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Abstract

This note introduces HaploThread, a user-friendly desktop software with a graphical user interface designed for
constructing and visualizing haplotype networks. Developed in C++ using the Qt library, HaploThread integrates network
visualization with multiple multithreaded haplotype construction algorithms—including McAN and fastHaN (which
incorporates MSN, MJN, and TCS)—through a modular plugin architecture. It provides an intuitive workflow for building
and visualizing haplotype networks from large-scale datasets, while also supporting functional extensions via plugins to
facilitate the analysis of genetic variation and evolutionary relationships. HaploThread is released as open-source
software under the GNU General Public License. Its source code and precompiled executables for Windows and macOS
are freely available at https://ngdc.cncb.ac.cn/biocode/tool/BT007948 and https://github.com/git-xubo/HaploThread.
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Introduction

Desktop software plays a crucial role in biological research by provid-
ing powerful computational tools with user-friendly graphical interfa-
ces, enabling researchers to analyze complex biological data
efficiently (Kumar and Dudley 2007). Favored by biologists, it offers
a balanced solution that combines ease of use, high performance,
and data security—unlike command-line tools that require program-
ming skills or web-based platforms that depend on internet access.

Desktop software for haplotype network analysis is particularly
significant in population genetics for inferring evolutionary
relationships, tracking disease transmission, and studying popu-
lation dynamics (Song et al. 2020; Li et al. 2024). However, trad-
itional state-of-art desktop software for haplotype network
construction and/or visualization, including TCS (Clement et al.
2000), Network (https://www.fluxus-engineering.com/), PopART
(Leigh and Bryant 2015), HapStar (Teacher and Griffiths 2011)
and Hapsolutely (Vences et al. 2024), only integrated single-
threaded algorithms (Templeton et al. 1992; Excoffier and

Smouse 1994; Bandelt et al. 1999; Matschiner 2016), which limits
their efficiency when processing large datasets (Table 1).

Currently known multithreaded construction algorithms include
McAN (Li et al. 2023) and fastHaN (Chi et al. 2023), which are faster
than all existing algorithms even in single-threaded mode. Among
them, McAN is currently the only program capable of processing se-
quences on the order of millions. Nevertheless, McAN provides only
asimple command-lineinterface, which may appear daunting to be-
ginning users, and an online web service, which depends on internet
connection availability and stability and may bring concerns about
privacy and security risks of user data.

To address these challenges, we developed HaploThread, a fully
local software that integrates intuitive user interfaces with ad-
vanced multithreaded algorithms. This ensures ease of use, data se-
curity, and computational efficiency in haplotype network
construction and visualization. Designed with practical research
workflows in mind, HaploThread is primarily intended for wet-lab
researchers, offering an intuitive interface for rapid network con-
struction and visualization. At the same time, it also serves

Received: August 21, 2025. Revised: January 12, 2026. Accepted: February 9, 2026

© The Author(s) 2026. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-com-
mercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for
reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.


https://orcid.org/0000-0003-2624-1008
https://orcid.org/0000-0003-3242-031X
https://orcid.org/0000-0002-7144-7745
https://orcid.org/0000-0002-2565-2334
https://orcid.org/0009-0003-3575-6967
https://orcid.org/0000-0003-2409-8770
mailto:songshh@big.ac.cn
https://ngdc.cncb.ac.cn/biocode/tool/BT007948
https://github.com/git-xubo/HaploThread
https://www.fluxus-engineering.com/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/molbev/msag052

Molecular Biology and Evolution, 2026, Volume 43, Issue 3

"NgS2} YHM pazi|ensin 9q 03} padu s93eJauds 3 3l TN dYlL,
‘a1emyos ul pakejdsip aq ued Inq A|32a41p papiodxe aq Jouued sadew,
*324n0s Uado 30U S| 3IBMYOS SIY 1,
'4QY 03 4DA/eised SulLBAUOD 0} S|00) SpINOId,

