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Abstract

Genome assembly remains to be a major task in genomic research. Despite the development over the past decades of different
assembly software programs and algorithms, it is still a great challenge to assemble a complete genome without any gaps. With the
latest DNA circular consensus sequencing (CCS) technology, several assembly programs can now build a genome from raw sequencing
data to contigs; however, some complex sequence regions remain as unresolved gaps. Here, we present a novel gap-filling software,
DEGAP (Dynamic Elongation of a Genome Assembly Path), that resolves gap regions by utilizing the dual advantages of accuracy
and length of high-fidelity (HiFi) reads. DEGAP identifies differences between reads and provides ‘GapFiller’ or ‘CtgLinker’ modes to
eliminate or shorten gaps in genomes. DEGAP adopts an iterative elongation strategy that automatically and dynamically adjusts
parameters according to three complexity factors affecting the genome to determine the optimal extension path. DEGAP has already
been successfully applied to decipher complex genomic regions in several projects and may be widely employed to generate more

gap-free genomes.
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INTRODUCTION

DNA sequencing has had a long and inspiring history of develop-
ment. Each generation of sequencing technologies has propelled
the decryption of the genetic code and aided in the understanding
of the biology and evolution of species. Complete and accurate
genome assembly is an essential component for genomic anal-
yses. Presently, genome assemblies are commonly accomplished
by combining inaccurate long sequencing reads with accurate
short reads [1-3]. Pacific Biosciences (PacBio) currently provides
high-fidelity (HiFi) sequencing technology to enhance both the
accuracy and length of sequence reads, routinely producing reads
exceeding 10 kbp in length with 99.9% accuracy [4].

With the development of enhanced sequencing technologies,
several software tools (e.g. Canu [5], MECAT [6], FALCON [7],
Flye [8], hifiasm [9] and Wtdbg [10]) have become available
for de novo assembling of genomes by using various raw

sequencing data. However, gaps still remain in many assemblies
due to either low sequencing depth or high sequence complexity.
The processes must account for the individual differences among
various genomes to achieve a high-quality assembly. While most
genome assemblies can be handled by general whole-genome
assemblers, intricate regions may necessitate additional efforts,
such as manual editing of long tandem repeats [11]. Previous
studies have shown that higher occurrences of repeats often lead
to gaps in the assembly [12]. Commonly used assemblers, such
as Canu and FALCON, typically group similar reads to rectify
sequencing errors by utilizing the consensus of the majority
of reads and produce contigs through sequence overlap. The
presence of similar surrounding bases makes distinguishing
certain variants from sequencing errors challenging, particularly
in highly repetitive regions like the centromere. This can lead to
misassembled contigs and result in gaps within the genomes.
Hence, a high-resolution tool capable of easily distinguishing
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low-frequency variants and accurately closing gaps is a necessary
requirement to assemble complete genome sequences.

In this study, we developed an automated fine-tuning tool,
named DEGAP (Dynamic Elongation of a Genome Assembly Path),
to enhance the contiguity of genome assembly. DEGAP employs
dynamic strategies to select HiFi reads and elongate gap edge
sequences, thereby generating continuous assembly paths for
closing or shortening gap regions. DEGAP can efficiently resolve
gaps in chromosome-level assemblies and non-chromosome-
level assemblies without the need to generate more sequencing
data and cost-effectively reduce the overall number of gaps in
an entire genome. DEGAP’s ability to resolve gap regions will
undoubtedly make it widely useful in the generation of more
gap-free genomes.

