minutes in a fresh vial containing 10 µL of buffer. The final volume of the collected sample was 11.5 µL. The leak and retained fractions were subsequently analyzed using the µLAS high MW separation method developed in ref. 28 in order to determine their molecular composition and concentration. In Fig. 2A, we report the reference ladder together with the leak and retained fractions (black, green, and red curves, respectively), as obtained with a selection filter actuated with an electric field of 5.4 kV/m. The size of the cut-off appeared to be ~7 kbp with a sharp separation between the bands of 6 and 8 kbp. The superposition of the different curves testified that the yield of this purification process was higher than ~80% for all the bands in the sample.

We then modulated the electric field in order to fractionate the same ladder sample into four fractions.

Using three threshold voltages of 7.5, 5.4, and 4.2 kV/m, we performed three consecutive purification phases of one hour each, and finally collected the remaining fraction during 10 minutes. The resulting four fractions were analyzed to evaluate the three size selection cut-offs of 4, 7 and 12 kbp (Fig. 2B). The final retained fraction plotted in green contained the peaks of 15, 20, and 50 kbp, suggesting that our technology was adequate for high MW DNA purification in the context of TGS technologies. Furthermore, the size selection threshold could be adjusted to ~40 kbp, i.e. with the purification of the 50 kbp band from the rest of the ladder (Supplementary Fig. S2), by setting the electric field to 3 kV/m.

We then checked the validity of our model to predict the size selection cut-off (Eq. ( 4)). We performed a series of 13 experiments using different settings for the flow velocity and the electric field in the range 0.3 to 1.5 mm/s and 3 to 7 kV/m, respectively. We estimated the cut-off size with a precision determined by the size difference between the last peak in the leak fraction and first peak in the retained fraction. We plotted as a function of the electric field (Fig. 3A), showing a non-linear decrease as the electric field increased. We also noted that increased with the flow velocity at constant electric field, in agreement with the prediction of our model in Eq. ( 4). This relevance of our model was strongly confirmed by plotting the size cut-off as a function of (Fig. 3B), because a linear trend associated to a Pearson coefficient R 2 of 0.94 was detected (dashed line in Fig. 3B). Altogether, we demonstrate the principle of a versatile and predictable DNA selection filter with a tunable cut-off size in the range of 3 to 40 kbp controlled by an electric field delivered by a commercial capillary electrophoresis system. 4)).

DNA saturation in the monocapillary device

The production of 10 to 20 ng of DNA is required for the standard work flow of linked-read sequencing.

We thus aimed to evaluate the maximal amount of DNA that could be processed in the monocapillary device.

We performed a series of experiments that consisted in injecting the DNA ladder in gradual increments starting from 0.5 ng (i.e. five times more than in Fig. 2A) using a size selection cut-off at 9 kbp. Good size selection performances were obtained for an injection of 0.5 ng, as shown by the sharp separation between the curves representing the low MW leak and high MW retained fractions (dashed and solid lines in Fig. 4A, respectively). Note that the collection yield is higher than 90% for the bands of 10, 15, 20 and 50 kbp (black solid line). As we doubled the amount of DNA, we noticed that the performances of the size selection filter were reduced because the bands of more than 10 kbp were present in the leak fraction (dashed blue dataset in Fig. 4A). We concomitantly noticed that the collection yield decreased to ~50%. These trends were further enhanced using 1.5 ng of DNA (red dataset in Fig. 4A). Because the bands of 10 to 50 kbp corresponded to 34% of the whole ladder mass according to the supplier, we concluded that the monocapillary device was an efficient size selection filter for up to ~0.2 ng of DNA.

In order to investigate the saturation of the size selection filter, we performed live fluorescence microscopy analysis of the dynamics of DNA concentration at the constriction. We injected 8 ng of 50 kbp DNA, i.e. forty times more than the saturation threshold, and set the cut-off to 10 kb with an electric field and hydrodynamic flow velocity of 5.4 kV/m and 1.5 mm/s, respectively. We detected the accumulation of DNA molecules in the narrow capillary, and the formation of bright clusters of heterogeneous sizes (Fig. 4B). These clusters could not be stably retained, as shown by one escape event associated to hydrodynamic-dominated transport of a bright mass of DNA along the narrow channel (Fig. 4B). By approximating the region where DNA accumulates by a cylinder of 50 µm in diameter and 200 µm in height, we evaluated its volume to ~0.4 nL. Taking the saturation threshold to be 0.2 ng, we then deduced that the size selection filter saturated for a DNA concentration of ~0.5 mg/mL. Note that this estimate is likely under evaluated because DNA accumulates close to the walls and not evenly across the capillary section. DNA concentration at saturation then appears to be lower than the solubility limit of this biomolecule in the range 10-100 mg/mL 30 , but larger than the threshold of DNA aggregation driven by AC electric fields of 0.05 mg/mL 31 . Consequently, irrespective to the mechanism of clustering, the saturation of the size selection filter appears to arise from the confinement of the retained fraction in a narrow volume and the ensuing molecular aggregation. 