/adKyojdey/ud SOL
e goudop3u//isdiy ON ON 9UON o) ‘NP NSIN ON SIA pOUON dnfyd NeHaisey
/3oudey/ug/ud awli) jeaJ ul wuoje|d
"oe°qouddp3u//:sdny SOA sap  wnofe)isnlpy ST “4++D D NYOIW ON SOA ONd ASL ‘40N q9M NV
1noke)
9y} i1snfpe
0} uoynnqg
/deisdey/saninnoe e Yol
/weoy/f:sdny ON ON Aenuep uoyiid SUON ON ON 9AS 1X1 ‘41¥ Jeysdey
swin e
1e Ajjlenuew
/$23/npankq 9pou duo SNXaN
"YyoJeasasolq//:sdiy ON oN  Auoisnlpy ener SoL ON ON ,9UON ‘dnAyd SOl
awne edJN/eised
wiy-aualeys 1e Ajjenuew ‘snxaN
Jwod3uusauidus apou auo ‘dnfAyd ‘ods
-snxnyy mmm//:sdny “* ON ON  Auoisnlpy  umousun N ‘NFIN ON ON dNg ‘4ad  ‘HDA ‘4ad siomiaN
awn e
Kj@injosdeH 1e Ajjenuew NL1d
/sjoojoxe]| dpou suo ‘MSL ‘SOL ONd
Jwodgnyud//isdiy  Suiseyd ON ON Ajuo 1snipy uoyifd ‘NI NSIN ON ON ‘OAS ‘4ad AS1 ‘eiseq Aj@1njosdey
swin e
e Ajenuew MSL ‘SO1
/zuroe o3ejo 9pou duo ‘NFIN NSIN 9Nd dnfyd
‘syjewuedod//:sdiy S9A ON  Auoisnlpy ++) ‘INI ‘dINY ON ON ‘OAS ‘4ad ‘snxaN Lyvdod
M3IANIomIdNdeH
/maipiomsNdeH awn jeas ul 9Nd diihyd
Jwod qnynd//:sdny ON ON 3noAe) isnfpy ener NFI ON SOA ‘40d OAS  “TWD ‘DA maippiomiaNdeH
diNg
‘03dr ‘ONd
8760014 ‘OAS ‘4ad nydesn
/1001/3pod0iq/ud swiy jeas ul SOL ‘NI “INydess “TND
e qoudop3u//:sdiy SOA s9A  Inokej 1snlpy Sr 44D ‘NSIN ‘NYIIN SOA SOA “Quo  ‘dihyd ‘4oA peaJyjojdeH
M3IA
sainjesj  MIIA J1weukp sjeuwLIo} sjewoy
TN 1PY10 dey  jesodwal 1nofeq aden3ue7 swymuodly  Aujiqeledos Suipeasyyniy ndino nduj 2Jemypos

‘uoI1eZIjeNSIA JO/pUB UOI1dNJIISUOD Yiomiau adAyojdey Joj swesdoud jo uosuedwo) T djqel


https://ngdc.cncb.ac.cn/biocode/tool/BT007948
https://ngdc.cncb.ac.cn/biocode/tool/BT007948
https://ngdc.cncb.ac.cn/biocode/tool/BT007948
https://github.com/HapNetworkView/HapNetworkView
https://github.com/HapNetworkView/HapNetworkView
https://github.com/HapNetworkView/HapNetworkView
https://popart.maths.otago.ac.nz/
https://popart.maths.otago.ac.nz/
https://github.com/iTaxoTools/Hapsolutely
https://github.com/iTaxoTools/Hapsolutely
https://github.com/iTaxoTools/Hapsolutely
https://www.fluxus-engineering.com/sharenet.htm
https://www.fluxus-engineering.com/sharenet.htm
https://www.fluxus-engineering.com/sharenet.htm
https://bioresearch.byu.edu/tcs/
https://bioresearch.byu.edu/tcs/
https://fo.am/activities/hapstar/
https://fo.am/activities/hapstar/
https://ngdc.cncb.ac.cn/bit/hapnet/
https://ngdc.cncb.ac.cn/bit/hapnet/
https://ngdc.cncb.ac.cn/haplotype/
https://ngdc.cncb.ac.cn/haplotype/