RESULTS
Two gap-closure modes: GapFiller and CtgLinker

DEGAP provides two operational modes, GapFiller and CtgLinker,
each tailored to distinct different scenarios: chromosome-level
and non-chromosome-level genome assemblies. The HiFi reads
provided for DEGAP remain consistent in both modes; however,
these modes require different assembly sequences as additional
input. In the GapFiller mode, the input sequences consist of two
flanking sequences from both gap edges, whereas in CtgLinker
mode, contig or scaffold sequences are used as input. The
GapFiller mode focuses on filling known gaps, specifically in
chromosome-level assemblies. DEGAP takes both left and right
sequences of gap regions as seed sequences and uses raw HiFi
reads to incrementally elongate the seed sequences to eventually
reach the sequences on the other side of each gap. The CtgLinker
mode is designed for handling non-chromosome-level assemblies
with unknown gaps. In this mode, DEGAP first filters out the overly
short contigs, then cuts off the edges of the contigs to reduce the
mis-assembly caused by sequencing errors and pursue accurate
elongation results. DEGAP elongates all contigs with supplied HiFi
data and generates assembly paths for connecting well-matched
contigs through overlapping sequences. The automated process
persistently conducts elongation tasks until all gaps are filled,
or until no extension sequences (or reads) are found while gaps
remain.

Dynamic process of assembly path elongation

DEGAP adopts an iterative elongation strategy that automatically
uses dynamic parameter thresholds to select sequences for exten-
sion according to the complexity of the actual situation, which
can be divided into four steps: (i) extracting reads that are located
on one side of the gap, (i) processing the candidate extension
reads or sequences, (iii) elongating the edge sequence using the
optimal candidate in the previous step and (iv) determining if the
elongated sequence reaches the other side of the gap (Figure 1A).
In the fourth step, DEGAP checks if the elongated sequence has
reached the other side of the gap to assess if the elongation
process is complete (the gap was filled) or needs to continue using
the newly elongated sequence as the input sequence for the next
elongation round (Figure 1B).

In each round of elongation, the basic principle for DEGAP
is to select the correct reads or extension sequence to elongate
the edge sequences between gaps. The accuracy depends on the
assessment of whether an extension read/sequence is eligible
for elongation, and this depends on the alignments to an edge
sequence. Considering the differences in the input edge sequence
for each round, DEGAP will dynamically change the threshold

values of four different parameters to select the alignment blocks:
(i) the distance from the alignment area to the sequence boundary,
(ii) alignment identity, (iii) alignment length and (iv) extension
length of the reads (Figure 1c, Supplementary Figures S1 and S2).

During each round of elongation, extension reads or contigs
are dynamically selected based on assembly error and qualified
alignment results. Using minimap?2 [13] to map all HiFi reads back
to one edge of a gap, the dynamic read finding process in DEGAP
finds a set of candidate extension reads that have a high sequence
identity and high coverage alignment with the edge sequence for
potentially extending the edge sequence (Supplementary Figure
S1). Subsequently, the dynamic extension sequence finding pro-
cess may de novo assemble the extension reads obtained in the
previous step by using hifiasm [9] or find the common sequences
between extension HiFi reads, and then select the best extension
sequence to precisely elongate the edge sequence (Supplementary
Figure S2).

DEGAP determines qualified alignment results by considering
both maximum alignment identity and maximum alignment
length against an edge sequence (Supplementary Figure S3).
Meanwhile, DEGAP can also provide a fuzzy alignment in a second
dynamic process when no qualified alignment results are found
(i.e. repeat-caused multiple alignment results) (Supplementary
Figure S3D and E).

By taking the edge sequence at one end of a gap as a seed,
DEGAP generates a continuous sequence path through the iter-
ative extension process. Therefore, there are three possible out-
comes of the DEGAP process: (i) the gap is filled; (ii) no extension
reads/sequences are found and (iii) no new extension reads are
found, and the process is stuck in an infinite loop. The log file
generated by DEGAP comprehensively documents the extension
process, detailing mapping quality, alignments and the utilized
reads. This design allows users to further examine the accuracy
in gap filling (Supplementary Figure S4).

Two study cases of DEGAP
Rice centromere sequences resolved in the GapFiller mode

Centromeric DNA usually contains highly repetitive DNAs, such
as satellite DNAs, which are among the most difficult to resolve
in genome assemblies. In this study, we used the gap-free genome
(MH63RS3) of rice Minghui 63 (MH63) assembled with multiple
sequencing data as a reference, as it contains complete cen-
tromere sequences [14], including CentO satellite repeats [15]. We
used the flanking sequences bordering the centromere as input
for elongating all centromere sequences. By using DEGAP, we bidi-
rectionally reproduced all centromere sequences in MH63RS3 and
compared them with the corresponding sequences in MH63RS3 to
validate the DEGAP results (Figure 2). The results were that DEGAP
successfully filled the complete centromere sequences in Chr03,
Chr06 and Chr10 from both directions, and Chr07 and Chr09 from
the left side and Chr12 from the right side of the centromere
(Figure 2A).

