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Abstract: De novo genome assembly holds paramount significance in the field of genomics. Scaffold-
ing, as a pivotal component within the genome assembly process, is instrumental in determining the
orientation and arrangement of contigs, ultimately facilitating the generation of a chromosome-level
assembly. Scaffolding is contingent on supplementary linkage information, including paired-end
reads, bionano, physical mapping, genetic mapping, and Hi-C (an abbreviation for High-throughput
Chromosome Conformation Capture). In recent years, Hi-C has emerged as the predominant source
of linkage information in scaffolding, attributed to its capacity to offer long-range signals, leading to
the development of numerous Hi-C-based scaffolding tools. However, to the best of our knowledge,
there has been a paucity of comprehensive studies assessing and comparing the efficacy of these tools.
In order to address this gap, we meticulously selected six tools, namely LACHESIS, pin_hic, YaHS,
SALSA2, 3d-DNA, and ALLHIC, and conducted a comparative analysis of their performance across
haploid, diploid, and polyploid genomes. This endeavor has yielded valuable insights in advancing
the field of genome scaffolding research.
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1. Introduction

De novo genome assembly plays a pivotal role in genomics, particularly for species
lacking an established reference genome. It imparts critical insights into aspects such as
genome structure, size, composition, and potential gene functions. This holds particular
significance within the domains of ecology, evolutionary biology, and biodiversity research.
De novo genome assembly comprises two fundamental stages: contig assembly and scaffold
assembly. Contig assembly pertains to the process of organizing the initial sequencing data
into abbreviated continuous sequences commonly denoted as contigs. After the generation
of contigs, the subsequent phase involves their further assembly into more extensive
constructs referred to as scaffolds. Scaffolds are formed via the determination of the relative
positions and order of contigs. This can be accomplished by utilizing diverse sequencing
techniques to facilitate the linkage between contigs, resulting in the generation of larger,
more comprehensive sequences. Scaffolding leverages a variety of linkage information
types to arrange and orient contigs into scaffolds. Common forms of linkage information
encompass paired-end reads, bionano, physical mapping, genetic mapping, and Hi-C data.
The selection of the linkage information to employ is contingent on the accessible data,
the intricacy of the genome, and the precise objectives of the assembly project. In recent
years, Hi-C has risen in prominence as the prevailing choice for linkage information in the
scaffolding process.

Hi-C technology, initially developed for the investigation of the three-dimensional
chromosomal structure and spatial interactions within genomes, encompasses a sequence
of procedural stages involving cross-linking, cleavage, ligation, and sequencing. These
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steps enable the identification and characterization of physical interactions between various
genomic regions. Due to the extensive long-range linkage information that Hi-C offers, it
has found widespread utility in addressing the challenge of genome assembly scaffolding.
In particular, Hi-C data adhere to two fundamental regulations. Firstly, the Hi-C signal
strength between distinct chromosomes is notably lower when compared to interactions
within the same chromosome. Secondly, within a chromosome, the Hi-C signal is more
robust between contigs that are in close physical proximity than between contigs that are
spatially distant. The former regulation supports the grouping of contigs, while the latter
contributes to the accurate arrangement of contigs within each group.