Molecular Biology and Evolution, 2026, Volume 43, Issue 3

[_g] Input

> Metadata: tsv (sequence ID, sampling
time, sampling location)
> Genotype:
« vef (sequence mutation file)

Haplo Thread

4 N\

... Haplotype Network Construction

« phy {multiple sequence alignment file)

@ txt results

» Style: platform-dependent, web-based
» Construction algorithm:
» Multi-threading: McAN, MJN, TCS

» Format: graphml, gml
» Content:
» Nodes (sequence 1D, sampling time,
sampling location)
» Nodes (mutation, node group ID)

« Single-threading: MSN

|

-
@ Visualization

>

S

Style: platform-dependent, web-based

+ Edges relationship

(A graphical results

» Visualization: haplotype network,
haplotype genotype

» Color by: sampling time, sampling

» vector graphics: svg
» raster graphics: png, jpg, bmp

location, node group
» Feature: Drag and drop as you like

A\

)

Figure 1 Workflow of HaploThread, illustrating the network construction module and the network visualization module, together with their major

functionalities, input data, and output representations.
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Figure 2 Screenshot of HaploThread showing the haplotype construction and visualization modules in the platform-dependent interface style. Nodes

are colored based on group assignments.

bioinformaticians by providing fast algorithms and interactive
visualizations that streamline exploratory analyses and enable
efficient interpretation of large and complex haplotype net-
works. Built upon McAN, an algorithm from our previous work,
and enhanced with the advanced features of fastHaN,
HaploThread leverages the performance advantages of desktop
environments and multithreading to deliver rapid, scalable,
and reliable analyses for evolutionary studies in population
genetics.

Functionality

HaploThread currently comprises two functional modules: the
network construction module and the network visualization
module (Fig. 1; Figure S1). Each module is available in two
distinct visual style of interface: a platform-dependent style
(Fig. 2; Figure S2) and a web-based style (Figures S3 and S4).
The construction module processes sequence data in either
VCF or PHYLIP format and generates the constructed network
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file in GraphML or GML format. Both styles of interfaces offer iden-
tical functionality, ensuring a consistent user experience. Users
have the flexibility to choose a multithreaded construction algo-
rithm from McAN, TCS, MSN, or MJN, specify the required parame-
ters, configure the number of computational threads based on
available system resources, and start the process by clicking the
“Run” button. The entire workflow is designed to be intuitive and
user-friendly, requiring minimal explanation for efficient operation.

The visualization module is designed to open network files in
GraphML or GML formats and employs a force-directed algorithm
to layout the network. If users provide metadata, such as sam-
pling date, geographic location, or clustering information, via a
metadata file, all samples and network nodes are automatically
assigned distinct colors according to the associated metadata,
generating visualization color schemes that are available for
user selection and application (Figures S5 and S6). Additionally,
users can observe the temporal dynamics of the network by
either automatically running or manually dragging the timeline
(Figure S7). The constructed network can be converted between
GraphML and GML formats and exported as a PDF file or images
in various formats, such as SVG, PNG, JPEG, or BMP.

The functionalities of the two styles of visualization differ slight-
ly. The platform-dependent interface provides a visual browser for
haplotype sequence differences, which can be displayed and se-
lected in synchronization with the haplotype network. Users can
customize the color and font attributes of visual elements to
suit their preferences. In contrast, the web-like interface offers a
map browsing function, allowing nodes to be displayed on a world
map when country-level metadata is available.