Human genome sequences improved with the CtgLinker
mode

The first near-complete human reference genome (GRCh38.p13)
was released in 2013 [16] by the Genome Reference Consortium.
This genome assembly contained 349 unfinished repetitive and
polymorphic regions as gaps. A Telomere-to-Telomere (T2T)
version (CHM13) of the reference human genome was assembled
in 2022 by using PacBio HiFi and Oxford Nanopore ultralong-
read sequencing technologies [1]. The T2T-CHM13 reference
genome (CHM13v1.1) was used to test the DEGAP performance,
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Figure 1. DEGAP pipeline. (A) Iterative elongation strategy of DEGAP. (B) Complete elongation process when DEGAP filled the gaps. (C) Parameters to
evaluate whether HiFi reads/sequences are eligible to extend the edge sequence.

and the former non-T2T assembly (CHM13v0.7) was used as the
input dataset to test if DEGAP could resolve a non-chromosome-
level assembly. As an illustrative example, we used the Chrl9
sequence (NCBI AC No. WNKB01000034.1) from the previous
version of the human reference genome (CHM13v0.7) as the input
(Supplementary Figure S5) and endeavored to bridge gaps with
HiFi reads. Using DEGAP CtgLinker mode, the input sequences
were automatically split into smaller contigs containing no gaps,
then elongated by extending the edge sequences. As a result,
two contiguous sequences were generated from nine fragmented
contigs, and the gap number was reduced from eight to one
(Supplementary Figure S5). This comparison result validates the

high collinearity between DEGAP-resolved sequences and the gap-
free CHM13v1.1 reference genome (Supplementary Figure S5).
In addition to Chr19, DEGAP demonstrates its capability across
other chromosomes. For instance, it effectively closed three gaps
in Chr01, two in Chr02 and two in Chr03 (Supplementary Figure
S5B-D).

Three complexity factors affecting the genome
assembly path

For a genome assembly, it is easy to measure its quality from
the sequence length (such as N50), but rarely from the data
complexity. Here, in consideration of multiple variable factors,
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Figure 2. DEGAP-resolved results of MH63 centromere sequences in GapFiller mode. (A) Alignment of DEGAP results with the MH63 reference genome.
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we adopt three major characteristics of a sequence dataset for
evaluating sequence complexity and ease of assembly from a
global perspective for the entire genome: the depth value of
unique reads, reads accuracy and the ratio of unique reads among
all mapped reads (Figure 2).

The depth value of unique reads, a basic characteristic, indi-
cates the actual number of sequencing reads in a certain region,
and it is also the expected value of extended reads to be obtained
in this region. This characteristic can be regarded as the true
number of reads obtained at this location during the genome
sequencing process, which is the optimally aligned reads in the
entire genome alignment. In the case study of rebuilding MH63
centromere sequences, it was found that the closer to the cen-
tromere and the CentO regions, the fewer number of unique reads,
which translates to a smaller number of extension reads gener-
ated by DEGAP. Results indicate that the closer to a centromere
region, the lower depth value of unique reads (Supplementary
Figure S6, Supplementary Table S1).

The reads accuracy, a quality characteristic, represented by
the subtraction ratio of mismatches, deletions and insertions
when mapping all reads back to the reference genome, is another
data characteristic to indicate the assembly potential. The closer
to the centromere region, the lower the reads accuracy, which
elevates the difficulty to build consensus sequences. The results
showed significant differences between non-centromere regions
and centromere regions (non-CentO regions) and between non-
centromere regions and CentO regions in all chromosomes.
For example, the Chr02 CentO region was determined to have
Cohen’s d>0.8, and the Chrll centromere region (non-CentO
region) had Cohen’s d > 0.5 when compared to non-centromere
regions, and also these gaps were not closed by DEGAP (Figure 2A,
Supplementary Figure S6, Supplementary Table S1). These results
indicate that the closer to centromere regions, the lower the reads
accuracy.

