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Abstract 

Bac kgr ound: Genetic distance metrics are crucial for understanding the ev olutionar y r elationships and population structur e of organ- 
isms. Pr ogr ess in next-generation sequencing technology has gi v en rise of genotyping data of thousands of individuals. The standard 

Variant Call Format (VCF) is widely used to store genomic variation information, but calculating genetic distance and constructing 
population ph ylogen y dir ectl y fr om large VCF files can be challenging. Mor eov er, the existing tools that implement such functions 
remain limited and have low performance in processing large-scale genotype data, especially in the area of memory efficiency. 

Findings: To address these challenges, we introduce VCF2Dis, an ultra-fast and efficient tool that calculates pairwise genetic distance 
dir ectl y fr om large VCF files and then constructs distance-based population ph ylogen y using the ape pac kage . Benc hmarking results 
demonstrate the tool’s efficiency, with rapid processing times, minimal memory usage (e.g., 0.37 GB for the complete analysis of 
2,504 samples with 81.2 million variants), and high accuracy, even when handling datasets with millions of v ariants fr om thousands 
of individuals. Its straightforward command-line interface, compatibility with downstream phylogenetic analysis tools (e.g., MEGA, 
Phylip, and FastTree), and support for m ultithr eading make it a v alua b le tool for r esear c hers studying population relationships. These 
adv anta ges meaning VCF2Dis has already been widely utilized in many published genomic studies. 

Conclusion: We present VCF2Dis, a straightforward and efficient tool for calculating genetic distance and constructing population 

ph ylogen y dir ectl y fr om larg e-scale g enotype data. VCF2Dis has been widel y applied, facilitating the exploration of population r ela- 
tionship in extensi v e genome sequencing studies. 

Ke yw ords: VCF2Dis, p-distance, population ph ylogen y, VCF 
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Introduction 

With advances in sequencing technologies and their decreased 

cost, increasing amounts of large-scale genome sequencing of 
individuals have been performed, as exemplified by the 1000 
Genomes Project, the UK Biobank, and the 3000 Rice Genomes 
Project [ 1–3 ]. These large-scale genome projects generate a large 
amount of genetic information, including single-nucleotide poly- 
morphisms (SNPs) and insertions/deletions (indels), which is 
stored in standard Variant Call Format (VCF). These datasets pro- 
vide a tremendous resource for further exploring genetic diver- 
sity. Exploring population structures and relationships are funda- 
mental tasks in evolutionary biology and population genetics, re- 
quiring robust methods to infer evolutionary history [ 4 ]. Among 
these methods, distance-based a ppr oac hes for phylogenetic tree 
construction, such as neighbor-joining (NJ) and the unweighted 

pair group method with arithmetic mean (UPGMA), are computa- 
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ionally efficient and utilize evaluated pairwise distances between 

enomes to construct trees [ 4–6 ]. These methods are particularly
ell suited for anal yzing lar ge datasets, including those in VCF

ormat, because they do not r equir e sequence alignment. In con-
rast, another category of phylogenetic tools, such as RAxML [ 7 ],
Q-TREE [ 8 ], PhyML [ 9 ], and FastTree [ 10 ], uses maximum likeli-
ood estimation. These tools r el y on substitution models to in-
er phylogenies and r equir e alignment data as input. This class of

ethods is more complex and provides more accurate evolution- 
ry inferences, but is generally more computationally intensive.
lthough capable of handling large sample counts, their applica- 
ility is often constrained to gene-level analyses. 

Most current tools for constructing population phylogeny 
rom VCF files first convert VCF format into an alignment for-

at (e.g., FASTA and “Phy”) and then emplo y thir d-party ev o-
utionary phylogenetic softwar e, suc h as MUSCLE [ 11 ], FastME
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 12 ], FastTree [ 10 ], IQ-TREE [ 8 ], and Phylip [ 13 ]. These tools in-
lude local pipelines or pr ogr ams, suc h as SNPhylo [ 14 ], VCF-
it [ 15 ], and VCFT oT ree [ 16 ], and web-based applications, such
s SNiPlay3 [ 17 ] and CSI Phylogeny [ 18 ]. Ho w ever, alignment-
ased methods ar e computationall y demanding and are not well-
uited for large-scale genotype datasets due to their high re-
ource consumption, including both computational power and
emory. 
Curr entl y, two pr ogr ams , VCF2P opTree [ 19 ] and fastreeR [ 20 ],