At present, there exist various scaffolding tools that leverage Hi-C data, with LACH-
ESIS [1] being the pioneering tool in utilizing Hi-C for scaffolding. LACHESIS comprises
the following primary stages: Hi-C Read Alignment, Contig Grouping, and Intra-group
Orientation and Sorting. LACHESIS does exhibit certain limitations, notably the necessity
for users to predetermine the number of chromosomes prior to its execution. Furthermore,
it lacks the capability to rectify errors within contigs in cases where such errors are present
in the initial assembly. Conversely, 3d-DNA [2] tackles the error correction challenge by
utilizing Hi-C reads to refine the provided contigs prior to executing the clustering, sorting,
and orientation steps. SALSA [3] adopts a computational strategy in its approach. Follow-
ing alignment and error correction, it builds a graph in which edge weights are determined
by Hi-C links and contig lengths. These tools play an indispensable role in harnessing
Hi-C data for genome scaffolding, ultimately enhancing the coherence and precision of
genome assemblies. SALSA2 [4] is an extension of SALSA and introduces a hybrid graph
that amalgamates information from two distinct sources: ambiguous edges derived from
the GFA (Graphical Fragment Assembly) and edges acquired from Hi-C reads. This hybrid
approach aims to bolster the scaffolding process by harnessing the strengths of both data
types. The pin_hic [5] tool employs the N-BEST neighbor principle based on contigs and
integrates data from the Hi-C contact matrix to establish a graph. This approach strives to
establish connections between contigs by taking into account the top N contig neighbors.
YaHS [6] adopts a distinct method by cleaving contigs at essential breakpoints, producing a
contact matrix, and subsequently constructing a graph using this information. Following
requisite refinements and adjustments, YaHS produces the ultimate scaffolded outcomes.

While numerous Hi-C-based scaffolding tools are available, there has been a lack of
comprehensive studies evaluating their performance and offering recommendations to
users. To mitigate this limitation, we undertook an evaluation of scaffolding capabilities
by employing six software tools: LACHESIS, pin_hic, YaHS, SALSA2, 3d-DNA, and
ALLHIC [7]. Our dataset encompassed both simulated data and authentic data sources. The
genuine data originated from HiFi sequencing of a diploid strawberry genome [8], along
with its associated Hi-C data. Furthermore, to bolster the robustness of our assessments,
we incorporated two sets of simulated data. These simulations covered HiFi data for both
a haploid genome and a tetraploid genome. In our preliminary assembly, we employed
the hifiasm [9] assembly tool. The primary objective of our research is to offer valuable
insights into the judicious choice of scaffolding strategies in the context of genomes with
various ploidies. This guidance is designed to facilitate the generation of chromosome-level
genomes characterized by heightened quality.

2. Materials and Methods
2.1. Reads and Hi-C Simulation

We had a total of three sets of raw data, all in HiFi format, comprising one set of
authentic data obtained from the diploid strawberry genome and two sets of simulated
data. In the case of simulated data, we produced one set to simulate a haploid genome
and another to simulate a tetraploid genome. All simulated reads were generated using
Pbsim3 [10], with the rice genome serving as the reference. The corresponding Hi-C signals
for these simulations were generated using sim3C [11].
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Among these datasets, we conducted distinct processing on the Hi-C reads generated
by sim3C, as they displayed noticeable noise. Consequently, we applied filtering to the
simulated Hi-C data. Although the filtering led to the elimination of certain Hi-C signals, it
notably diminished the noise in the Hi-C data, thus alleviating its influence on subsequent
experiments.

2.2. Sequence Assembly and Hi-C Mapping

We employed hifiasm to perform the initial assembly for all three datasets, producing
the requisite contigs for subsequent scaffolding experiments. Notably, the Hi-C data were
not integrated into this initial assembly. The preliminary assembly with hifiasm was
executed using the software’s default parameters.

The subsequent step entailed mapping the Hi-C reads to the contigs generated in the
preliminary assembly. For this task, we utilized the BWA [12] aligner, applying its default
parameters throughout the entire process.

2.3. Preparation and Run

Before running these software tools, several preparatory steps were required, such
as converting the alignment files in SAM format (.sam) to the binary BAM format (.bam)
and generating *.bed files. Furthermore, we created an index for the contig.fasta file using
samtools [13]. This index encompasses vital details about each sequence in the original
FASTA file, including sequence names, sequence lengths, and the positions of sequences
within the file. Indexing significantly improves the time efficiency of accessing the FASTA
file. Additionally, for LACHESIS, a distinct configuration file, usually in the *.INI format,
was required to be prepared. Once all of these preparatory steps were concluded, the final
phase entailed executing these six software tools.

