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Abstract

Phylogen: nalysisthas been widely used to describe, display and infer the evolutionary patterns

of @ ¢ unprecedented accumulation of SARS-CoV-2 genomes has provided valuable

s for the real-time study of SARS-CoV-2 evolution. However, the large number of
SARS-CoV-2 genome sequences also poses great challenges for data analysis. Several methods
for subsampling these large data sets have been introduced. However, current methods mainly
focus on the spatiotemporal distribution of genomes without considering their genetic diversity,

which might lead to postsubsampling bias. In this study, a subsampling method named

o The Author (s) 2022. Published by Oxford University Press.



covSampler was developed for the subsampling of SARS-CoV-2 genomes with consideration of
both their spatiotemporal distribution and their genetic diversity. First, covSampler clusters all
genomes according to their spatiotemporal distribution and genetic variation into groups that we

call divergent pathways. Then, based on these divergent pathways, two kinds of subsampling

strategies, representative subsampling and comprehensive subsampling, were provider&

adjustable parameters to meet different users’ requirements. Our performance and VKQ tests

indicate that covSampler is efficient and stable, with an abundance o for user
customization. Overall, our work has developed an easy-to- t d a webserver

(https://www.covsampler.net) for the subsampling of SARS-CoV-2 sequences.

Introduction

As of 9 July 2022, coronavirus disease 201 VID-19) has caused more than 550 million

confirmed cases and more than i aths globally (https://covid19.who.int/). The etiologic

agent of COVID-19 is &a ¢ respiratory syndrome coronavirus 2 (SARS-CoV-2). To
monitor the prevale of this virus globally, SARS-CoV-2 genomes have been extensively
sequence @As of July 2022, millions of SARS-CoV-2 genomes have been submitted to
pubé@esmch as the NCBI GenBank and the Global Initiative on Sharing All Influenza

ISAID) (Elbe and Buckland - Merrett, 2017; Khare et al., 2021; Shu and McCauley, 2017).
This large set of continuously sequenced genome data provides unprecedented materials for the

real-time study of viral evolution. Several nomenclature systems for SARS-CoV-2 variants have

been introduced to classify and track these variants, such as Nextstrain clades (Hadfield et al.,
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2018) and Phylogenetic Assignment of Named Global Outbreak (Pango) lineages (Rambaut et al.,

2020).

Phylogenetic analysis has been frequently used by researchers to describe, display and infer the

evolutionary pattern of SARS-CoV-2 (Alpert et al., 2021; Fauver et al., 2020; Gonzalez-Rei€heet

al., 2020; Washington et al., 2021; Zeller et al., 2021). However, the large amount of SARS*CoV-2

sequence data poses great challenges for phylogenetic analysis (Frost et al., 201$;4Hodéroft et al.,

2021a; McBroome et al., 2021; Morel et al., 2021). For example, theqalignmentsof a data set with

millions of sequences, let alone the reconstruction of a phylogenetie, tf€€ with so many tips, will

call for a large amount of computational resources (Hod¢toftsetial., 2021a). To date, the obstacles

presented by this large amount of viral data havébeenssolved mainly by subsampling the data set

(Hodcroft et al., 2021b; Jackson et al., 2021; Badner et al., 2020; Lemieux et al., 2021; Planas et

al., 2021; Wu et al,, 2021; Yaglom et al.4'2021). However, phylogenetic tree reconstruction is

highly dependent on the dnput datag’and subsampled data sets obtained with different strategies

might produce differentphylogenetic trees and thus inconsistent results. Moreover, the geographic

bias of the¢”ohgoimggaccumulation of SARS-CoV-2 sequencing data caused by disparities in

resotirces for genomic sequencing worldwide (Figure 1A), the different geographic distributions

of yvatiants (Figure 1B) and genetic diversity among sequences (Figure 1C) are factors to be

considered during subsampling. Therefore, reasonable and effective subsampling methods for

SARS-CoV-2 genomes are urgently needed.



Recently, several tools have been developed to facilitate subsampling from the large viral data set.