Implementation

HaploThread software is written using the Qt cross-platform applica-
tion framework (Figure S8). Compiled executables for Windows and
macOS are provided. It is architected with a plugin-based approach.
Functional modules are designed in the form of plugins and can be
integrated, updated, or uninstalled independently of the core appli-
cation, reflecting the flexibly and extensibility of the software.

The haplotype network construction module in HaploThread is im-
plemented by integrating the software McAN and fastHaN into a plug-
in. The platform-dependent style of the module is developed using
C++ and built on the Qt Widgets module. This approach ensures
high performance and enhanced flexibility for desktop applications
and seamless consistency with the native styles of operating systems
such as Windows and macOS. The web-based style of the module is
written using JavaScript and HTML, and it is embedded within the
plugin via the Qt WebEngine module. This design provides users
with an experience that is consistent with online web services.

Future improvements may involve the implementation of nov-
el algorithms for network construction and layout, 3D visualiza-
tion of networks, and expanding support for additional input
and output formats.

Performance comparison

Speed comparison

To evaluate the runtime performance of different haplotype
network construction tools, we conducted a benchmarking

experiment using SARS-CoV-2 sequences downloaded from the
RCoV19 database. Three datasets were prepared, containing 500,
1,000, and 5,000 sequences, respectively (Data S1). We tested five
representative state-of-the-art desktop software tools: PopART,
HaploThread, Hapsolutely, Network, and HapNetworkView. For
a fair comparison, all tools were run in single-threaded mode re-
gardless of their support for parallel computing.

To reflect typical usage scenarios for desktop applications,
all tests were conducted on a consumer-grade laptop running
Windows 10 Home Edition, equipped with an Intel Core
i7-10510U CPU (1.80 GHz, four cores, eight logical processors),
16 GB RAM, and a 512 GB SSD.

The results demonstrate that HaploThread consistently out-
performed all other tools in terms of execution time across all
three datasets (Table S1). For tools that offer multiple algo-
rithms, only the fastest configuration was included in the com-
parison. Notably, on the 5,000-sequence dataset, HaploThread
completed both network construction and visualization in just
23 s, while PopART, Hapsolutely, and Network were unable to
finish the task within 1 h. This highlights the superior efficiency
and scalability of HaploThread in handling large-scale haplotype
data under real-world computing conditions.

Accuracy evaluation

To further assess the reliability of HaploThread, we evaluated its
performance using the Diamond Princess dataset (see Data S2),
which was obtained from Sekizuka et al. (2020). The widely
used PopART software (implementing the MJN, TCS, and MSN al-
gorithms among other algorithms) and the command-line ver-
sion of McAN were adopted as benchmark tools for comparison.

The spectral feature similarity (see Note S1) was employed as
the evaluation metric. This measure has been broadly applied in
network comparison tasks due to its high computational effi-
ciency, sensitivity to topological structure, and independence
from node labeling, making it particularly suitable for evaluating
the structural consistency of haplotype networks.

We computed the spectral feature similarity between haplotype
networks reconstructed by the four algorithms implemented in
HaploThread and those generated by the corresponding algorithms
in PopART and McAN. The results showed that all four
HaploThread-generated networks exhibited a similarity score of
1.00 with their respective benchmark networks (similarity range: 0
to 1), demonstrating excellent consistency and algorithmic reliability.

To further confirm statistical significance, we compared the
similarities between randomly generated networks and bench-
mark networks. HaploThread-generated networks exhibited sig-
nificantly higher similarity than random networks (P < 0.001; see
Figure S9), with detailed procedures provided in Note S2.

Together, these results demonstrate the reliability of
HaploThread for accurately reconstructing haplotype networks.

Case study: Diamond Princess
SARS-CoV-2 outbreak

Toillustrate the application of haplotype network analysis for in-
vestigating viral origins, we analyzed SARS-CoV-2 genomes from
the Diamond Princess (DP) outbreak using HaploThread.
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Previous studies have predominantly supported a single
introduction scenario, based on the observation that all
DP-associated haplotypes share the defining mutation G11083T
(Sekizuka et al. 2020). At the same time, other studies have re-
ported more complex transmission dynamics during shipboard
quarantine, raising the possibility of alternative evolutionary
pathways (Yeh and Contreras 2021).

