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ABSTRACT

Exploring the dynamic variations of viral genomes utilizing with a phylogenetic analysis is vital to control the
pandemic and stop its waves. Genetic network can be applied to depict the complicated evolution relationships of
viral genomes. However, current phylogenetic methods cannot handle the cases with deletions effectively.
Therefore, the k-mer natural vector is employed to characterize the compositions and distribution features of k-
mers occurring in a viral genome, and construct a one-to-one relationship between a viral genome and its k-mer
natural vector. Utilizing the k-mer natural vector, we proposed a novel genetic network to investigate the var-
iations of viral genomes in transmission among humans. With the assistance of genetic network, we identified the
super-spreaders that were responsible for the pandemic outbreaks all over the world and chose the parental
strains to evaluate the effectiveness of diagnostics, therapeutics, and vaccines. The obtaining results fully
demonstrated that our genetic network can truly describe the relationships of viral genomes, effectively simulate
virus spread tendency, and trace the transmission routes precisely. In addition, this work indicated that the k-mer
natural vector has the ability to capture established hotspots of diversities existing in the viral genomes and

understand how genomic contents change over time.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
spread all over the world since the outbreak of coronavirus disease 2019
(COVID-19) in December 2019, which has wreaked havoc on public
health in most countries (Wu et al., 2020a,b; Lam, 2020). Exploring the
variations in viral genomes through a phylogenetic analysis is key to
control the pandemic and stop its waves (Kissler et al., 2020; Oude
Munnink et al., 2020).

Phylogenetic analysis always starts with the creation of a phyloge-
netic tree (Wu et al., 2020a,b; Zhou et al., 2020; Lu et al., 2020).
However, the tree-building methods couldn’t facilitate precise inter-
pretation in relationships of SARS-CoV-2 genomes, as these genomes are
shown with low genetic divergence (Li et al., 2020a,b; Wen et al., 2020).

Moreover, different parts in a viral genome are thought as products of
different genealogical trees (Rasmussen et al., 2014). Hence, several
studies applied the genetic network, which is usually constructed with
Maximume-likelihood (ML) or Bayesian methods, to depict the relation-
ships among SARS-CoV-2 genomes (Nie et al., 2020; Gudbjartsson et al.,
2020).

Coronaviruses are highly recombinogenic (Boni et al., 2020; See-
mann et al., 2020). Closely related viral lineages might have different
nucleotide substitution rates (Wertheim et al., 2012; Dearlove et al.,
2020). To address these, more flexible models that make no assumption
on nucleotide substitution rates and allow for variations in the substi-
tution rate over time have to be developed (Li et al., 2020a,b). In
addition, several SARS-CoV-2 isolates have been found to have deletions
in the genome, which cannot well handled with current phylogenetic

Abbreviations: ACE2, angiotensin-converting enzyme 2; COVID-19, coronavirus disease 2019; dN, nonsynonymous substitution rate; dS, synonymous substitution
rate; ML, Maximum-likelihood; MSA, Multiple sequence alignment; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TMRCA, the most recent common
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methods (Young et al., 2020; Hu et al., 2021). It was verified that the k-
mer model method can capture the recombination events and deal with
the cases with deletions efficiently (Bauer et al., 2020). However, the k-
mer approach is not suggested to tract transmission routes for its non-
uniqueness. Therefore, the k-mer natural vector is employed to char-
acterize the compositions and distribution features of k-mers occurring
in a viral genome, and construct a one-to-one relationship between a
viral genome and its k-mer natural vector (Wen et al., 2014). The k-mer
natural vector makes no assumption on nucleotide substitution rates or
base frequencies (Zhang et al., 2019, 2021).

Based on the k-mer natural vector, we developed a novel genetic
network approach to investigate the variations of SARS-CoV-2 genomes
in transmission among humans. It was demonstrated that our novel
genetic network can effectively depict the genetic dynamics of viral
genomes. In the following sections, we utilize three datasets of SARS-
CoV-2 genomes to elucidate the validity of this new genetic network.

2. Results
2.1. Genetic cluster analysis for viral genomes

During transmission, viruses undergo adaptive evolution and
generate genetic variants. To understand evolution selection of viral
genomes, we performed a genetic cluster analysis for 158 SARS-CoV-2
genomes with a novel network representation (Fig. 1A-C). Four
groups of G1 (Mann-Whitney U test, p = 4.6450e—69), G2 (Mann-
Whitney U test, p = 0), G3 (Mann-Whitney U test, p = 3.3356e—05) and
G4 (Mann-Whitney U test, p = 8.0578e—36) exist among 158 viral
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genomes (Fig. 1B). As shown in Fig. 2A and B and Table 1, the genomes
in G1 are associated with the signature mutations of C8782T and
T28144C; G2 includes the reference strain Wuhan/Hu-1; G3 has the
changes of C241T, C3037T, and A23403G; G4 carries the G26144T
mutation. Overall, these results are consistent with those obtained from
ML or Bayesian methods (Li et al., 2020a,b; Yin, 2020).