Scale up of the technology with multicapillary systems

In order to increase the throughput of the size selection filter, we opted for the parallelization of technology and fabricated a multicapillary system containing 61 channels of 46 µm in diameter (Fig. 1C). We indeed expected the saturation threshold to be multiplied by a factor of 60, allowing ~ ng of DNA to be processed in one operation. Because the multicapillary system could not be integrated in commercial Capillary Electrophoresis instruments, we designed a prototype for sample fractionation (Supplementary Fig. S3). The gravitational flow was sufficient to induce a fluid velocity of 1.0 mm/s in the channels (see Supplementary Material), thereby setting accurate actuation conditions for size filtration. Note that the size selection process was accelerated to 30 minutes because the length of the multicapillary was halved in comparison to the monocapillary.

We first checked that the size selection threshold was similar by performing sample fractionation with an electric field set to 4 kV/m during the retention phase. We expected a size cut-off of 12 kb, and measured it at 9 kbp (Supplementary Fig. S4A), confirming that the operating principle of the technology remained nearly the same in the mono-and multi-capillary systems. The quality of the selection filter's cut-off was slightly decreased, as we detected residual amounts of the 8 and 6 kbp bands in the retained fraction of 7 and 3%, respectively. In order to select high MW DNA for sequencing applications, we then established the size selection cut-off to ~40 kbp by adjusting the electric field to 2.9 kV/m (Fig. 5). For this experiment, we spiked the DNA ladder with an additional DNA fragment of 100 kbp, which was collected in the retained fraction together with the 50 kbp band (red curve in Fig. 5). Because the threshold was close to 50 kbp, we also detected a small proportion of 50 kbp DNA in the leak fraction (blue curve in Fig. 5). These experiments hence showed that the selection technology could be operated with a multicapillary system with the same electrohydrodynamic actuation parameters as in the monocapillary. to retain ng at the constriction each time and avoid saturation. At the end of this selection process, which took place in 2 hour, we collected 25 µL of material at a concentration of 0.7 ng/µL. Hence, we obtained ~17 ng of genomic DNA, in good agreement with our initial specifications. The size distribution of the purified sample was not as sharp as in the calibration experiment, as shown by the presence of molecules of 15 kb (red curve in Fig. 6B), but the removal of DNA fragments lower than ~10 kbp was clearly achieved. Because the selection threshold was lower than expected, we note that the recovery yield was lower than initially expected. This degradation of size selection performances may be due to the rapid saturation of the filter due to the presence of very high MW molecules (see more below). We indeed noticed that saturation was decreasing with DNA MW, as for instance exemplified by the saturation at 5 ng with a fragment of 0.2 kbp (data not shown). We sequenced processed vs. unprocessed genomic DNA samples, and obtained the same assembly size of ~366 Mbp, representing ~81% of the genome (Table 1). This size range was comparable to that obtained by pyrosequencing of 375 Mbp 32 . The average length of the sequenced DNA fragments was also comparable in both samples (second line in Table 1), in apparent contradiction with the size selection process. Conversely, the number of contigs longer than 50 kbp was 63% greater after size selection by µLAS. These results can be explained if some high MW molecules are eliminated during the selection process, probably because they form clusters and tend to leak during the selection phase. The sequencing of these long molecules increases the coverage of the genome, explaining that the scaffold N50 size was 68% longer without purification.