r e commonl y used to calculate genetic distance and then con-
truct distance-based population phylogen y dir ectl y fr om VCF
les . VCF2P opTree , a Ja vaScript-based client-side application, cal-
ulates the p distance and constructs a distance-based phylogeny
sing either the UPGMA or NJ algorithms. Although this tool re-
uires minimal memory, its scalability is limited because it can
nl y pr ocess populations with fe wer than 1,500 individuals (as
nferr ed fr om its source code). Furthermor e, it is slow and be-
omes unr esponsiv e when handling a lar ge input file. Fastr eeR,
n R pac ka ge, implements calculation of the “cosine” distance and
onstructs NJ phylogeny using the Java programming language. It
eeds se v er al functions for users to calculate distance, construct
hylogeny, and display trees, making it difficult for researchers
ho lack advanced programming skills . Furthermore , it is diffi-

ult to control memory usage based on Java. Both tools are only
ble to adopt one input file. Many efficient tools for such distance-
ased phylogeny reconstruction have been developed [ 6 ]. Never-
heless, the distance calculation step remains a major bottleneck,
specially when processing large-scale genomic datasets. To ad-
ress these challenges, we developed VCF2Dis, a command-line
ool designed to efficiently calculate a p -distance (i.e., the pro-
ortion ( p ) of nucleotide sites at which two sequences differ [ 21 ],
ethods) matrix from single or multiple VCF files with minimal
emory consumption (e.g., 0.37 GB for the whole analysis of 2,504

amples with 81.2 million variants) and high computational speed
e.g., 3.48 times and 47.78 times faster than fastreeR and ngsDist,
 espectiv el y, when calculating the genetic distance for 1,000 in-
ividuals with 2 million variants). In addition, it can construct a
hylogenetic tree using the UPGMA or the NJ method by calling
he external ape package [ 22 ], and display the tree using the ggtree
ac ka ge [ 23 ]. Since its first release, VCF2Dis has undergone con-
inuous refinement, including running time, and has been cited in

any high-quality scientific studies, including studies of popula-
ion relationships in wheat [ 24 ], Rhesus macaque [ 25 ], lablab [ 26 ],
nd watermelon [ 27 ]. 

ata Description 

o e v aluate the performance of VCF2Dis, we used a popular
ataset from phase 3 of the 1000 Genomes Pr oject whic h se-
uenced the genomes of 2,504 individuals from 26 populations
nd c har acterized ov er 88 million v ariants, including 84.7 million
NPs and 3.6 million indels [ 28 ]. 

indings 

ccuracy and performance of VCF2Dis 

CF2Dis is a simple and straightforw ar d command-line tool that
nables users to obtain a p -distance matrix dir ectl y fr om one or
ultiple VCF files, and infer distance-based population relation-

hips using the external ape package (Fig. 1 a). For the simplest
sa ge, users onl y need to pr ovide single or m ultiple input files via
he “-InPut” parameter to quickly generate output files, including
 p -distance matrix, a Ne wic k format tree, and associated figures
n PDF and PNG formats. Additionally, users can reconstruct pop-
lation phylogeny using other alternative phylogenetic software,
uch as MEGA, Phylip , and F astTree, using the p -distance matrix
utput from VCF2Dis as input. For advanced or customized visual-

zation, annotation, and management of phylogenetic trees, users
an upload the Ne wic k format tree to po w erful w eb-based tools,
uch as iTOL [ 29 ] and Evolview [ 30 ], or use the ggtree R package
 23 ]. 

To test its accurac y, w e extracted a small dataset from 2,504
uman genomes via the parameter “-SubPop , ” which contained
03 individuals and 81.2 million variants . T he NJ phylogeny of
his dataset r e v ealed thr ee distinct gr oups, with individuals fr om
he same superpopulation (YRI, Africa; CEU, European; CHB and
PT, Asian) clustering together (Fig. 1 b). Notabl y, individuals fr om
hina (CHB) and Japan (JPT) wer e clearl y distinguishable. Since its

nitial release, VCF2Dis has been used in studies investigating pop-
lation relationships in various organisms, including wheat [ 24 ],
. macaque [ 25 ], lablab [ 26 ], and watermelon [ 27 ]. These evidences
emonstr ate the accur acy and utility of VCF2Dis in population
enetic r esearc h. 

