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Abstract

Background: Local assembly with short and long reads has proven to be very useful in many
applications: reconstruction of the sequence of a locus of interest, gap-filling in draft assemblies,
as well as alternative allele reconstruction of large insertion variants. Whereas linked-read tech-
nologies have a great potential to assemble specific loci as they provide long-range information
while maintaining the power and accuracy of short-read sequencing, there is a lack of local
assembly tools for linked-read data.

Results: We present MTG-Link, a novel local assembly tool dedicated to linked-reads. The
originality of the method lies in its read subsampling step which takes advantage of the barcode
information contained in linked-reads mapped in flanking regions. We validated our approach
on several datasets from different linked-read technologies. We show that MTG-Link is able
to assemble successfully large sequences, up to dozens of Kb. We also demonstrate that the
read subsampling step of MTG-Link considerably improves the local assembly of specific loci
compared to other existing short-read local assembly tools. Furthermore, MTG-Link was able
to fully characterize large insertion variants in a human genome and improved the contiguity
of a 1.3 Mb locus of biological interest in several individual genomes of the mimetic butterfly
(Heliconius numata).

Conclusions: MTG-Link is an efficient local assembly tool designed for different linked-read
sequencing technologies. MTG-Link source code is available at https://github.com/anne-gcd/
MTG-Link and as a Bioconda package.

Contact: anne.guichard@irisa.fr

1 Background

Local assembly consists in reconstructing a sequence of interest from a sample of sequencing reads
without having to assemble the entire genome, which is time and labor intensive. This is particularly
useful when studying a locus of interest, e.g. including regions linked to a phenotype, or including
patterns of positive selection, clusters of rapidly evolving genes or genes involved in a relevant
biochemical pathway [1, 2, 3]. Reconstructing the full locus sequence or haplotypes in a given
individual or sample is particularly relevant in presence of structural polymorphism at the given
locus. The Supergene P locus of the mimetic butterfly Heliconius numata illustrates this perfectly,
since this 1.3 Mb locus - controlling the wing color pattern - hosts 3 polymorphic inversions [4, 5].
The Immunoglobulin V-D-J gene loci in vertebrate species are also an example of locus where its
full sequence reconstruction is required for studying the remarkable diversity of the immunity cell
receptors that is generated by a complex recombination mechanism [6]. Another application of local
assembly is the characterization of sequences not present in the reference genome, either because
they are unresolved sequences or gaps in the reference assembly (problem referred to as gap-filling
in draft assemblies) or because they are derived from polymorphism, such as novel insertions in
re-sequenced individuals or reference-specific deletions. In such contexts, limiting the assembly to
specific genomic loci has many benefits. First, it drastically reduces the computational resources
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and running time compared to a full de novo genome assembly. Second, it can also result in more
accurate or more contiguous assemblies as it may be less impacted by genome-wide repeats.

Hence, it is important to develop methods that perform local assembly of specific loci. Here, we
define local assembly as the de novo assembly of a specific region of the genome using the sequencing
reads coming from whole genome shotgun sequencing. Local assembly differs from targeted or
reference-guided assembly. In targeted assembly, a sequence already known, typically from a closely
related species, is used to recruit reads of interest by mapping or to guide the assembly. We can for
instance mention aTRAM (7, 8], TASR [9], SRAssembler [10] for short-read data and SLAG [11] for
long-read data, as targeted assembly tools. On the contrary, in local assembly, the sequence to be
assembled is not already known nor a closely related sequence, and an approximation of its length
is also unknown. The only known information is its location on a genome and therefore its left and
right flanking sequences. Most local assembly tools were designed for gap-filling a draft assembly;
among others one can cite GapCloser from the SOAPdenovo suite [12], Sealer from the ABYSS suite
[13], GAPPadder [14] for short-read data and LR_gapcloser [15], TGS-Gapcloser [16] and DENTIST
[17] for long-read data.