Nextstrain (Hadfield et al., 2018) developed a hierarchical subsampling method that divides

sequences into groups by geographic and temporal distribution. Another program, named

genome-sampler (Bolyen et al., 2020), supports the sampling of collections of viral genomes

across multiple variables, including time of genome isolation, location of genome isolation; and

viral diversity. In addition, Nybbler is another tool for subsampling SARS-Co¥:2"%génomes

(https://github.com/nodrogluap/nybbler). However, these methods mainlyf£0cus” on the

spatiotemporal distribution of genomes or consider this distributionw separately from genetic

characteristics, which might lead to postsubsampling bias. In addifién, these methods either

support the adjustment of only a few parameters or ‘t€quireilarge amounts of computational

resources and time, which restrict their wide application.

Here, we developed a subsampling “method named covSampler based on the spatiotemporal

distribution and genetic yatiation“ef SARS-CoV-2 genomes and provided a web application of

covSampler (httpss//Wgufv.covsampler.net) for subsampling the SARS-CoV-2 genomes deposited

in NCBI GénBanky, covSampler includes three main steps (Figure 2A): (1) Determination of sites

of spreading mutations of SARS-CoV-2 and subsequent construction of haplotype sequences. (2)

Construction of divergent pathways. The divergent pathways are defined as groups containing

genomes with close spatiotemporal distribution and genetic similarity. Each divergent pathway

reflects the local dynamic transmission and evolution of viruses over a period of time. (3)

Subsampling based on the divergent pathways. Two types of subsampling strategies,

representative subsampling and comprehensive subsampling, are included in the method. With
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representative subsampling, a full data set with millions of genomes is subsampled to a data set

containing variable numbers of genomes with a geographic distribution and genetic variation

similar to the genomes in the original data set. In contrast, with comprehensive subsampling, a

data set with the uniform geographic distribution across continents and relatively higher genetic

diversity compared with representative subsampling is provided. Our performance and validation

tests indicate that covSampler is efficient and stable, with an abundance of optignsfor user

customization. Overall, our work provides an easy-to-use tool for subsamplingithé SARS-CoV-2

genomes.

Materials and methods

Data collection and processing

Nextclade (Aksamentov et al., 2021) is used fox s€quence alignment, mutation calling, Nextstrain

clade assignment and quality comtrolfor SARS-CoV-2 genomes. The reference genome is set as

the default in Nextcladef (Aksamefitov et al., 2021), which is Wuhan-Hu-1/2019 (GenBank

accession: NC_045512)/(Wu et al., 2020). Genomes less than 27,000 nucleotides in length or with

Nextcladezassessed, erfors or warnings will be removed. In addition, we provide a web application

of covSampler using sequence data from NCBI GenBank. These data are updated regularly. Since

coySampler relies on the geographic and temporal information of genomes, genomes without one

of the following information will not be included in the covSampler web application: (1)

Collection time specifying year, month and date; (2) Continent; (3) Country; (4) Administrative

division.



In this study, we downloaded all SARS-CoV-2 genomes collected from 23 December 2019 to 24

June 2022 and their related metadata in NCBI GenBank (accessed 2 July 2022) to test the

performance of covSampler. The filtering criterion for these genomes was the same as it in the

covSampler web application mentioned above. After filtering, 4,947,593 genomes were eligible

for downstream analysis.

Determination of sites of spreading mutations of SARS-CoV-2

Genome sites of nonsynonymous mutations that increased in frequency, per week for four

consecutive weeks on at least one continent are defined as sites ofygpréading mutations (Figure

2B). To avoid selecting an excessive number of sites ofiSpreading mutations, we set a minimum

threshold for the absolute number of nonsynehiymoeus mutations in each of four consecutive

increasing weeks. The minimum threshold 1s%1/50,000 of the total number of genomes in the

original data set. After identifying these sites of spreading mutations, we construct the haplotype

sequence of each genomed(Rigure 2A). The haplotype sequence of each genome is a short pseudo

sequence composed ofisites of spreading mutations of the genome.