VCF2Dis is highly memory-efficient because it processes input
les in a line-by-line manner. This a ppr oac h ensur es that mem-
ry consumption depends solely on the number of individuals,
ather than the total size of the dataset, making it particularly
uitable for handling large-scale genotype data. For instance, an-
lyzing 81.2 million variants across 203 individuals required only
.17 GB of memory. Even when analyzing 2,504 individuals with
1.2 million variants, the memory usage only increased to 0.37
B, demonstrating that a substantial increase in sample size does
ot significantly impact memory usage. 

VCF2Dis is also exceptionally fast. To speed up runtime, we
tilize pointer-based string operations to reduce memory alloca-
ion and assignment operation during data parsing. Furthermore,
e only calculate the upper-triangle matrix to reduce the com-
utational w orkload b y eliminating r edundant oper ations (Meth-
ds and Supplemental Note 1 in Additional file 1). VCF2Dis com-
leted the analysis of 81.2 million variants across 203 individ-
als in about 3 hours. To accelerate the analysis of large-scale
enotype data, we also provide a multiple threading version of
CF2Dis (named VCF2Dis_multi) by paralleling the “for” loop us-

ng OpenMP library. We tested the performance of VCF2Dis_multi
n a distance calculation step on different thread counts ( n =
,4,8,16,32) with a dataset containing 1 million variants across
,504 samples from the 1000 Genomes Pr oject. The r esult sho w ed
hat the runtime gener all y decr eases as the number of thr eads
ncr eases, but the r eduction is not perfectl y linear ( Fig. S1 in
dditional file 1 ). In these tests, the best speed-up was 19-fold,
c hie v ed using 32 threads: this took VCF2Dis_multi 8.1 minutes
hile the single-threaded VCF2Dis took 157.8 minutes ( Fig. S1 in
dditional file 1 and Table S3 in Additional file 2 ). We also com-
ared and tested the performance of VCF2Dis and VCF2Dis_multi

n the distance calculation step across the number of variants and
amples . T he runtime of both single-threaded and m ulti-thr eaded
CF2Dis exhibited a linear relationship with the number of vari-
nts ( Fig. S2 A in Additional file 1 ). In this scenario, the multi-
hr eaded v ersion ac hie v ed a speed-up of 2–3 times compar ed
ith the single-threaded implementation. For the tested sample

izes r anging fr om 100 to 2,500, the runtime of m ulti-thr eaded
CF2Dis demonstrated significant improvement, achieving over
n 11-fold speed-up when the sample size exceeded 600 ( Fig. S2 B
n Additional File 1 and Table S2 in Additional file 2 ). Ther efor e,
he m ulti-thr eaded VCF2Dis is highly suitable for anal yzing lar ge-
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Figur e 1: T he w orkflo w of VCF2Dis and NJ phylogen y gener ated fr om a test dataset consisting 203 samples and 81.2 million bi-allele SNPs isolated 
from the 1000 Genomes Project. a , The VCF2Dis w orkflo w inv olv es se v er al k e y ste ps, including par ameter c hec ks (e.g., input format), p -distance 
calculation, construction of population phylogeny, and phylogeny visualization. VCF2Dis could adopt input with formats of VCF, fasta and “phy.” The 
outputs include a p -distance matrix, a population phylogeny in Newick format and associated figure. b , Neighbor-joining phylogeny of 203 individuals. 
Colors indicated individuals from distinct populations. YRI, Africa; CEU, European; CHB, China; JPT: Japan. 
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scale genomic datasets, particularly those involving thousands of 
individuals. 

Performance comparison with other existing 

tools 

Two tools , VCF2P opTr ee and fastr eeR, offer functions for pair- 
wise distance calculation and for constructing population phy- 
logen y dir ectl y fr om VCF files (Table 1 ). Ho w e v er, VCF2PopTr ee, a
JavaScript-based local client program, failed to process datasets 
with a large number of samples and variants (e.g., 91 samples with 

3 M variants). We also found another tool, ngsDist [ 31 ], de v eloped 

in C/C ++ , which is capable of calculating p distance. Ho w e v er, this 
tool r equir es an additional pr epr ocessing step—conv erting VCF 
format into PLINK format—to function corr ectl y (Table 1 ). The 
runtime complexity of VCF2Dis is primarily determined by the 
distance calculation step (see Methods for details). Additionally,
because VCF2Dis focuses on the p -distance while tree reconstruc- 
tion is handled by an external tool, we compared the performance 
of VCF2Dis, fastreeR, and ngsDist in terms of runtime and memory 
usage during the distance calculation process. We also consider 
the effect of the number of samples and the number of variants 
on the performance (Methods). 