2.4. Evaluation of Scaffolding Tools” Performance

Genome assembly completeness pertains to the extent to which the sequences gen-
erated during the genome assembly process faithfully and comprehensively depict the
entire genome of the target organism. A complete genome assembly should encompass
all chromosomes, genes, non-coding regions, and other indispensable genomic structures
and elements inherent to the organism. To evaluate the integrity and accuracy of the
final assembly results, we employed various metrics rooted in unique k-mers, as defined
in [14]. These metrics encompass the Complete Rate (CR), the average proportion of the
largest category (PLC), and the average distance difference (ADF). The Complete Rate (CR)
quantifies the extent to which the final assembly aligns with the reference genome. The
assessment of correctness encompasses two key aspects. Firstly, it evaluates whether the
contigs corresponding to each chromosome are correctly phased. Secondly, it scrutinizes
the relative arrangement of contigs within each chromosome, appraising the accuracy of
their sequence linkage. Collectively, these metrics offer a comprehensive assessment of the
soundness and precision of the final genome assembly outcomes.

3. Results

We acquired corresponding experimental results from three sets of experiments, and
the analysis of these results is as follows:

3.1. Haploid Genome

In the context of haploid genome assembly, ALLHiC achieved the highest level of
completeness at 99.26%, closely followed by YaHS with a completeness of 98.26%. Both
of these tools significantly outperformed other alternatives. LACHESIS demonstrated
reasonable completeness of 87.54%, whereas pin_hic and 3d-DNA attained completeness
rates of only 55.49% and 55.83%, respectively. SALSA2 exhibited the lowest completeness,
with a rate of 38.13%. By amalgamating the data presented in Figure 1A and Table 1, we can
extract not only the previously mentioned information but also the additional particulars.
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From a correctness standpoint, as denoted by the PLC metric, YaHS, pin_hic, and 3d-DNA
all attained correctness rates exceeding 99.8%. ALLHiC demonstrated a correctness rate
of 98.14%, while SALSA?2 exhibited a correctness rate of 94.96%. Within the array of tools
evaluated, it is noteworthy that LACHESIS exhibited a significantly lower level of correct-
ness, with a corresponding value of 18.63%. As previously mentioned, the majority of these
tools demonstrated robust performance in the context of contig grouping, effectively and
accurately assigning contigs to their respective groups, except for LACHESIS. Finally, when
evaluating the ADF metric to assess the relative ordering of contigs within chromosomes,
SALSA2 demonstrated the most superior performance. According to Figure 1D, it is ev-
ident that pin_hic also displayed a commendable performance in this aspect. YaHS and
3d-DNA exhibited moderate performance, whereas LACHESIS and ALLHIC displayed
relatively suboptimal results. These findings offer valuable insights into the completeness
and accuracy of genome assemblies when employing diverse scaffolding tools for haploid
genomes.
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Figure 1. (A—C) depict the performance of six tools in haploid, diploid, and tetraploid scenarios,
encompassing metrics such as Complete Rate (CR) and the mean proportion of the largest category
(PLC). (D-F) illustrate the average distance difference (ADF) of these six tools in haploid, diploid,
and tetraploid scenarios, respectively.

3.2. Diploid Genome

In the context of a diploid genome assembly, LACHESIS demonstrated notably higher
completeness, achieving a rate of 99.78%. Conversely, pin_hic and 3d-DNA exhibited
comparable levels of completeness, with rates of 79.27% and 82.12%, respectively. Within
this context, ALLHiC outperformed both pin_hic and 3d-DNA, achieving a completeness
rate of 84.65%, while YaHS surpassed all other tools with the highest completeness rate
of 88.57%. SALSA2 exhibited the lowest level of completeness in this scenario, with a
rate of only 50.84%. Combining Figure 1B with Table 1, in addition to the information
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mentioned earlier, we can also glean the following insights. According to the PLC metric,
LACHESIS exhibited a notably diminished level of correctness in the context of contig
grouping, with a correctness rate of just 18.15%. Conversely, the remaining five software
alternatives demonstrated relatively uniform correctness in this aspect, spanning from 85%
to 89%, signifying that most tools performed proficiently in terms of contig grouping. Based
on Figure 1E, it is evident that, when evaluating the relative ordering of contigs within
chromosomes using the ADF metric, 3d-DNA demonstrated the most superior performance.
The performance of pin_hic, SALSA2, and ALLHiIC exhibited relative similarity, with
pin_hic being the top performer among them, followed by ALLHiC and then SALSA2.
YaHS displayed comparatively inferior performance, while LACHESIS performed the least
favorably. These findings offer valuable insights into the completeness, correctness, and
contig ordering performance of various scaffolding tools for diploid genome assemblies.