The ratio of unique reads among all mapped reads, a
differentiation characteristic, indicates how unique the locus
is across the genome. As centromeric regions contain a large
number of satellite repeats with high sequence similarity across
chromosomes, the proportion of unique reads represents the level
of difficulty for DEGAP to properly distinguish corresponding
reads belonging to different chromosomes. The results showed
that there are significant differences between non-centromere
regions and centromere regions (non-CentO regions) and between
non-centromere regions and CentO regions in all chromosomes.
For example, Chr02, Chr05 and Chr07 CentO regions have Cohen’s
d> 0.8, and Chrll centromere regions (non-CentO regions) have
Cohen’s d >0.5 when compared to non-centromere regions
(Supplementary Figure S6, Supplementary Table S1). These results
indicate that the closer to a centromere region, the lower the ratio
of unique reads.

Quality assessment with three complexity
factors in genome assembly

We used the Guassian mixture model (GMM), or skewed dis-
tribution, to evaluate the overall quality of the rice MH63RS3,
human CHM13v1.1 and human CHM13v2.0 assemblies by clas-
sifying genomic locus form into three groups using the above
three characteristics (Supplementary Figure S7). Three groups
from high to low represent the difficulty of genome assembly. For
the rice genome analysis, the results showed that Group I is most
prevalent in non-centromere regions, Group II is most prevalent
in centromere regions (non-CentO regions) and Group III is most
abundant in CentO regions. These results are consistent with the
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finding that the closer to centromere regions, the more difficult
the regions are to assemble (Supplementary Figure S7).

The result shows that 99.78% of MH63RS3 assembly have
been properly assembed and 94.73% in CHM13v1.1, which indi-
cates that the MH63 genome was easier to assemble. Moreover,
CHM13v2.0 has more sites in Group III compared to CHM13v1.1,
which indicates CHM13v2.0 assembly resolved more complex
regions when compared to CHM13v1.1 (Supplementary Table S2).

The skewed distribution was used to group MH63RS3 instead
of GMM, due to Group I and Group II exhibiting a long-tail class
distribution (Supplementary Table S2). We also used the same HiFi
reads to de novo assemble the MH63 genome by Canu (version
2.0) and hifiasm (version 0.16.1-r375). The GMM was subsequently
used to combine these two assemblies. The result was that neither
of these two assemblies had better performance than MH63RS3.
We found Canu assembled the more difficult parts of the genome
better than hifiasm (Group III in Canu is 30.8% and in hifiasm
is 9.47%), such as in more repetitive sequence regions, and these
regions are also highly prone to assembly errors. Overall, the
assembly results using hifiasm gave a better performance when
compared to the assembly using Canu. Hifiasm assemblies con-
sistently had higher numbers of Group II characteristics.

Software comparison

To evaluate the performance of DEGAP, we compared it with
four other gap-filling software programs: TGS-GapCloser [17],
FGAP [18], LR_Gapcloser [19] and PBJelly [20], which can take
PacBio long reads as input. The published 20 pseudochromo-
somes (with 23 gaps) of Perilla frutescens, broken down by gaps,
were used to compare the various gap-filling programs [21]. The
genome was assembled using HiFi reads by hifiasm [9] (v0.16),
and it was also combined with processed Omni-C reads for Hi-
C integrated assembly. The gaps in nearly completed genomes
have complex individual reasons and can serve as a dataset for
evaluating the ability of gap-filling tools to improve assembly
continuity within the limited existing data without generating
additional data. DEGAP, TGS-GapCloser and FGAP filled 10, 8 and
3 gaps, respectively (Supplementary Tables S3 and S4). However,
LR_Gapcloser and PBJelly did not fill any gaps in the P. frutescens
assembly. These results illustrate that DEGAP performs better in
filling gaps or extending sequences to build an assembly of greater
completeness and higher contiguity than other existing tools.