In terms of memory usage, VCF2Dis uses very little mem- 
ory compared with the other two tools (Fig. 2 a,c). For example,
VCF2Dis r equir ed onl y 10 MB of memory to analyze 1,000 samples 
with 2 million v ariants, wher eas fastr eeR and ngsDist consumed 

55.36 GB and 92.83 GB, r espectiv el y ( Table S1 in Additional file 2 ).
The memory usage of VCF2Dis is independent of the number of 
v ariants and incr eases slightl y with the number of samples (Fig. 2 ).
In contrast, the memory usage of fastreeR approximately follows 
a logarithmic increase with the number of variants and samples,
whereas ngsDist exhibits a linear relationship with both the num- 
ber of samples and the number of variants. 
In terms of runtime performance, the runtime of all three tools
hows a linear increase with the number of variants. In this situ-
tion, VCF2Dis demonstrates the fastest performance, being ap- 
r oximatel y 12 times and 36 times faster than fastreeR and ngs-
ist, r espectiv el y (Fig. 2 b). Regarding the number of samples, the

untime of all three tools a ppr oximatel y follows a pattern where
he time taken is proportional to the square of the sample size.
o w e v er, VCF2Dis sho w ed the fastest performance, being a ppr ox-

mately 3 times and 45 times faster than fastreeR and ngsDist,
 espectiv el y (Fig. 2 D). For instance, when analyzing 1,000 individ-
als, VCF2Dis took 49.84 seconds, while fastreeR took 173.64 sec-
nds, and ngsDist took 2,381.68 seconds, which is approximately 
.48 times and 47.78 times faster ( Table S1 in Additional file 2 ), re-
pectiv el y. Ther efor e, VCF2Dis consistentl y outpaced fastreeR and
gsDist, particularly as the sample size increased. 

Unlike VCF2Dis, which uses the p -distance method, fastreeR 

mploys a “cosine” distance metric. To compare the accuracy of 
hese tw o softw ares, w e conducted a test using 203 individuals
ith 3,492 variants from the 1000 Genomes Project which was in-

luded as a test dataset used in VCF2PCACluster software [ 32 ]. Our
esults sho w ed that both tools produced identical distance values.
v er all, these comparisons highlight the accuracy and high per-

ormance of VCF2Dis in handing large-scale population genetics 
nalyses. 

iscussion 

CF2Dis is a simple and efficient tool designed to facilitate the
alculation of genetic distance and the reconstruction of popu- 
ation relationships directly from large VCF files, offering signif- 
cant adv anta ges for lar ge-scale genomic studies. Since its first
elease, it has been widely applied and cited in studies of pop-
lation r elationships, suc h as wheat [ 24 ], R. macaque [ 25 ], lablab
 26 ], and watermelon [ 27 ]. One of the k e y strengths of VCF2Dis

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf032#supplementary-data
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are also separately shown in the inset. 
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lies in its ability to calculate the p distance quic kl y with extr emel y 
low running memory, e v en for large datasets involving thousands 
of individuals . T his is especially useful given the increasing size 
of population genomic datasets generated by pr ojects suc h as 
the UKB whole-genome sequencing (WGS) consortium and other 
large-scale sequencing efforts [ 2 , 33 ]. The integration of multi- 
threading further enhances the performance of VCF2Dis , pro vid- 
ing significant time savings in computationally intensive tasks, 
as demonstrated by its 19-fold speed impro vement o ver single- 
threaded execution in our benchmarking tests of 2,504 samples 
with 1 million variants using 32 threads. It is important to note 
that the speed-up ac hie v ed by VCF2Dis_multi is often nonlin- 
ear compared to the single-threaded version of VCF2Dis. Factors 
such as the overhead of thread management, uneven workload 

distribution among threads, and the fact that not all steps (e.g.,
input/output) in the process are fully parallelizable can impact 
par allel efficiency. Consequentl y, we r ecommend using the multi- 
thr eaded v ersion of VCF2Dis for studies involving thousands of 
individuals, because it provides substantial computational advan- 
tages. 