Construction of divergent pathways

Diyergent pathways are defined as groups containing genomes with close spatiotemporal

distribution and genetic similarity. Each divergent pathway reflects the local dynamic transmission

and evolution of the virus over a period of time. First, we construct links between pairs of viral

genomes by determining their relationship according to three aspects: geographic distribution,

temporal distribution and genetic similarity. Pairs of genomes collected from the same geographic



administrative division, such as a province or state, are defined as close in space. Pairs of genomes

collected less than or equal to 14 days apart are defined as close in time. Pairs of genomes with a

Hamming distance less than or equal to 1 between their haplotype sequences are defined as

genetically similar. Among all pairs of genomes, we construct links between pairs of genomes that

are close in space and time and genetically similar. Then, we cluster all genomes into multiple

networks based on the links between genomes, the network connected components ate interpreted

as individual clusters, which are defined as divergent pathways (Figureya 2C). "After the

construction of the divergent pathways, genomes in divergent pathways eontaining fewer than

three genomes are removed due to likely problematic sequencing or agsctbly.

Representative and comprehensive subsamplifig baséd on the divergent pathways

After constructing the divergent pathways, the subsampling procedure is performed based on these

divergent pathways. First, genefhesWin the original data set are hierarchically divided into

subsampling units, which”ate groups containing genomes with or within the same continent,

divergent pathway, menth and haplotype (Figure 2D and S1). This procedure is performed as

follows: ()"All genemes in the original data set are divided by continent. (2) Genomes in each

continent are divided into divergent pathways in the continent. (3) Genomes in each divergent

pathway are divided by month. (4) Genomes in each month within divergent pathways are divided

by haplotype. After these procedures, all genomes are divided into multiple mutually exclusive

“continent - divergent pathway - month - haplotype” groups which we defined as subsampling

units. Genomes within the same continent are defined as those belonging to the same continent

branch. The same logic applies to the definitions of divergent pathway branch, month branch and



haplotype branch.

Subsequently, we assign the desired total number of subsamples to the subsampling units along
branches (Figure 2D and S1). In principle, we assign the desired number of subsamples from
basal branches to their descended branches. We first assign the desired total number of subsamples
to the descended branches of original data set, which are the continent branches. Then\for each
continent branch, we assign the desired number of subsamples of the continent bramnch to its
descended branches, which are the divergent pathways branches. The#assignment procedures are
the same from divergent pathway branches to month branches, ‘and™from month branches to
haplotype branches. Finally, each subsampling unit is 4s§ignedia desired number of subsamples,

and we take the subsamples from these subsampling units according to the assigned number.

During the assignment, represéntative Jsubsampling and comprehensive subsampling are
performed using differentStrategies#Before introducing the different strategies used by these two
subsampling, we woulddike to introduce an assignment approach that is widely used below, which
is "assign 4t furn"y When the desired number of subsamples is assigned in turn from one basal
branch to branches descending from this basal branch, these descended branches are sorted
according to different criteria mentioned below. The sorted descended branches are then labeled
from 1 to N, where N is the number of these descended branches. And the desired number of
subsampled genomes of these descended branches are calculated as follows:

sl ones
L= ik Nl
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where /In is the desired number of subsamples of descended branch » when assigning in turn, 7 is

the desired number of subsamples of the basal branch, and the descended branch label from 1 to N

represent the assignment priority from high to low, the descended branches with higher priority

will be preferentially assigned with the desired number of subsamples.

For representative subsampling, the assignment strategy is as follows (Figure 2D): (l)fAt the

continent branch level, the proportion of the desired number of subsamplestassignéd to each

continent branch is the same as the proportion of number of genomessitr the,continent branch. (2)

At the divergent pathway branch level, the desired number of subsamples assigned to each

divergent pathway branch is proportional to the numbef*ofagénomes in the divergent pathway

branch. The ratio is calculated to ensure that théydesit€éd number of subsamples assigned to each

continent branch is the same as the desired%umber of subsamples assigned to all divergent

pathways branch descending front"the%eontinent branch. (3) At the month branch level, the desired

number of subsamples ofgmenth brafiches descending from the same divergent pathway branch is

assigned in turn. Fheymionth branches descending from the same divergent pathway branch are

sorted chrefiologically, with later months having higher priority in the assignment. (4) At the

haplotype branch level, the desired number of subsamples of haplotype branches descending from

thessame month branch is assigned in turn. The haplotype branches descending from the same

month branch are sorted according to the number of times the haplotypes are present in genomes

belonging to the month branch, with haplotypes present in more genomes belonging to the month

branch having higher priority in the assignment.