Local assembly algorithms and performances depend on the sequencing technology used. Indeed,
long-read data are better suited than short-reads to any de novo assembly problem. But long-read
sequencing technologies, such as Pacific Biosciences and Oxford Nanopore, suffer from higher costs
and may not be affordable for population re-sequencing studies. Short Illumina reads are still
massively used for re-sequencing studies, but their short read size makes them ill suited for de
novo assembly tasks. Linked-read technologies provide the long-range information, that is crucially
missing in short reads. With these technologies, every short reads that have been sequenced from
the same long DNA molecule (around 30-70 Kb) are tagged with a specific molecular barcode.
Several linked-read technologies have been developed and commercialized, including the one from
the 10x Chromium Genomics company, which initially popularized this technology [18], but also
Single Tube Long Fragment Read (stLFR) [19], TELL-Seq [20] and Haplotagging [21]. Even if 10x
Chromium Genomics company recently stopped producing such data, large volumes of data were
produced using this technology and the three other more recent technologies are now routinely used.
Low-cost, low-input and high-accuracy linked-read technologies have many applications: de novo
genome assembly [22], haplotype identification [18], genome scaffolding [23, 24, 25] and structural
variant calling [26, 27, 28, 29].

Concerning local assembly, several tools have been developed for short-read data, however, to our
knowledge, there is currently no tool that uses the long-range information of the linked-read data,
although this type of information has proven to be very useful for assembly issues [22]. Short-read
local assembly tools can be classified in two categories whether they use the whole set of reads for the
assembly graph traversal or whether they rely on a first step of read recruitment. MindTheGap [30]
and Sealer [13] belong to the first category; all reads are indexed in a de Bruijn graph which is then
traversed locally. On the opposite, GAPPadder [14], GapCloser [12] and GapFiller [31] recruit first a
subset of reads based on mate anchoring of paired-end or mate-pair reads. GapCloser and GapFiller
operate in an iterative manner, repeating the steps of recruitment and assembly until the gap is
filled. The former tools using the whole read set have difficulty assembling repeat-rich sequences
while the latter are limited in the gap size by the distance range between read mates. As a matter
of fact, GAPPadder performs better with longer distance mate-pairs than with short-distance read
pairs. Consequently, linked-read data that provide long-distance information, up to 30-70 Kb, are
a promising source of data to improve local assembly results, as it can help identifying among the
whole set of reads the ones that originate from the locus of interest.

Here, we present MTG-Link, a local assembly tool dedicated to linked-reads. The main feature
of MTG-Link is that it takes advantage of the linked-read barcode information to get a subsample
of reads of interest for the local assembly of each sequence. We demonstrate that linked-reads long-
range information can substantially improve local assembly results on several linked-read datasets
of large eukaryote genomes. We also show that it can be used for various local assembly use cases,
such as gap-filling between scaffolds or alternative allele reconstruction of large insertion variants.
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2 Method

MTG-Link performs local assemblies of specific loci, using linked-read data. For all use cases (specific
locus assembly, intra-scaffold and inter-scaffold gap-fillings, as well as alternative allele reconstruction
of large insertion variants), the locus of interest is defined by two coordinates on a reference genome,
indicating its left and right flanking sequences, and the sequence in-between to be assembled is
referred to as the target sequence. Here, the reference genome corresponds to our genomic coordinate
reference, regardless of its assembly quality or proximity to the re-sequenced individual.

The input of MTG-Link is a set of linked-reads, the target flanking sequences and coordinates
in GFA format (genome graph format, with the flanking sequences identified as ”segment” elements
(S lines) and the targets identified as ”gap” elements (G lines)) and an indexed BAM file obtained
after mapping the linked-reads onto the reference genome. It outputs the set of assembled target
sequences in Fasta format, as well as an assembly graph file in GFA format, complementing the
input GFA file with the obtained assembled sequences.

In MTG-Link, each target sequence is processed independently in a three-steps process: (i)
read subsampling using the barcode information of the linked-read dataset, (ii) local assembly by
de Bruijn graph traversal and (iii) qualitative evaluation of the obtained assembled sequence. A
schematic overview of the MTG-Link pipeline is shown in Figure 1.
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Figure 1: Overview of the MTG-Link pipeline. a) Linked-reads whose barcode is observed in flanking
regions surrounding the target sequence are extracted, and constitute the read subsample used in the local
assembly step. b) The local assembly is performed on an extended target, from the k-mer START (left) to
the k-mer STOP (right), using the subsample of linked-reads obtained in (a). c) A quality score is assigned to
the assembled sequence according to its alignment against the target flanking sequences. Only the assembled
sequences with good quality scores are returned. Otherwise, a new assembly iteration is performed with
lower de Bruijn graph parameters.
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2.1 Read subsampling

The purpose of the read subsampling step is to extract the linked-reads whose barcode is observed
in flanking regions surrounding the target sequence (Figure 1a).