In addition to its efficiency, VCF2Dis offers flexibility. The out- 
put files, including p -distance matrices and the Ne wic k format 
tr ee, can be easil y used as inputs for other popular phylogenetic 
anal ysis tools suc h as MEGA [ 21 ], Phylip, and FastTree, allowing 
users to build and refine their phylogenetic tree with a variety of 
oftwar e. Mor eov er, for users who r equir e mor e adv anced visual-
zation and annotation capabilities, compatibility with tools such 

s iTOL, Evolview, and the ggtree R package provides extensive op-
ions for tree manipulation and display. 

Ho w e v er, some limitations should also be considered in future
ork. First, VCF2Dis is highly effective for generating p -distance
atrices and its utility is dependent on the quality of the input
CF data. In cases where the VCF contains missing or erroneous
ata, the resulting distance matrix and phylogenetic tree may not
ccur atel y r eflect the true population structur e. Second, the cur-
 ent v ersion of VCF2Dis focuses solely on p distance , which ma y
ot be the best metric for all phylogenetic anal yses. Futur e in-
or por ation of additional genetic distance metrics could expand
he functionality of VCF2Dis and enhance its applicability to a
r oader r ange of e volutionary studies . T hird, futur e de v elopments
f VCF2Dis could also address user needs for more interactive
eatur es, suc h as a gr a phical user interface, whic h w ould lo w er
he entry barrier for non-technical users. Although VCF2PopTree 
as not included in the performance comparison due to its failure

n most tests, its user-friendl y interface, whic h r equir es just one
lick, makes it a viable option for scientific experts without ad-
anced computational skills, particularly for the analysis of small 
atasets. 

In conclusion, VCF2Dis provides a valuable tool for researchers 
onducting large-scale population genetic studies, offering a 
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ast, flexible, and user-friendly solution for generating p -distance
atrices and constructing population phylogenies from VCF

les. It enables users to infer distance-based population phy-
ogen y dir ectl y fr om VCF files, significantl y str eamlining the
 orkflo w. Despite some limitations, it remains a po w erful op-

ion for users seeking to streamline their phylogenetic analysis
 orkflo ws. 

ethods 

verview of VCF2Dis workflow 

CF2Dis ( RRID:SCR _ 022513 ) is implemented in the C/C ++ and
 pr ogr amming langua ges, and runs on Linux/Unix and MacOS
perating systems . T he C/C ++ components ar e mainl y used for
omputational tasks, while R is utilized for generating visualiza-
ions (Fig. 1 a). We have also provided both Docker and Singularity
ontainerized versions of VCF2Dis, enabling users to bypass the
ompilation and installation process for a seamless experience.
CF2Dis can utilize compressed or uncompressed input files with

ormats of VCF, fasta, and “phy,” via “-InPut” and “-InFormat” pa-
 ameters. Users can pr ovide one or se v er al input files separ ated
y a space or provide a list file with path of input files via the “-
nList” par ameter. Specificall y, VCF2Dis can analyze bgzipped/gzip
CF files which allows random access and is widely used in big
enomic data stor a ge and searc h. By default, VCF2Dis performs
alculation for all samples defined in the input. Recognizing the
ommon need in population genetics to construct phylogenies for
pecific subpopulations, we provide the “-SubPop” parameter. This
eature enables users to easily generate trees for selected sam-
le subsets by specifying them through this parameter. To input
phy” format, it is first converted into FASTA format and the p dis-
ance is then calculated. VCF2Dis uses an external R pac ka ge, a pe
 22 ], to construct population phylogeny, and users could choose NJ
r UPGMA algorithms via the “-Tr eeMethod” par ameter. To meet
he r equir ement of showing bootstr a p v alues on the br anc h of
hylogeny for some users, we also used a method of sampling
ith replacement. For this scenario, users can randomly set a cer-

ain ratio (default, 0.25) of all the sites via the parameter “-Rand,”
nd run VCF2Dis a gi ven n umber of times (e.g., 100) to separately
onstruct trees. After that, trees are combined and subject to the
consense pr ogr am implemented in the PHYLIPNEW pac ka ge [ 34 ]
o construct a consensus tree with bootstrap values. In addition,
CF2Dis uses another R pac ka ge, ggtr ee [ 23 ], to provide an ini-