Table 1. The performance of six tools on different genomes.

Tools Haploid Diploid Tetraploid
CR PLC CR PLC CR PLC

YaHS 0.9826 0.9985 0.8857 0.8618 0.9996 0.4453
pin_hic 0.5549 0.9995 0.7927 0.8905 0.9731 0.9998
SALSA2 0.3813 0.9496 0.5084 0.8680 0.4135 0.8052
LACHESIS 0.8754 0.1863 0.9978 0.1815 0.9996 0.0673
ALLHIC 0.9926 0.9814 0.8465 0.8546 0.9982 0.5482
3d-DNA 0.5583 0.9995 0.8212 0.8947 0.8370 0.8206

3.3. Tetraploid Genome

For a tetraploid genome assembly, in terms of completeness, YaHS, LACHESIS, and
ALLHIC showcased the highest levels of completeness, all surpassing 99.8%. pin_hic also
demonstrated commendable performance, achieving a completeness rate of 97.31%, while
3d-DNA’s completeness stood at 83.70%. SALSA2 exhibited the lowest level of complete-
ness, at just 41.35%. Combining Figure 1C with Table 1, in addition to the information
mentioned earlier, we can also discern the following insights. When evaluating contig
grouping correctness, pin_hic exhibited the most outstanding performance, attaining a
correctness rate of 99.98%. SALSA2 and 3d-DNA displayed comparable correctness rates at
80.52% and 82.06%, respectively. YaHS and ALLHIC registered relatively lower correctness
rates, at 44.53% and 54.81%, respectively. LACHESIS, on the other hand, exhibited the
least favorable performance among the six tools, with a correctness rate of only 6.73%.
Based on Figure 1F, it is evident that, according to the ADF metric, YaHS demonstrated the
highest level of correctness in linking contigs within groups. SALSA2’s performance closely
approached that of YaHS and can be considered favorable. pin_hic exhibited above-average
correctness in this respect, with 3d-DNA closely trailing. LACHESIS displayed inferior
performance, whereas ALLHIC exhibited the lowest correctness in this regard. These
findings offer valuable insights into the completeness, correctness, and contig ordering
performance of various scaffolding tools for tetraploid genome assemblies.

3.4. Summary

In summary, with respect to haploid genome scaffolding, YaHS showcases the most
robust overall performance among the evaluated tools. Although it may not achieve the
highest level of accuracy in contig linking when compared to the six tools, it excels notably
in terms of completeness and contig grouping correctness. Therefore, in the context of
haploid genomes, YaHS emerges as the preeminent tool within this cohort. pin_hic and
SALSA2 both demonstrate robust correctness performance across various dimensions.
However, it is advisable for researchers to exercise discretion when contemplating the
use of these two tools, given their relatively lower levels of completeness, especially if
completeness holds significant importance. In the context of diploid genome scaffolding,
while LACHESIS excels in terms of completeness, it exhibits notably lower correctness
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compared to other tools. The other five tools demonstrate uniform and commendable
completeness performance. Nevertheless, 3d-DNA distinguishes itself by significantly
surpassing the others in terms of contig linking correctness. Hence, for diploid genomes, 3d-
DNA is regarded as the top-performing tool, as it upholds a high level of correctness while
simultaneously ensuring fundamental completeness. In the context of tetraploid genome
scaffolding, pin_hic showcases exceptional completeness and achieves a commendable
performance in linking contigs within chromosomes. As a result, pin_hic is deemed the
top-performing tool overall. Moreover, 3d-DNA demonstrates performance just slightly
below that of pin_hic but outperforms the remaining tools. In contrast, YaHS excels in
completeness but lags in terms of contig grouping correctness [15].