First, a barcode list is computed from the reads mapped on both flanking sequences. This selec-
tion is performed based on two user-defined parameters, the flanking region size and the minimum
number of occurrences in these regions for a barcode to be retained (-flank and -occ options). Then,
the whole read file is searched for reads having the selected barcodes. In order to perform these two
tasks efficiently given the large file sizes, we rely on the LRez toolkit [32] for barcode-based indexing
and query of linked-read files.

2.2 Local assembly

In a second step, the target is reconstructed with the set of selected reads, by searching one or more
assembly paths between its left and right flanking sequences (Figure 1b).

The local assembly is performed with the fill module of the software MindTheGap [30], which
is based on a de Bruijn graph data structure to represent the set of input reads. Basically, starting
from a k-mer START, it performs a breadth-first traversal of the de Bruijn graph, until the k-mer
STOP is found or exploration limits are reached. It then returns all possible sequence paths between
both k-mers.

The choice of the input START and STOP k-mers is crucial for a successful traversal of the de
Bruijn graph. Instead of extracting them from the reference genome sequence, which may diverge
from the re-sequenced individual, the reads mapping at the corresponding coordinates are investi-
gated to identify the most represented k-mers in the reads, ensuring these two kmers are actually
existing nodes in the de Bruijn graph. In MindTheGap, as in any de Bruijn graph based assembler,
two parameters have major impacts on the quality of the assembly: the k-mer size (-k) and the
k-mer abundance threshold for including a k-mer in the graph (solid k-mer threshold -a). These
parameters are usually set in accordance with the expected sequencing depth. In the case of MTG-
link, the latter may vary depending on the efficiency of the barcode-based subsampling step. Hence
for higher sensitivity, MTG-Link automatically tests different values for these two parameters until
an assembled sequence is found.

2.3 Qualitative evaluation and iterative assembly

For an evaluation purpose, the target sequence can be extended at both sides, such that the sequence
to be assembled should overlap parts of the flanking sequences. The assembled sequences of these
overlapping regions are useful to infer the quality of the whole assembled sequence, helping filtering
out putative erroneous sequences. The evaluation is based on the alignment of these assembled
sequences to their respective genome sequences, using Nucmer [33] (Figure 1c). Only target’s as-
sembled sequences with good extension alignments (more than 90% identity on more than 90% of
the extension reference sequences) are returned. Otherwise, a new iteration of the local assembly
step is performed with lower de Bruijn graph parameters.

2.4 Implementation and availability

We provide an implementation of this method named MTG-Link, freely available at https://
github.com/anne-gcd/MTG-Link under the GNU Affero GPL licence. MTG-Link is also available
as a Bioconda package. MTG-Link is written in Python 3. The main steps are implemented in a
modular way, allowing the user to start or re-run the program from previous intermediate results.
As an example, the first step (read subsampling step) is not to be repeated if we want to perform
the local assembly on the same input files but with different assembly parameters values. In order
to speed up the process, the data handling and analysis are set up in a multi-threaded manner, thus
allowing multiple target sequences to be processed simultaneously. Additional Python scripts for
converting input and output files to the desirable formats are provided. Results shown here were
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obtained with release version v2.4.0. All experiments were performed on a cluster node equipped
with 250 GB of RAM using 8 threads, on a 2.3 GHz CPU.

3 Materials

3.1 Linked-read datasets
3.1.1 stLFR Homo sapiens dataset

MTG-Link was applied on a human dataset obtained from the individual HG002 with the stLFR
technology, from the Genome In A Bottle resources [19] (FTP links are given in Supplementary
Material; Additional file 1: Section S1.1). After the removal of the PCR duplicates, this dataset
is composed of approx. 1.5 billion 100 bp Illumina reads, with an effective read depth of 47X. We
considered the assembly GRCh37 (hgl9 version) as the human reference genome.

3.1.2 10x Genomics Heliconius numata datasets

MTG-Link was also applied on linked-read datasets obtained from 12 individual genomes of the but-
terfly Heliconius numata, with the 10x Genomics Chromium technology (BioProject PRINAG76017)
[5]. The number of reads in each dataset is approx. 110 million, with an effective coverage ranging
from 20X to 47X. For each individual, we used as reference genomes their draft genome assemblies
obtained with the Supernova assembler [22] and available under the same BioProject ID. Experi-
ments on randomly selected loci were performed on individual 37 (read depth of 40X).