For comprehensive subsampling, the assignment strategy is as follows (Figure 2D): (1) At the

continent branch level, the desired number of subsamples of each continent branch is assigned in

turn. The continent branches are sorted by the number of genomes they contain, with continent

branches containing more genomes having higher priority in the assignment. (2) At the divergent

pathway branch level, the desired number of subsamples of divergent pathway brafiches

descending from the same continent branch is assigned in turn. The divergent pathway‘bfanches

descending from the same continent branch are sorted by the number of genomes théy contain,

with divergent pathway branches containing more genomes hayimg higher priority in the

assignment. (3) At the month branch level, the assignment process 1§, th€"same as that used in the

representative subsampling strategy. (4) At the haplotype=bsanch level, the desired number of

subsamples of haplotype branches descending frem the same month branch is assigned in turn.

The haplotypes branches descending from theysame month branch are sorted by the number of

mutations the haplotypes have, with haplotypes with more mutations having higher priority in the

assignment.

Analysis of ‘comprehénsively and representatively subsampled genomes

We éxtracted comprehensively and representatively subsampled genomes with sample sizes of 500,

5,000%nd 10,000 from 23 December 2019 to 24 June 2022 worldwide for subsample analysis.

First, we compared the spatiotemporal and variant distributions of global genomes and

subsampled genomes. Then, the diversity and consistency of mutations of global genomes and

subsampled genomes were evaluated using Pearson correlation, which was calculated through the

scipy.stats.pearsonr function (scipy v1.6.2). Finally, principal coordinates analysis (PCoA) of



Hamming distance between haplotype sequences of subsampled genomes and analysis of the
Pango lineage (with version as of 2 July 2022) coverage of the subsampled genomes were
performed to evaluate the genetic differences between the genome sets generated by the two
subsampling strategies. In the PCoA, the Hamming distance matrix between all comprehensively
and representatively subsampled genomes with the same subsample size was constmcted.&
the PCoA assigned each virus a location in a two-dimensional space based on the di& atrix.
For the Pango lineage coverage analysis, Pango lineages with genome counts | equal to
0.01% of all genomes in the global data set were discarded. In t tic visualization
section of Pango lineage coverage analysis, the phylogenetic, tree rizing the evolutionary
relationships among different SARS-CoV-2 Pango as downloaded from CoVizu

(https://filogeneti.ca/CoVizu/) (Ferreira et al., 2 and manipulated with ggtree (Yu et al., 2017).

Webserver construction

The covSampler webser& tructed based on the Vue.js (https://vuejs.org/) and Node.js

(https://nodejs.or meworks. Data were stored in MongoDB (https://www.mongodb.com/).

The phylo tic In webserver summarizing the evolutionary relationships among different

SA@ ango linecages was downloaded from CoVizu (https:/filogeneti.ca/CoVizu/)
et al.,, 2021) and manipulated with ggtree (Yu et al.,, 2017). Visualization of the
phylogenetic tree was implemented with phylotree.js (Shank et al., 2018). Visualization of bar

graphs was implemented with ECharts (https://echarts.apache.org/en/index.html) (Li et al., 2018).

The related scripts were written in Python and R and are available in our GitHub repository

(https://github.com/wuaipinglab/covSampler).
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Results

Performance of global comprehensive and representative subsampling

To test the performance of covSampler, 500, 5,000 and 10,000 subsampled genomes from 23

December 2019 to 24 June 2022 worldwide with comprehensive and representative charactefistics

were extracted for examination. Four aspects, namely, the spatiotemporal distributiomyévariant

distribution, mutation frequencies and genetic diversity, of these subsampledggendmes were

evaluated.