Nevertheless, the narrowing of the size distribution after size selection (red curve in Fig. 6B) allows us to obtain a higher number of contigs of more than 50 kbp. Interestingly, during library preparation, the partitioning of the unprocessed sample with its broad size distribution creates discrepancies in the depth of coverage 33 , likely resulting in low quality sequencing data for long molecules. Contrariwise, the narrow size distribution of DNA fragments obtained with µLAS insures homogeneous depth of sequencing and quality data for the identification of single nucleotide polymorphisms. This proposition explains the doubling of the N50 phase block size, which scores the accurate representation of the two chromosomes from sequencing data, after size selection as well as the better performances in terms of average number of uncalled bases (lower line in 

Discussion

We describe a size-accordable filter for high MW DNA selection. On a monocapillary system, the sharp size selection threshold can be adjusted in the range of 3 to 40 kbp to perform sample fractionation with collection yields higher than 90%. We show that the filter saturates if more than ~0.2 ng of DNA is processed, and demonstrate that saturation is associated to an aggregation mechanism. In order to produce genomic material for linked-read sequencing, we scale up the technology with a multicapillary system, and report the collection of high MW DNA from a Melon genomic DNA sample using a process of two hour. The resulting material is sequenced, and sequencing data appear to be improved for diploid genome resolution with size selection vs. without it.

Future lines of development concern the better processing of DNA molecules of more than ~100 kbp.

Our data indeed indicate that these molecules tend to be eliminated during size selection. Consistently, this limitation has not been detected during the calibration steps, which have been performed with a DNA ladder with a larger band of 100 kbp. Hence, specific improvements should be performed to define operating conditions in the range of 50 to 300 kbp with a dedicated ladder. While we recently showed that DNA separation could be performed for fragments of up to 200 kbp 28 , the saturation of our technology remains to be evaluated in this size range. In the low MW size limit, size selection would also be valuable for other applications, including enhanced analysis of circulating cell-free DNA in blood plasma 34 . The adequate formulation of the viscoelastic buffer has already been reported for separation and concentration for low MW DNA 19 , and promising results of purification have been obtained with a favorable saturation threshold of 5 ng in a monocapillary system (data not shown).

Regarding future applications, the potential of µLAS for purification of minute amounts of genomic material and its sensitivity of 10 fg/µL 28 may be particularly useful for single cell sequencing studies 16 . In this context, the number of molecules is minimal and the collection yield critical. Because one human cell contains a few pg of DNA, saturation is not expected to be an issue. Hence, purification operations may be performed in the monocapillary system, which shows best performances. The preservation of long chromosome fragment integrity throughout the size selection process should carefully be evaluated, requiring the development of specific solutions for quality control of minute samples of very high MW. The resulting technologies for quality control and size selection may contribute to the better analysis of genomic heterogeneities and the interplay between allele variation and gene expression.

Figure 1 :

 1 Figure 1 : Principle of the DNA size selection filter for TGS. (A) The panel shows the main steps of the process flow for TGS. Our study is focused on the size selection of genomic DNA and the analysis of the resulting material by linked-read sequencing (see Methods in Supplementary Material). (B) The sketch represents the response of DNA in a capillary system. Transport is controlled by a Poiseuille flow opposed to an electrophoretic force (blue and red arrows, respectively). The balance between hydrodynamic and electrophoretic forces is favorable to hydrodynamic upstream of the constriction and to electrophoresis downstream, defining a region of DNA accumulation represented in green. By tuning the electric field (middle panel), we allow the leak of low MW DNA molecules whereas longer ones remain trapped in the concentrator. The high MW fraction is collected by switching off the electric field (bottom panel). (C) The electron micrograph shows a multicapillary system with 61 channels of 46 µm, and the sketch presents the processing of DNA in this system. Photographs of the devices shown in panel (B) and (C) are shown in Supplementary Fig. SXX.

Figure 2 :

 2 Figure 2: Tunable DNA size filtration in a monocapillary. (A) The chromatograms show the separation of the DNA ladder with the µLAS technology using the separation settings reported in ref. 28 . The dashed black curve corresponds to the reference ladder with a few annotated bands, and the leak and retained fractions are plotted in green and red, respectively. The electric field was set to 5.4 kV/m during the selection phase, corresponding to a cut-off size of ~7 kb. The red and green curves have been multiplied by the dilution factors of 11.5 and 30, respectively. (B) The same ladder shown in (A) is fractionated into four fractions using three consecutive settings for the electric field of 7.5, 5.4, 4.2 kV/m, and a final collection step without any electric field (as indicated in the legend).

Figure 3 :

 3 Figure 3: Control of the size selection threshold by the electric field. (A) The graph presents the size selection cut-off as a function of the electric field for various flow velocities, as indicated by the colorbar. Note that five experiments were carried out with a constant electric field of 3.8 kV/m and different flow velocities. (B)The same dataset can be cast on a master curve (dashed line) using the normalization suggested by our model (Eq. (4)).