3.2 Evaluation on randomly selected loc?

To evaluate the accuracy of MTG-Link, we performed experiments where the target sequence to be
assembled was a sequence already present in the reference genome at a locus randomly sampled. In
such cases, the true sequence to be assembled is known and can be compared to the assembler’s
output, in order to compute quality metrics. Four target sizes were tested (1, 5, 10 and 20 Kb) on
63 and 57 randomly selected loci respectively for the human stLFR dataset and the butterfly 10x
Genomics dataset (individual 37). MTG-Link was applied on all of these targets, testing different
flanking region sizes (5, 10 and 15 Kb).

Assembled sequences were aligned to their reference sequence using Blastn [34]. The assembled
sequences having more than 90% identity and coverage with the reference sequence were labelled
as 7successful”, otherwise they were considered as ”erroneous”. The ”"no assembly” represented
those for which no solution was returned. The success rate was then measured as the number of
”successful” assemblies over the total number of target sequences that must be reconstructed. The
assembly accuracy of the method was assessed as the number of ”successful” assemblies over the
number of assembled sequences (”successful” and ”erroneous”).

We compared MTG-Link to several short-read local assemblers. MindTheGap [30], ABYSS-
Sealer [13] and GAPPadder [14] were tested using the same evaluation protocol (command lines are
given in Supplementary Material; Additional file 1: Section S1.2).

3.3 Real use case: Reconstruction of large insertion variant sequences

MTG-Link was used to reconstruct the alternative sequences of large novel insertion variants using
the stLFR Homo sapiens dataset. From the gold standard SV callset of Genome In A Bottle
obtained on the HG002 individual [35], we selected all insertion calls that were larger than 250 bp
and annotated as "novel insertion” in the Delage et al. study [36]. This resulted in a set of 151
insertion calls, ranging in insertion size from 250 bp to 27,920 bp, and consisting of 104 insertions with
a homozygous genotype and 47 insertions with a heterozygous genotype in HG002. The repeated
nature of the context of the insertion site was retrieved from the Delage et al. study [36]. As the
reported position of the insertion site may be imprecise, we attempted to reconstruct the insertion
sequence by including 50 bp on either side of the insertion site.
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As the insertion sequences are known for this dataset [35], we were able to assess the accuracy
of MTG-Link assembled sequences with the same evaluation protocol as for randomly selected loci.

3.4 Real use case: inter-scaffold gap-filling of a locus of interest

We also applied MTG-Link to improve the contiguity of the Supergene P locus (1.3 Mbp) of the
butterfly H. numata of 8 among 12 re-sequenced individuals [5]. Indeed, the Supergene P locus was
previously reconstructed as a single scaffold for only four individual genomes, while the sequence of
the locus was fragmented into several scaffolds (58 gaps in total) for the other 8 individuals. For
these latter, we started by ordering the large scaffolds identified as belonging to the locus (BLAST
comparisons with the related species Heliconius melpomene, personal communication from Paul Jay
[5]) using the number of their common barcodes calculated by LRez ([32]). In a second step, we
performed gap-filling on the 58 candidate pairs with MTG-Link.

4 Results

4.1 Assessing MTG-Link results on evaluation datasets
4.1.1 Assembly of randomly selected loci

MTG-Link was first applied on several evaluation datasets, composed of real linked-read data (an
stLFR H. sapiens dataset and a 10x Genomics H. numata dataset) and randomly selected loci
for which the sequence to assemble is known, to precisely estimate its success rate and assembly
accuracy. The results obtained with MTG-Link for several target size (1, 5, 10 and 20 Kb) are
presented in Figure 2.

For small targets (1 Kb), MTG-Link returns an assembly for most targets with a good accuracy.
Notably, for the human dataset, 87.3% of the 1 Kb targets are successfully assembled (success rate)
and MTG-Link did not return any incorrect assemblies (e.g. with more than 10% of sequence or
size divergence with the reference sequence), giving an assembly accuracy of 100%. However, these
metrics decrease as the target size increases. The success rate falls below 50% for 10 Kb and 20 Kb
targets. The assembly accuracy remains high for 5 Kb and 10 Kb targets (89.1% and 88.2% resp.),
but drops to 50% for the largest target size (20 Kb) (top part of Figure 2).