4. Conclusions

In this research, we conducted an assessment of scaffolding tools that rely on Hi-C
data, encompassing genomes with distinct complexities, including haploid, diploid, and
polyploid levels. Our study incorporated HiFi data, consisting of both simulated and
authentic datasets. We initiated the assembly process using hifiasm and subsequently
employed several scaffolding tools to achieve chromosome-scale assembly. Our evaluations
revealed that some scaffolding tools exhibit superior completeness while others excel in
correctness. Various tools are associated with distinct design biases, which pose a challenge
for researchers. In the absence of a reference genome, determining the most suitable tool
for a specific dataset can be a daunting task. Based on our findings, for haploid genomes,
the performance of most tools is generally on par, with the exception of YaHS. However,
when it comes to diploid genomes, only 3d-DNA demonstrates strong performance, while
other tools exhibit a lower degree of accuracy. Concerning tetraploid genomes, pin_hic
stands out as the top performer, while other tools yield less favorable outcomes.

Author Contributions: Conceptualization, W.P. and Y.H.; methodology, Y.H.; formal analysis, Y.H.;
investigation, Y.H.; resources, W.P. and L.W.; writing—original draft preparation, Y.H.; writing—review
and editing, W.P. and L.W,; visualization, Y.H.; supervision, W.P. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Innovation Program of the Chinese Academy of Agricul-
tural Sciences, Shenzhen Science and Technology Program (Grant No. RCBS20210609103819020), and
the National Natural Science Foundation of China (Grant No. 32100501).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Burton, ].N.; Adey, A.; Patwardhan, R.P; Qiu, R.; Kitzman, J.O.; Shendure, ]. Chromosome-Scale Scaffolding of de Novo Genome
Assemblies Based on Chromatin Interactions. Nat. Biotechnol. 2013, 31, 1119-1125. [CrossRef] [PubMed]

2. Dudchenko, O.; Batra, S.S.; Omer, A.D.; Nyquist, S.K.; Hoeger, M.; Durand, N.C.; Shamim, M.S.; Machol, I.; Lander, E.S.; Aiden,
A.P; et al. De Novo Assembly of the Aedes Aegypti Genome Using Hi-C Yields Chromosome-Length Scaffolds. Science 2017, 356,
92-95. [CrossRef]

3. Ghurye, ]J.; Pop, M.; Koren, S.; Bickhart, D.; Chin, C.-S. Scaffolding of Long Read Assemblies Using Long Range Contact
Information. BMC Genom. 2017, 18, 527. [CrossRef] [PubMed]

4. Ghurye, J.; Rhie, A.; Walenz, B.P; Schmitt, A.; Selvaraj, S.; Pop, M.; Phillippy, A.M.; Koren, S. Integrating Hi-C Links with
Assembly Graphs for Chromosome-Scale Assembly. PLoS Comput. Biol. 2019, 15, e1007273. [CrossRef] [PubMed]

5. Guan, D.; McCarthy, S.A.; Ning, Z.; Wang, G.; Wang, Y.; Durbin, R. Efficient Iterative Hi-C Scaffolder Based on N-Best Neighbors.
BMC Bioinform. 2021, 22, 569. [CrossRef] [PubMed]

6.  Zhou, C.; McCarthy, S.A.; Durbin, R. YaHS: Yet Another Hi-C Scaffolding Tool. Bioinformatics 2023, 39, btac808. [CrossRef]
[PubMed]

7. Zhang, X.; Zhang, S.; Zhao, Q.; Ming, R.; Tang, H. Assembly of Allele-Aware, Chromosomal-Scale Autopolyploid Genomes Based
on Hi-C Data. Nat. Plants 2019, 5, 833-845. [CrossRef] [PubMed]