DISCUSSIONS

As more and more genomes are sequenced and assembled,
gap-free genomes are increasingly desired, if not expected.
The genome assembly process initiates by obtaining long N50
reads and progresses to computer program operations capable
of resolving complex repetitive regions. DEGAP proves to be a
valuable new tool to assist in the generation of complete gap-free
genomes using PacBio HiFi reads, and it is also a powerful tool
to aid in the resolution of complex regions. The biggest strength
of DEGAP is that it dynamically adjusts the elongation strategy
according to the complexity of the gap region and accurately
elongates sequences even by using sequences with low depths.
Accuracy and completeness are the most important require-
ments for genome assembly. Both metrics are substantially
affected by the quality and complexity of the input raw
data, especially in complex regions such as those found in
centromeres. DEGAP can distinguish between reads having high
sequence similarity, which allows it to resolve repetitive and
complex regions in genomes. In consideration of the above
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three characteristics of sequencing data, we designed DEGAP to
dynamically recognize sequences in an elongation process.

In this study, we provide three complexity factors affecting
the genome assembly path: depth value of unique reads, reads
accuracy and the ratio of unique reads among all mapped
reads. The higher the depth value of unique reads, the higher
in the potential for a successful elongation; the higher the reads
accuracy, the more precise assembly path for elongation; the
higher the ratio of unique reads, the stronger the distinction
of elongation assembly paths from similar sequences in other
regions of the genome. Although all three characteristics of the
sequence dataset observed in our study indicate the difficulty
of assembling centromere sequences, in the MH63RS3 example,
DEGAP was able to successfully rebuild 6 out of 12 centromere
sequences with high identity to the reference genome (Figure 2A).
For each round in DEGAP, sequences obtained from a previous
round are used as input sequences for the seed sequence in
the elongation process where, if possible, the edge sequences
are extended. After the elongation process is complete for that
sequence, DEGAP tests whether the extended output sequence
can close the gap (Figure 2C). To exclude the influence of
reads from similar sequences and enhance the likelihood of
obtaining the correct unique reads for an extension, DEGAP
uses two rounds of stringent dynamic selection process to filter
out many abnormally mapped reads that may cause assembly
errors (Figure 2D). However, this filtering process is not absolute,
especially when edge sequences share identical sequences from
other regions that exceed the reads length. Such difficulty can
only be resolved by using longer sequencing technologies. To
increase the extension quality, DEGAP follows an assembly path
of higher accuracy rather than longer elongation, so for each
process, it preferentially uses similar overlapping sequences in
length as input sequences (Figure 2E).

These three characteristics affect not only the DEGAP exten-
sion accuracy, but also the correctness of an assembly in all
existing assembly software. We used GMM or skewed distribution
to group all sites in the assembly into three. Group I represents
the easiest part of the genome to assemble, showing the highest
values for all three characteristics. Group Il represents parts of the
genome that are less easy to assemble, showing high values for
only one or two of all three characteristics. Group III represents
the most difficult part of the genome to assemble, with lowest
values in all three characteristics. For its simplicity, EM algorithm
performs incredibly well in a range of scenarios. However, there
are a number of potential limitations that we need to be aware of.
One of the most concerning limitations is that its EM is slow for
large datasets, such as an ultra-large genome. Skewed distribution
is used to be an alternative method when Groups I and II (often
occurs in high-quality assemblies like the gap-free genome) or
Groups 1I and III (extremely high-heterozygosity assemblies in
which Group III becomes a major part of the entire genome)
exhibit a long-tail class distribution.

The issue of false contig connections arises when multiple
highly similar long regions exist within a genome, making it
difficult to discern HiFi reads originating from distinct regions.
During the elongation processes, we utilize dynamic parameters
tailored to specific situations at gap edges rather than employing
unified ones. In DEGAP, there are two major dynamic selection
processes to elongate the edge of gaps: HiFi reads selection and
extension sequence selection. DEGAP dynamically adjusts the
filtering thresholds, transitioning from stringent settings to pre-
vent such occurrences and provides the entire process within
each elongation. Users can manually check and track the results

after running DEGAP if there are any suspicion regions. However,
complete avoidance of these false positive connections remains
elusive, particularly when assembling sequences from identical
repeats shorter than the repeat region. The resolution of this issue
hinges on advancements in sequencing technology, enabling the
generation of longer reads capable of spanning highly similar
regions.