A similar trend is observed for the 10x Genomics H. numata dataset, but with a smaller decrease
in performance with the target size, as the success rate remains high for 1 to 10 Kb targets (70.2%
for all three sizes combined, bottom part of Figure 2).

Analyzing the successful assemblies, we can observe that they were obtained with different k-mer
sizes (-k) depending on the target size (Figure 3). We recall that MTG-Link automatically tests
several k-mer sizes in decreasing order, and stops when a good quality assembly is obtained. We
can see in Figure 3 that most 1 to 5 Kb targets are successfully assembled at the first assembly
attempts, e.g. for -k equals 61 or 51. As the target size increases, the assemblies are obtained with
smaller -k values, meaning that assembly with larger -k values failed.

4.1.2 Barcode-based subsampling analysis

The main feature of MTG-Link is its read subsampling step based on the barcode information of the
linked-reads. For all the combined target sizes of the stLFR H. sapiens dataset, 855 barcodes were
selected on average from the target flanking regions, resulting on average to 111,905 reads given
as input for the de novo assembly. The number of selected barcodes is quite variable between the
targets, with for instance a standard deviation of 407 barcodes for the 63 10Kb targets (Figure 4A).
However, the number of selected barcodes seems not to be directly linked to the assembly success as
the missing and erroneous assemblies do not show either much less or much more selected barcodes
(Figure 4A). Similarly, the distributions of number of selected reads are similar between the three
assembly result status, as also shown by the high correlation between the number of selected barcodes
and the number of reads extracted from this selection (Additional file 1: Figure S1).
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Figure 2: Comparison of assembly results for several local assembly tools and several target sizes. Results
are shown for the stLFR H. sapiens dataset (top) and for the 10x Genomics H. numata dataset (bottom).
MTG-Link, MindTheGap and ABYSS-Sealer were applied on four sets with different target sizes (1, 5, 10
and 20 Kb), each composed of 63 and 57 randomly selected loci resp. for the H. sapiens and the H. numata
datasets.

In MTG-Link, the main parameter governing the barcode selection is the size of considered
flanking regions (parameter -flank). Indeed, when increasing this parameter, the number of selected
barcodes increases but it does not impact substantially the assembly performances (Figure 4A and
B ; see also Additional file 1: Figure S2). In other words, even if we select more barcodes to increase
the size of the subsampled read sets, the success rate and the assembly accuracy do not increase.

4.2 Comparison with other approaches

To our knowledge, no other local assembly tool using linked-read data has been developed. Therefore,
MTG-Link was compared to short-read local assemblers that can not take advantage of the barcode
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Figure 3: Proportion of k-mer sizes used by MTG-Link to assemble the successful assemblies depending
on the target size. MTG-Link was run on the stLFR H. sapiens dataset with the parameter -k ranging from
61 to 21 with intervals of 10.
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Figure 4: Influence of the flanking region size on the assembly quality. MTG-Link was run on the stLFR
H. sapiens dataset with varying flanking region size (-flank parameter): 5 Kb, 10 Kb, 15 Kb. A) Correlation
between the flanking region size and the number of barcodes selected, and influence of these two parameters
on the assembly quality for targets of 10 Kb. B) Influence of the flanking region size on the assembly quality
for targets of 10 Kb and 20 Kb.

information of the linked-reads. This comparison is therefore meant to highlight the added value of
this type of data. MTG-Link was first compared to MindTheGap [30], as this is the tool used in the
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local assembly step of our method, thus enabling to evaluate the benefit of the read subsampling
step. MTG-Link was also compared to the most recent short-read local assemblers: ABYSS-Sealer
[13] and GAPPadder [14]. However, we did not manage to make GAPPadder work on our datasets
as it is no longer maintained, so we will present only the results obtained with ABYSS-Sealer.