ial display of population relationship. Users can optionally pro-
ide prior group information of individuals for color labelling in
he tr ee figur e via the “-InSampleGr oup” par ameter. The outputs
f VCF2Dis include p -distance matrix, phylogeny in Newick for-
at, and r elated figur es in PDF and PNG formats . Ha ving out-

ut the p -distance matrix, users can use other phylogenomic
oftwar e to r econstruct the population phylogen y, suc h as MEGA
 RRID:SCR _ 000667 ) [ 21 ], FastMe 2.0 [ 12 ], Phylip ( RRID:SCR _ 006244 )
 13 ], and the PHYLIPNEW pac ka ge [ 34 ]. For advanced and cus-
omized visualization of the phylogeny, users can set additional
ttributes (e .g., la yout, color, shape) and modify our provided cus-
om R script for tree display, or use other alternative excellent on-
ine or local inter activ e tools, suc h as iTOL [ 29 ], Evolview [ 30 ], and

EGA [ 21 ]. 

he p -distance calculation 

he p distance is a straightforw ar d approach to estimate genetic
istance betw een tw o genomes [ 21 ]. For genotyping data, the fol-

owing formula is used to calculate the distance ( D i j ) for individ-
als i and j with the total length of L , wher e v ariants can be iden-
ified: 

D i j = 

∑ L 
l=1 d l 
L 

For instance, assuming alleles at position l are A/C, d l could be
et as follows: 

If genotypes of two individuals are the same (AA, CC, or AC)
then d l = 0 

If genotypes of two individuals are AA and AC, respectively,
then d l = 0 . 5 

If genotypes of two individuals are AA and CC, respectively,
then d l = 1 . 

Most genetic distance calculation tools , e .g., Vcf2popTree and
LINK, only consider biallelic variants. Ho w ever, multiallelic vari-
nts ar e fr equentl y encounter ed in populations and ignoring
hem could lead to loss of effective genetic information. T hus , we
id not perform any preprocessing of VCF files and just compared
heir genotypes. We adopt a site-by-site pairwise distance calcu-
ation and summed the genotypes to produce the total dissim-
larity of the whole genome, namely, the pairwise distance ma-
rix, which we then use in an external phylogenetic software (ape)
o construct the population phylogen y. Furthermor e, VCF2Dis
lso considers genotype data from phased genomes. In phased
enomes: 

If genotypes of two individuals are A C and A C, r espectiv el y,
then d l = 0 

If genotypes of two individuals are CA and AC, respectively,
then d l = 1 . 

See Algorithm 1 for the pseudocode of the p -distance calcula-
tion and see Supplementary Note 1 for more details. 

cceler a ted methods of VCF2Dis 

arge-scale genome sequencing projects generate millions of vari-
nts acr oss hundr eds of accessions, leading to extensiv e mem-
ry usage and long runtimes. For instance, the popular tool PLINK
v.1.9) [ 35 ] can r equir e mor e than 257 GB of memory when ana-
 yzing a lar ge dataset containing 78 million biallelic SNPs across
,500 human genomes [ 32 ], which is challenging to run on a stan-
ard computer. To address memory concerns, VCF2Dis adopts a
tr eaming pr ocessing a ppr oac h, r eading and calculating data line-
y-line rather than loading the entire VCF file into memory be-
or e pr ocessing. This method enables efficient handling of large
atasets with minimal memory usage (e.g., less than 0.1 GB for
nalyzing 2,500 individuals in the distance calculation step). To
ccelerate its runtime, we have made two major improvements
uring data processing. First, we utilized pointer-based string op-
r ations, r educing the overheads associated with memory allo-
ation and assignment operations during data parsing. This re-
ults in faster extraction of relevant fields from input files com-
ared with traditional string manipulation methods. Second, we
ptimized the computation process by employing upper-triangle
alculations, whic h significantl y r educe the computational work-
oad by eliminating redundant operations . T hese optimizations
nsure that VCF2Dis is both faster and more memory efficient.
ee Algorithm 1 for the pseudocode of the accelerated meth-
ds and see Supplementary Note 1 for more details. In addi-
ion, we also implemented a m ultiple-thr ead v ersion of VCF2Dis
VCF2Dis_m ulti) by par alleling the “for” loop using the OpenMP
ibrary [ 36 ].