We reconstructed haplotype networks using four algorithms
implemented in HaploThread (McAN, MSN, MJN, and TCS).
Notably, all four methods consistently recovered the evolution-
ary path defined by the G11083T substitution linking the DP clus-
ter to the Wuhan-Hu-1 reference, supporting the predominant
single-introduction hypothesis reported previously (Figures S10
to S13). The McAN network, which outputs a minimum-cost ar-
borescence (or a rooted directed tree), retained only this most
parsimonious connection. In contrast, networks inferred using
MSN, MJN, and TCS preserved additional alternative paths be-
yond G11083T, revealing increased topological complexity.
These additional connections do not contradict the shared origin
defined by G11083T but instead highlight potential recurrent
substitutions, recombination, or unsampled intermediates, as
suggested by studies reporting within-outbreak diversification.

Together, these results demonstrate that haplotype networks
represent one line of evidence for viral origin inference and that
comparative analysis across reconstruction algorithms helps dis-
tinguish robust evolutionary signals from method-dependent
network features.

Discussions and conclusion

The rapid emergence and evolution of novel and outbreak-associated
pathogens pose significant challenges to public health surveillance
and epidemic control. Timely and accurate construction of haplotype
networks is essential for tracking pathogen evolution, understanding
transmission dynamics, and informing intervention strategies.
Traditional haplotype network construction GUI desktop software
often struggles to handle large-scale genomic datasets efficiently, lim-
iting their applicability in urgent outbreak scenarios. HaploThread
was specifically designed to address that problem.

Currently, a state-of-the-art desktop software for haplotype net-
work construction and visualization, named HapNetworkView (Chi
et al. 2025), has been developed. It integrates a multithreaded
MJN algorithm from fastHaN. In comparison, HaploThread offers
broader advantages in terms of algorithmic diversity. In addition
to supporting a multithreaded MJN algorithm, HaploThread inte-
grates five state-of-the-art multithreaded haplotype network con-
struction algorithms, including McAN, MJN, MSN, and two
implementations of TCS. This comprehensive algorithm suite
provides users with enhanced flexibility and computational effi-
ciency, especially when analyzing large-scale datasets, making
HaploThread a versatile and powerful tool for haplotype network
analysis. In addition to its algorithmic strengths, HaploThread also
offers advanced visualization capabilities that enhance interpret-
ability and user interaction. HaploThread not only enables color-
ing of nodes in the haplotype network based on geographic
information but also supports the dynamic display or conceal-
ment of nodes according to sampling time. These spatiotemporal
visualization capabilities provide users with enhanced flexibility to
explore evolutionary relationships and track the temporal and

geographic spread of haplotypes, which is especially valuable in
infectious disease research.

In summary, HaploThread simplifies the complex process of
haplotype network analysis by integrating multiple methods of
construction and visualization into a unified, user-friendly plat-
form. Its intuitive design ensures accessibility for users with vary-
ing levels of expertise. Furthermore, the tool’s ability to handle
large datasets, combined with its support for plugin mecha-
nisms, facilitates community-driven improvements and custom-
ization, enhancing its adaptability to evolving research needs.

Supplementary material

Supplementary material is available at Molecular Biology and
Evolution online.
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Data availability
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ces from the RCoV19 database—are provided in Data S1. The da-
taset used in Fig. 2 is provided in Data S2. The tutorial of
HaploThread is provided in Data S3.

Code availability

Source code and installation packages of HaploThread are freely
available at https://ngdc.cncb.ac.cn/biocode/tool/BT007948 and
https://github.com/git-xubo/HaploThread under the GNU
General Public License (GPL).
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