For all target sizes, MTG-Link outputs more successful assemblies with a better assembly ac-
curacy than the two short-read local assemblers MindTheGap and ABYSS-Sealer (Figure 2). On
the stLFR H. sapiens dataset, for all target sizes combined, MTG-Link shows a success rate of
54.4%, much better than the success rates of 5.2% and 12.3% for MindTheGap and ABYSS-Sealer
respectively. Besides, the differences tend to increase with the target size. In particular, no target
over 10 Kb could be assembled by any of the two short-read local assemblers MindTheGap and
ABYSS-Sealer. Therefore, MTG-Link outperforms these two tools. Similar results were obtained
for the 10x Genomics H. numata dataset.

The computational performances (speed and memory usage) of MTG-Link are of the same order
of magnitude of those of the short-read local assemblers MindTheGap and ABYSS-Sealer (Additional
file 1: Tables S1 and S2).

4.3 Application of MTG-Link to the reconstruction of insertion variants

We applied MTG-Link to reconstruct the alternative sequences of known large novel insertion vari-
ants in human HGO002. From the gold standard SV callset provided by the Genome In A Bottle
consortium on the HG002 individual [35], we selected all novel insertion calls that were larger than
250 bp (N=151). All insertion sequences are resolved in this dataset, as they were called mainly with
long-read sequencing data. Therefore, we were able to evaluate the assembled sequences obtained by
MTG-Link and assess the sensitivity and accuracy of the method with respect to various insertion
features (size, genotype, repeat context of insertion site).

The results are presented in Figure 5. On the 151 insertions, MTG-Link has a success rate of
45.7% and an assembly accuracy of 82.1%. We observe that, in addition to the size of the sequence
(> 5 Kb), the assembly performance of MTG-Link is directly related to the presence of repeated
elements around the insertion site as well as to the insertion genotype. Indeed, the expected read
depth of the inserted sequence for the heterozygous variants is half the genome-wide read depth and
makes the de novo assembly more difficult. At least one of these three factors is reported in 86.6%
of the non-assembled insertions and 100% of the erroneously assembled insertions.

Considering only the homozygous insertions smaller than 5 Kb (N= 74 insertions), MTG-Link
obtains very good results with a success rate of 68.9% and an accuracy of 98.1%.

4.4 Application of MTG-Link to improve the contiguity of the Supergene
P locus in H. numata individuals

We applied MTG-Link on inter-scaffold gaps to improve the contiguity of the Supergene P locus of
the butterfly H. numata in eight individuals. For each of these eight individuals, we attempted to fill
the gaps between the scaffolds using MTG-Link. We succeeded in reducing the number of scaffolds in
the Supergene P locus for all H. numata individuals. For two of them (ind. 28 and 30), the Supergene
P locus was reconstructed as a single scaffold in one step of gap-filling. For the others, the assembly
was still fragmented and we performed additional steps of extra contigs recruitment. We retrieved
additional small scaffolds that shared at least 50 barcodes with the initial set of scaffolds. Finally,
we succeeded in filling 45 out of the 58 initial gaps with MTG-Link (Additional file 1: Table S3).

5 Discussion and conclusion

We provide a novel tool for local assembly that is dedicated to linked-read sequencing data. We
validated this tool on several datasets, composed of real linked-read data and randomly selected loci
for which the sequence to assemble is known, to precisely estimate its success rate and assembly
accuracy. The results described above show that our method can be applied on different organisms,
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Figure 5: Results of MTG-Link on the reconstruction of human insertion variants. MTG-Link was run on
151 insertion calls with the stLFR H. sapiens dataset. The results are categorized by the insertion size, the
variant genotype in individual HG002 (0/1 and 1/1 for heterozygous and homozygous insertions resp.) and
the repeated nature of the genomic context of the insertion site.

as well as on different linked-read sequencing technologies, to obtain better assemblies than with
other existing local assemblers.

To our knowledge, this is the first local assembly tool dedicated to linked-read data. We have
therefore compared our tool MTG-Link to generic short-read local assembly tools that could not use
the long-range information given by each read barcode. In particular, we compared MTG-Link to
MindTheGap, which is one of the component of the MTG-Link pipeline. As both rely on the same
assembly algorithm, we could assess the benefit of the main feature of MTG-Link: its barcode-based
read subsampling step prior to local assembly. The much better results obtained by MTG-Link
compared to using solely MindTheGap demonstrate that the long-range information contained in
linked-reads allows improving substantially local assembly qualities. Contrary to MindTheGap which
builds its de Bruin graph with the whole read set, the read subsampling step of MTG-Link allows
the enrichment of reads originating from the target locus in the read set used for the assembly. By
discarding a large fraction of reads originating from other regions of the genome, we reduce the noise
and complexity in the assembly graph, thus making the search for the target sequence path easier
and achievable in a reasonable time.