8.  Sun,R;Li S.; Chang, L.; Dong, J.; Zhong, C.; Zhang, H.; Wei, L.; Gao, Y.; Wang, G.; Zhang, Y.; et al. Chromosome-Level Genome
Assembly of Fragaria Pentaphylla Using PacBio and Hi-C Technologies. Front. Genet. 2022, 13, 873711. [CrossRef] [PubMed]

9.  Cheng, H.; Concepcion, G.T,; Feng, X.; Zhang, H.; Li, H. Haplotype-Resolved de Novo Assembly Using Phased Assembly Graphs

with Hifiasm. Nat. Methods 2021, 18, 170-175. [CrossRef] [PubMed]


https://doi.org/10.1038/nbt.2727
https://www.ncbi.nlm.nih.gov/pubmed/24185095
https://doi.org/10.1126/science.aal3327
https://doi.org/10.1186/s12864-017-3879-z
https://www.ncbi.nlm.nih.gov/pubmed/28701198
https://doi.org/10.1371/journal.pcbi.1007273
https://www.ncbi.nlm.nih.gov/pubmed/31433799
https://doi.org/10.1186/s12859-021-04453-5
https://www.ncbi.nlm.nih.gov/pubmed/34837944
https://doi.org/10.1093/bioinformatics/btac808
https://www.ncbi.nlm.nih.gov/pubmed/36525368
https://doi.org/10.1038/s41477-019-0487-8
https://www.ncbi.nlm.nih.gov/pubmed/31383970
https://doi.org/10.3389/fgene.2022.873711
https://www.ncbi.nlm.nih.gov/pubmed/36147512
https://doi.org/10.1038/s41592-020-01056-5
https://www.ncbi.nlm.nih.gov/pubmed/33526886

Genes 2023, 14, 2147 70f7

10.

11.

12.

13.

14.

15.

Ono, Y.; Hamada, M.; Asai, K. PBSIM3: A Simulator for All Types of PacBio and ONT Long Reads. NAR Genom. Bioinform. 2022,
4,1qac092. [CrossRef] [PubMed]

DeMaere, M.Z.; Darling, A.E. Sim3C: Simulation of HiC and Meta3C Proximity Ligation Sequencing Technologies. GigaScience
2018, 7, gix103. [CrossRef] [PubMed]

Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef] [PubMed]

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. 1000 Genome Project
Data Processing Subgroup the Sequence Alignment/Map Format and SAMtools. Bioinformatics 2009, 25, 2078-2079. [CrossRef]
[PubMed]

Yu, W,; Luo, H,; Yang, ].; Zhang, S.; Jiang, H.; Zhao, X.; Hui, X,; Sun, D.; Li, L.; Wei, X.Q.; et al. Comprehensive Assessment of
Eleven de novo HiFi Assemblers on Complex Eukaryotic Genomes and Metagenomes. bioRxiv 2023. [CrossRef]

Yamaguchi, K.; Kadota, M.; Nishimura, O.; Ohishi, Y.; Naito, Y.; Kuraku, S. Technical Considerations in Hi-C Scaffolding and
Evaluation of Chromosome-scale Genome Assemblies. Mol. Ecol. 2021, 30, 5923-5934. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/nargab/lqac092
https://www.ncbi.nlm.nih.gov/pubmed/36465498
https://doi.org/10.1093/gigascience/gix103
https://www.ncbi.nlm.nih.gov/pubmed/29149264
https://doi.org/10.1093/bioinformatics/btp324
https://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btp352
https://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1101/2023.06.29.546998
https://doi.org/10.1111/mec.16146
https://www.ncbi.nlm.nih.gov/pubmed/34432923

	Introduction 
	Materials and Methods 
	Reads and Hi-C Simulation 
	Sequence Assembly and Hi-C Mapping 
	Preparation and Run 
	Evaluation of Scaffolding Tools’ Performance 

	Results 
	Haploid Genome 
	Diploid Genome 
	Tetraploid Genome 
	Summary 

	Conclusions 
	References