As shown in Figure 3A, comprehensively subsampled gefiomes were evenly distributed across all

continents, while the distribution of the representatively subsampled genomes was similar to that

in the global genome data set. In the early period of pandemic, the temporal distribution of

comprehensively subsampled gefiomes in’ global were different with that of representatively

subsampled genomes andgglebal geromes (Figure 3B). We looked at the temporal distribution of

these comprehensivesubsampled genomes and global genomes across continents and noticed that

the numberof'comprehensively subsampled genomes changed with the number of global genomes

for ¢ach continent (Figure S2). Due to the relatively large number of genomes in the early period

of ypandemic on continents other than Europe and North America, and the consist number of

comprehensively subsampled genomes in all continents, the number of comprehensively

subsampled genomes in the early period of the pandemic was relatively large. And the temporal

distribution of representatively subsampled genomes was similar to that of the global genomes.

Differences in the proportion of variants of concern (VOC) in each strategy could be detected



(Figure 3C). The proportions of Alpha, Delta and Omicron variants among the comprehensively

subsampled genomes were lower than their proportions in the original data set of global genomes,

whereas variants with relatively small proportions globally but relatively high proportions in

Africa and South America, such as Beta and Gamma, were present at a higher proportion in the

comprehensively subsampled genomes than in the global genomes. In contrast, the distributiontef

VOC in the representatively subsampled genomes was similar to that in the global«genoeme data

set.

To evaluate the diversity and consistency of mutation frequency betweerthe subsampled genomes

and the global genome data set, we calculated the Pearsém@ontelation of the mutation frequency at

each genome site between subsampled genories amd global genomes. For comprehensively

subsampled genomes, most genome sites with high“mutation frequency in global genomes showed

a decreasing trend in mutation” frequen€y in the subsampled genomes (Figure 3D). For

representatively subsamplédygenomes, the mutation frequency of each genome site in subsampled

genomes was simidar te4ts mutation frequency in the global genome data set (Figure 3E).

In addition, the genetic diversity between comprehensively and representatively subsampled

genomes was examined by calculating the Hamming distance between all haplotype sequences of

comprehensively subsampled genomes and those of representatively subsampled genomes. Figure

3F displays the PCoA based on the Hamming distance matrix of 5,000 comprehensively

subsampled genomes and 5,000 representatively subsampled genomes. In the two-dimensional

space of PCoA, each point represents a viral genome. The differences between haplotypes of



genomes are proportional to the distance in the two-dimensional space between the points, and the

closeness of the points in the two-dimensional space is related to the genetic diversity of the

sequences. The distribution of representatively subsampled genomes was more compact, while the

distribution of comprehensively subsampled genomes was more scattered and covered areas not

covered by the representatively subsampled genomes. The coverage of the Pango lineage, avhigh

represent variant in the widely used SARS-CoV-2 Pango nomenclature system (Rambaut et al.,

2020), was also compared between comprehensively subsampled genomes and sepresentatively

subsampled genomes. Figure 3G and 3H display the coverage ofwPango dineage of 5,000

representatively subsampled genomes and 5,000 comprehensively%subSampled genomes. Of all

277 Pango lineages with genome counts greater than 0.01%woetfall genomes in the global data set,

134 were present in both subsampled genQme \s€ts, 68 were present only among the

comprehensively subsampled genomes, and 3 Were present only among the representatively

subsampled genomes (Figure 3G). We, plotted these 277 Pango lineages in the phylogenetic tree

(Figure 3H). Pango lineages, that Were present in both subsample sets covered most areas of the

phylogenetic tregs However, Pango lineages that were present only in comprehensively

subsampled” genomes covered more area than Pango lineages that were present only in

représentatively subsampled genomes. We also found that for all comparisons of subsampled

genomes of the same sizes, the comprehensively subsampled genomes had a wider distribution

than the representatively subsampled genomes (Figure S3). Thus, it could be concluded that both

subsampling strategies worked well for subsampling, with comprehensive subsampling tending to

yield higher coverage of the original data set, and representative subsampling tending to yield the

pivotal skeleton of the original data set.