https://scicrunch.org/resolver/RRID:SCR_022513
https://scicrunch.org/resolver/RRID:SCR_000667
https://scicrunch.org/resolver/RRID:SCR_006244
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad049#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad049#supplementary-data
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Algorithm 1: The calculation of p distance and the main accelerated methods in VCF2Dis. 
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The runtime complexity of VCF2Dis 

The runtime complexity of VCF2Dis is primarily determined 

b y tw o main components: p -distance matrix calculation and 

tree construction. The p -distance matrix calculation step has 
a complexity of O ( n 2 m ) , where n represents the number of 
samples and m r epr esents the number of v ariants. Eac h pair 
of samples r equir es a comparison acr oss m v ariants . T he tree 
construction step uses a NJ method with a complexity of O( n 3 ) 
because it involves iterative clustering of n samples . T he o verall 
runtime complexity is ther efor e O ( n 2 m ) + O ( n 3 ) . Given that m 
commonly > 10 6 ) is typically much larger than n (commonly
 10 3 ), the runtime complexity is pr edominantl y determined by

he p -distance matrix calculation step, making it is nearly O ( n 2 m )
or VCF2Dis in practical scenarios. 

v alua tion of performance in memory usage and 

untime of existing tools 

o e v aluate performance, we assessed the memory usa ge and
untime of existing tools , VCF2Dis , fastr eeR, and ngsDist, whic h
re designed for calculating genetic distance and/or reconstruct- 
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ng distance-based population phylogen y. fastr eeR was installed
ia the Bioconductor pac ka ge, while ngsDist was downloaded
rom its GitHub repository [ 37 ]. Test datasets were generated from
he 1000 Genome Project. To evaluate the number of samples
n performance, we used a dataset containing 2 million vari-
nts across 2,504 individuals from the 1000 Genome Project. How-
 v er, fastr eeR was unable to complete the calculations within a
 easonable timefr ame, while ngsDist consumed excessiv e mem-
ry resources and was terminated by the system when process-
ng datasets with more than 1,000 samples. Consequently, we
onducted performance tests on datasets with fewer than 1,000
amples (100, 200, 300, …, up to 1,000), each containing 2 mil-
ion variants. To evaluate the effect of the number of variants
n performance, datasets were created with fixed 91 samples,
ontaining 1 million, 2 million, 3 million, …, up to 10 million
 ariants eac h. The tools wer e executed according to their re-
pective documentation, and the memory usage and runtime
f completed jobs were recorded. Results were visualized us-
ng the ggplot2 pac ka ge and ar e shown in Additional file 2.
ll e v aluations wer e performed on a computational node with
4 cores and 512 GB of memory, managed using the qsub job
cheduler. 

vailability of Source Code and 

equirements 

roject name: VCF2Dis 
Pr oject homepa ge: https:// github.com/ hewm2008/ VCF2Dis 
Operating systems(s): Linux/Unix, MacOS 
Pr ogr amming langua ge: C/C ++ , R 

License: MIT License 
RRID:SCR _ 022513 
VCF2Dis r equir es minimal external dependencies, making in-

tallation simple. It can generate the p -distance matrix without
 or r elated pac ka ges although the visualization features will not
e available in this case. 

dditional Files 

dditional file 1: Figure S1. The performance of m ultithr eaded
CF2Dis (VCF2Dis_multi) with different thread counts . Figure S2.
he performance of m ultithr eaded VCF2Dis (VCF2Dis_multi) with
ifferent number of variants and samples compared to the single-
hreaded VCF2Dis. Supplementary Note 1 : The pseudocode for
mproving memory and runtime of VCF2Dis. 
dditional file 2: Table S1. The performance comparison of the
istance calculation step using VCF2Dis, fastreeR, and ngsDist
as conducted across varying numbers of variants and individu-
ls. Table S2. The performance comparison of the distance calcu-
ation step between VCF2Dis_multi and VCF2Dis was conducted
cr oss v arying sample sizes and numbers of v ariants. Table S3.
he performance of the distance calculation step in the multi-
hr eaded v ersion of VCF2Dis (VCF2Dis_m ulti) was e v aluated using
iffer ent thr ead counts. 

bbreviations 

CF, V ariant Call Format; VCF2Dis, V ariant Call Format to
istance; SNP, single-nucleotide pol ymor phism; indel, inser-
ion/deletion; NJ , neighbor -Joining; UPGMA, unweighted pair
roup method with arithmetic mean. 
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