Our results show that MTG-Link is able to assemble successfully large sequences, up to dozens of
Kb. As expected, we observed that the smaller the target sequence the better the results. Actually,
the risk of the read subsampling approach is to decrease the read depth on some parts of the
target sequence and to disconnect the assembly graph, and this risk increases with the size of the
target. This is illustrated by the observed relationship between the successful k-mer value used
for the assembly and the target size (Figure 3). The larger the target size, the more the assembly
fails with large k-mer values. De Bruijn graph traversal is known to be easier and to give more
accurate paths with large k-mer values, as long as the read depth is sufficient for the graph to be
connected. Hence, these results show that the read depth may be insufficient on some parts of the
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longer targets, probably in the middle where the distance to the flanking sequences is the greatest.
Indeed, barcode-based read recruitment is limited by the size of the long DNA molecules obtained
during the linked-read library preparation. As a matter of fact, increasing the flanking region size
did not improve the results, since barcodes of interest are more likely to be found near the target
sequence than far away. The target size limit is thus likely to depend on the size distribution of the
long DNA molecules. Here, for molecules of average size around 55 Kb (around 70 Kb and 40 Kb
for the stLFR H. sapiens and the 10x Genomics H. numata datasets respectively), MTG-link was
still able to successfully assemble around 20% of the 20 Kb target sequences. Decreasing the k-mer
value still allows the assembly of some of the larger targets and Figure 3 shows that there is not a
single k-mer size that outperforms the others for any target size; hence the importance of testing
several k-mer sizes to optimize assembly results. This is performed automatically and efficiently
in MTG-Link thanks to the last step of the pipeline, the qualitative evaluation of each obtained
assembled sequence.

The second feature impacting the performances of MTG-Link is typical to any de novo assembly
tool: it is the presence of repeats in or around the target sequence. This is particularly illustrated
when comparing the results obtained for the assembly of insertion variants in the human HGO002
individual, whether the insertion site is located in a repeated region or not (Figure 5). Notably, this
repeated feature impacts both the success rate and the accuracy of the method. As a matter of fact,
among the non-assembled 10 Kb targets of the randomly selected loci of the human dataset, 30%
were actually assembled successfully by MTG-Link but returned among other possible solutions.
These multiple solutions have at least 10% divergence between them, and the multiple nature of
the solutions reflects the repetitive nature of the region to be assembled. As it is not possible to
select the correct assembly among all the multiple solutions, MTG-Link does not return any of
them by default. Concerning the assembly accuracy, we observed that many erroneous assemblies
showed high sequence similarities with the reference sequence, but were incomplete. In several cases,
we observed the presence of direct repeats in the reference sequence, generating a cycle in the de
Bruijn graph whose sequence (between repeat copies) is lost in the assembly. This may explain why
some targets are erroneously assembled with MTG-Link and why the accuracy decreases with the
target size since the likelihood of harbouring at least two repeat copies increases with the size of the
sequence.

Even if some targets are particularly difficult to assemble, we proved the usefulness of MTG-Link
in two biological applications, namely to characterize large insertion variants and to improve the
contiguity of a locus split into several scaffolds in an initial assembly. Large insertion variants are
one of the most difficult structural variant types to discover and fully characterize in re-sequencing
datasets [37], because the alternative allele, the inserted sequence, is most often not contained in
read mapping results. In particular, many short-read SV callers can predict insertion site locations
on the reference genome but are not able to resolve the whole inserted sequence [36]. Our results
show that MTG-Link could be combined to short-read SV callers to improve their characterization
of insertion variant calls. Similarly, for other SV types, MTG-Link could be used for the local
assembly of SV breakpoints, helping to validate SV calls or to filter out false positive calls. The
second application can be referred to as gap-filling in a draft assembly composed of several contigs
or scaffolds. Linked-read data have been massively produced to generate draft genome or haplotype
assemblies. As for the Supergene P locus in H. numata, this is quite frequent that some loci of
interest have already been identified in the studied organism and we showed that MTG-Link is a
useful tool to help analyze and characterize these loci in several individuals.
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