Webserver interface and features

An online webserver (https:/www.covsampler.net) was constructed to allow users to perform

SARS-CoV-2 subsampling with covSampler (Figure 4). The sequence data used in the web

application are sourced from NCBI GenBank. The location, date range, variant, distribution

characteristic and desired number of subsampled genomes can be customized by users. Adter 3-5

minutes calculation, the GenBank accessions of the subsampled genomes can be,downloaded. At

the same time, an interactive phylogenetic tree constructed from corresponding Pango lineages

and the spatiotemporal distribution of these subsampled genomes are\presented.

Discussion

To date, numerous mutations have arisen in the SARS-CoV-2 genome. However, most of these

mutations are random mutations” andyhaye little effect on the properties of the virus. These

mutations are usually present at low/frequency in the viral population (Martin et al., 2021; Sun et

al., 2022). Some adaptive mutations may change the inherent transmissibility, immune escape

ability andgéther properties of the virus and have a growth advantage in population. We therefore

target potential adaptive mutations by successive increases in frequency and define them as the

spreading mutations. Subsequently, the haplotype sequence of each genome is constructed from

the sites of spreading mutations. By combining the genetic characteristics contained in these

haplotype sequences and the spatiotemporal distribution of genomes, we determined the

relationships between each pair of genomes in the original data set. In brief, pairs of genomes with

close spatiotemporal distribution and genetic similarity were considered to share a recent common
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ancestor. By connecting each pair of genomes with close spatiotemporal distribution and genetic

similarity, we clustered all genomes into multiple networks and defined each network as a

divergent pathway. The divergent pathways are clusters of similar genomes that are close in time

and space, and each divergent pathway reflects the evolution of viruses over time. Therefore,

subsampling along the divergent pathway with time and genetic variation can effectively capture

the evolutionary trajectory of the viruses, and the subsamples can be used to represent the@ntirety

of the large-scale genome data set for phylogenetic analysis.

Comprehensively subsampled genomes and representatively subsafipled genomes can be

extracted from the same data set by using differertferiteria, Comprehensively subsampled

genomes are evenly distributed across each contient.\We extract only a small number of genomes

from each divergent pathway to ensure thatythe subsampled genomes come from as many

divergent pathways as possiblegWithin gach divergent pathway, genomes with more genetic

variation in each month willlbe extraCted with higher priority because these genomes may reflect a

more detailed eyelutiofi' process in this divergent pathway. Consequently, comprehensively

subsampled”g€nomesshave a uniform geographic distribution across continents and relatively high

gengétic diversity. In contrast, the geographic distribution and genetic variation of representatively

subsampled genomes are similar and proportional to those of the original data set. The number of

subsampled genomes extracted in each divergent pathway is proportional to the number of

genomes contained in that divergent pathway. Then, within each divergent pathway, genomes with

the most common haplotypes in each month are preferentially extracted, which allows the

subsampled genomes to reflect the dynamic evolution of viruses over time. As a result,



representatively subsampled genomes can present key genetic variation contained in the original

data with a reliable distribution.

Different subsampling strategies are suitable for different application scenarios. Comprehensive
subsampling can provide a rich genetic background for exploring the distribution and evolu&
specific viruses. In addition, more detailed information will be contained in these‘ ples,

which is helpful when exploring emerging variants or mutations. On the other h sentative

=

subsampling better reflects the actual and pivotal phylogenetic relati structure of the

large-scale genome data set. Thus, researchers can use represgntati sampled genomes as a

representative of original data set for exploring the evolution and epidemiology of
viruses.
In summary, covSampler is a public able method for subsampling SARS-CoV-2 genomes

based on geographic, &ml tribution and genetic variation. In addition, customized
subsamples can bg o ed under different requirements by covSampler. We have also developed
a user-fri er that provides an online application of covSampler to better serve the

sciefitific community.
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