Figure 4 :

 4 Figure 4: Saturation of the DNA filter. (A)The graph shows the yield of the leak and retained fractions (represented as dashed and solid lines, respectively) as a function of DNA size in logarithmic scale. We use the same ladder as in Fig.2and set the cut-off to 9 kbp (green line). The concentration is determined with an error of 10%, as shown in ref.28 . (B) The fluorescence micrographs present a time-lapse recording of the response of high MW DNA during the size selection process. Molecules are concentrated at the entry of the narrow capillary (shown with dashed white contour lines). The bright cluster marked in red is not retained and leaks away from the constriction.

Figure 5 :

 5 Figure 5: High MW size selection in the multicapillary system. The plot presents chromatograms with the reference ladder with bands of 3 to 50 kbp (dashed black curve), and the leak and retained fractions in blue and red, respectively. The electric field was set to 2.9 kV/m during the selection phase. The red and blue curves have been multiplied by the dilution factors 60 and 260, respectively.

Figure 6 :

 6 Figure 6: High MW size selection of genomic DNA. (A) The graph shows the DNA ladder in green, the unpurified melon genomic DNA sample in black, and the outputs of the size selection process on the multicapillary system in blue and red. The threshold electric field is set to 2.9 kV/m for a threshold size of ~40 kbp. This calibration experiment is carried out with 2.5 ng of genomic DNA. (B) The chromatogram shows the same size selection process carried out four times with 100 ng of DNA input in order to collect 15 ng of high MW DNA.

Table 2 )

 2 . Altogether, because the resolution of haplotypes is a key asset of Chromium technology, we conclude that the size selection of genomic DNA with µLAS is not indispensable for sequencing but enables us to obtain quality sequencing data.

		Without size selection	µLAS
	Assembled size (Mbp)	367	366
	Length-weighted mean (kbp)	25.0	24.6
	Contig > 50 kbp	258	420
	Largest Contig (Mbp)	6.8	7.2
	Scaffold N50 (Mbp)	2.58	1.54
	N50 phase block (Mbp)	8.1	16.5
	Average number of uncalled	3.0	2.5
	bases per kbp		

Table 1 :

 1 Metrics of the sequencing data obtained by the Chromium technology.
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We then evaluated the saturation threshold of the multicapillary device by injecting gradual amounts of the kb extend DNA ladder from 5 to 50 ng, i.e. 1.5 ng to 15 ng retained at the constriction, with the same actuation parameters as in Supplementary Fig. S4A. The collection yield appeared to be lower in the multicapillary vs. monocapillary system. We indeed measured collection yields of 75% and 55% for the leak and retained fractions, respectively (Supplementary Fig. S4B). This apparent loss of DNA remains unclear, but we suspect that some molecules remain trapped on the outer glass shell of the multicapillary of 250 µm (Fig. 1C) where the flow velocity and electric fields are nearly null. The selection cut-off appeared to be sharp for 1.5 and 4.5 ng of high MW DNA at the constriction, but the size selection cut-off broadened for 15 ng of DNA.

The presence of the 10 to 50 kbp fragments in the leak fraction indicated the saturation of the multicapillary system, likely associated to the formation of aggregates during the size selection process. Consequently, the scale up of our technology to 61 capillaries allowed us to increase the saturation threshold by a factor of 20, meeting the objectives of increasing the throughput without changing the actuation settings.

High MW DNA selection for long read sequencing

We finally proceeded to the selection of high MW genomic DNA from the melon Cucumis melo L., an important horticultural crop worldwide with a diploid genome of ~450 Mbp 32 . The Melon genomic DNA was purified in liquid phase, resulting in a broad size distribution from 2 to more than 50 kbp (black curve in Fig. 6A), as confirmed by FEMTO Pulse analysis (Supplementary Fig. S5). The presence of low MW residues justified the process of size selection for TGS. Our experiments hence consisted in assessing the quality of sequencing data obtained with or without size selection. They were carried out by the construction of a DNA library with the gel bead partitioning system, called the Chromium technology, followed by sequencing on an Illumina SGS platform (See Methods).

We first processed a low quantity of 2.5 ng of the Melon DNA sample using the same voltage threshold of 2.9 kV/m as for the DNA ladder. As expected, the retained fraction was larger than ~40 kbp (red curve in Fig. 6A) and the leak fraction was centered at ~25 kbp (blue curve in Fig. 6A). Next, we aimed to increase the collection to reach the ~15 ng required for sequencing operations. Because the proportion of molecules of more than 40 kbp represented ~20% of the sample and the collection yield was ~50%, we performed the operation with an initial input of 100 ng. In addition, we repeated the size selection operation 4 times consecutively so as