Gaps within various genomes may stem from diverse and often
intricate reasons. The primary objective of DEGAP is to enhance
assembly contiguity using existing sequencing data without gen-
erating additional data. The origins of gaps in different genome
assemblies can be multifaceted and may sometimes be resolved
through iterative local assembly processes. It's worth noting that
the P. frutescens genome used for comparison in this study was
assembled using HiFi reads with Hifiasm (v0.16), supplemented
by processed Omni-C reads for Hi-C [21]. DEGAP filled 10 out
of 23 gaps in the published P. frutescens genome using their HiFi
data, resulting in an improved contiguity of their genome without
requiring extra data. Furthermore, we used the CtglLinker mode
to address gaps in the hifiasm assembly of MH63, which ini-
tially consisted of 826 contigs with an N50 of 30583321 bp. As a
result, a gap-free genome comprising 12 pseudochromosomes of
400268500 bp in length (Supplementary Table S5) was success-
fully regenerated, exhibiting high collinearity with the MH63RS3
reference sequences (Supplementary Figure S8).

DEGAP gradually elongates gap edges in a sequential manner,
meaning a new round of elongation will not start until the pre-
vious one concludes. Consequently, filling extremely long gaps
with DEGAP is a time-consuming process. It's important to recog-
nize that DEGAP serves as a complementary fine-tuning tool for
genome assembly rather than a replacement for comprehensive
whole-genome assembly methods. The elongation assembly path
generated in both modes in DEGAP is highly dependend on the
input sequences. The sequences proved in GapFiller mode are the
left and right edge sequences between gaps as input, whereas
CtgLinker mode takes scaffolds with no specific order as input.
The alignment with opposite edge sequences also serves as a
termination signal. If the termination alignment regions with
opposite edges are inaccurate, the elongation process will con-
tinue until no extension sequences are found, resulting in the
retention of both the gaps and elongated input sequences.

The accuracy of the genome is often the key affecting sub-
sequent research, such as gene annotation or genome-wide SNP
analysis. For future genome assemblies, we need to shift our focus
from pursuing more complete genomes to complete and precise
genomes. In addition to de novo genome assemblies, DEGAP can
also be used to verify the quality and correctness of regions in
released genomes by comparing the differences between DEGAP
extension results and other assembly results in difficult-to-be-
assembled regions. DEGAP, as a new ‘post’ genome assembly
software tool, will play a powerful role in building better-quality
genome sequences with longer contiguity.

METHODS

Dynamic HiFi reads finding

DEGAP uses minimap? [13] to generate the sequence alignment
file in SAM/BAM format, sets the distance from the boundary
threshold from 10 bp to 500 bp (the default is 500 bp and can
be customized with the parameter ‘—edge’), MAPQ from 20 to 0,
alignment length from 3000 to 500 bp and extension length from
1000 to 10 bp. After selecting all aligned HiFi reads and getting
the extension HiFi reads in a loose threshold, DEGAP adaptively
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adjusts the filtering thresholds from a stringent one for the most
suitable HiFi reads (Supplementary Figure S1). To reduce the
screening time, DEGAP selects the entire HiFi reads with parame-
ters as NM (edit distance to the reference, including ambiguous
bases but excluding clipping)/alignment length <0.1, MAPQ >0,
alignment length >500, extension length >10 and distance from
the boundary <500. If no extension reads are found, DEGAP stops
the entire elongation process and exports the result. Alignment
files were processed by SAMtools [22] and Pysam Python package.

Dynamic extension sequence finding

DEGAP assembles the extension reads by hifiasm [9] and aligns
the assembled sequences to edge sequences by MUMmer [23]. The
minimum alignment length may be set from 1000 to 500 bp, the
minimum alignment identity from 99.0 to 95.0 and the distance
from the boundary from 10 bp to maximum extension length.
If there are no sequences assembled by hifiasm that pass the
selection process, DEGAP uses the common sequences between
any two HiFi reads (DEGAP uses the entire sequence if only one
extension read is found). With the common sequences, DEGAP
runs the dynamic selection process again to find the best exten-
sion sequence. The goal of this process is to find the best extension
sequence by selecting the alignment blocks from the hifiasm
assembly or common sequences. The result may contain multiple
sequences (Supplementary Figure S3A).

Fuzzy alignment generation

DEGAP uses MUMmer to align the assembly or common
sequences with the edge sequence to find the best alignment
result, which can elongate the edge sequence (Supplementary
Figure S3A and B). DEGAP uses the length of the alignment area,
alignment identity and distance from the boundary to select the
alignment result, which is similar to the extension reads selection.
If the alignmentis reversed, DEGAP takes the reverse complement
of the extension sequence (Supplementary Figure S3B). If there
are multiple alignment results, DEGAP chooses the most solid
alignment block (Supplementary Figure S3C). Moreover, DEGAP
can also consider some special circumstances where hifiasm'’s
assembly cannot elongate the edge sequence. For example, if two
sequences are greatly different or contain tandem repeats, the
result does not always show a single alignment block at the edge
(Supplementary Figure S3D and E). When the results generate
more than one alignment block but none of them can pass the
dynamic selection, DEGAP generates a fuzzy alignment result to
test if the extension sequence can be utilized (Supplementary
Figure S3D and E).

Three complexity factors affecting the genome
assembly path

t-tests were conducted to compare complex regions, like
centromere and euchromatin regions, on different chromosomes.
Bonferroni correction was applied to adjust for multiple testing.
Cohen’s d was determined to indicate whether the effect is
large enough to be meaningful in a real application and to
estimate practical significance (Cohen's d>0.8). The results
showed significant differences between non-centromere regions
and centromere regions (non-CentO regions) and between non-
centromere regions and CentO regions in all chromosomes. All
CentO regions, except on Chr03, were found to have significant
differences with non-centromere regions in the depth value of
unique HiFi reads, as indicated by Cohen'’s d > 0.8.
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ASSEMBLY EVALUATION

To evaluate the performance of the assembly data, a quantified
method was used. For each pointin the genome, a distance toward
the best sequencing point in the genome (peak point) based on
three features was calculated as follow:

d = X5 —PIl,

where Xj = (x1, X2, x3) denotes the sequencing features of position
j in the genome and x1, Xy, X3 denote the depth value of unique
reads, reads accuracy and ration of unique reads, respectively.
Before calculating the distance, each feature needs to be normal-
ized using min-max normalization as below:

% = w (i=1,273).
max(x;) — min(x;)
For a set of distances {dq, d,, ..., dy}, we used GMM to model to
classify genomic locus forms into three groups. The classification
used Python SciKit-Learn package (version 1.3.0.)

P =Y N @l o) K=1,23j=1,..,N).

1k, o means the mean distance and the standard deviation
toward the best point in regions that can be properly (k=1),
partially (k=2) and hardly (k=3) de novo assembled. o means the
proportion of each region in the genome.

Kolmogorov-Smirnov (KS) test was used to verify the groups
classified by GMM were correct. If no significant difference (the
P-value >0.05) showed in two adjacent groups, the skewed distri-
bution was used as the alternative method to GMM. The random
sample from two adjacent groups was used for KS test using
Python SciPy (version 1.11.2).

An alternative method is based on skewed distributions using
Python SciPy. After labeling outliers as Group III (k=3), whose
definition is data that are more than 1.5 times the inter-quartile
range before first quartile (Q1) or after third quartile (Q3), the
combination of Group I and Group II is considered as a skewed
distribution. One-tailed P-value was used to determine the deci-
sion boundary d of Group I and Group 11 as below:

P(d < d) = p if skewness < 0

Pd>d)=1- p if skewness > 0.

Key Points

e DEGAP offers ‘GapfFiller’ or ‘CtgLinker’ modes to bridge
or reduce gaps in genomes.

e DEGAP autonomously adapts parameters based on three
complexity factors affecting genome assembly, optimiz-
ing the extension path.

e DEGAP serves as a versatile tool for producing gap-free
genomes, making it applicable across various contexts.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/bib.
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Data Center under BioProject no. PRJCA005549. Human reference
genome GRCh38.p13 sequence data and genome were down-
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DEGAP was developed as an open-source tool on a Linux platform
with the Python programming language and could be downloaded
at https://github.com/jianwei- Zhang/DEGAP.
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