In G1, two sub-clusters are distinguished with C29095T (Fig. 2B and
Table S1). In the T-allele sub-cluster, Chinese individuals, who are all
from Guangdong, have an average of 3.33 mutations, while the mutation
rate for the others coming from Japan and the US is higher. In the C-
allele sub-group, nearly half (15/33) of genomes are found outside Asia,
mainly from the US (n = 7), Australia (n = 5), and Europe (n = 3).
Genomes in G2, which are sampled from China and its adjacent regions
(Table S2), have close connections and thus cluster together in the ge-
netic network (Fig. 1B). Significantly, the genomes in G3 (Table S3),
which were responsible for the explosive increase of COVID-19 in
Europe and led to the global pandemic, couldn’t be discerned with
previous phylogenetic network (see Table 1, Forster et al., 2020). In
addition, G4 is the major European type with representatives from En-
gland, France, Italy, and Sweden. Some have also been reported from
Brazil, the US, Hong Kong, Singapore, South Korea, and Taiwan, but
they are absent in the samples from China (Table S4).

Our genetic network can simulate the clinical representation and
spread tendency effectively, which not only depicts transmission routes
for documented cases, such as the infection paths of Mexico/CDMX-
LnDRE 01-Italy/CDG1-Germany/BavPatl, Brazil/SPBR-02-Italy/SPL1,
and Canada/On-PHL2445-USA/CA3 as stated in Forster et al. (2020),
but also deduces undocumented transmission routes.
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Fig. 1. Genetic cluster analysis for 158 SARS-CoV-2 genomes is performed with a novel network method that is shown with clustering process from A to B to C, in

which four groups G1-G4 are clustered with the signature mutations.
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Fig. 2. Mutation profiles of 158 SARS-CoV-2 genomes, in which divergent mutations are depicted with different colors when compared with the reference strain
Wuhan/Hu-1. (A) Mutation distributions in viral genomes from groups G1-G4 are shown, in which viruses are arranged in the column. (B) Frequencies of viral
genomes for mutations occurring in groups G1-G4, respectively (see Tables S1-S4 in detail).

Table 1
Mutation analysis for genetic clusters of SARS-CoV-2 genomes in Datasets 1 and
2, respectively.

Cluster Signature Cluster Marker Mutation Cluster (
(Dataset 1) Mutation* (Dataset 2) Forster et al.,
2020)
Gl C8782T, C1 C8782T Type A
T28144C T28144C
c2 C8782T
C17747T
A17858G,
C18060T,
T28144C
G2 (Wuhan/Hu- Cc3 (Wuhan/Hu-1) Type B
1)
G3 C241T, C4 C241T, C3037T,
C3037T, C14408T,
A23403G A23403G
G4 G26144T C5 G26144T Type C

" Signature Mutations and Marker Mutations are the common mutations for
viral genomes in G1-G4 and C1-C5, respectively, when compared with the
reference strain Wuhan/Hu-1.

2.2. Super-spreader identification and transmission route inference for
viral genomes

It is important to trace transmission routes in control of the
pandemic. Yang et al. (2020) probed the genetic dynamics of 247 SARS-
CoV-2 genomes, in which four virus clusters were inferred to lead to the
pandemic outbreaks worldwide. However, this result is not precise,
since viruses with differential virulence have played different roles in
transmission. We classified this dataset into five clades labelled as C1-C5
with our novel genetic network (Fig. 3A and Table 1). C1 has the marker
mutations of C8782T and T28144C; the genomes in C2 have the changes

of C8782T, C17747T, A17858G, C18060T, and T28144C, so C2 can be
thought as a sub-clade of C1. C3 is equivalent to G2 as mentioned above;
C4 has the mutations of C241T, C3037T, C14408T, and A23403G; C5
has the G26144T variation. It has again been verified that four clusters
exist in SARS-CoV-2 genomes, which coincides with our former
conclusion and results obtained by other researchers (Li et al., 2020a,b;
Yin, 2020; Yang et al., 2020; Zhang et al., 2020).

Assisted with the genetic network for SARS-CoV-2 genomes, we
identified the super-spreaders of viral genomes that are not only linked
with components in its clade but also connected to elements from other
clades. Obviously, Germany/BavPatl and Australia/NSWO03 are the
super-spreaders from clades C4 and C5, respectively (Fig. 3A). The
super-spreaders having contacts across different clades are thought to be
responsible for the pandemic outbreaks worldwide (Fig. 3B). In addi-
tion, we performed a root-to-tip regression analysis of temporal signals
for the collection dates of the super-spreaders (see Dataset 2) and
inferred that the time of the most recent common ancestor (TMRCA) for
SARS-CoV-2 was around November-December 2019 (Fig. 3C), indi-
cating that these viral genomes shared a recent common ancestor but
entered into different evolution clades.

Most mutations existing in viral genomes randomly occur in trans-
mission without the function changes (Fig. 4A (see Tables S5-S9 in
detail) and 4B and Table 2). Inspecting the genetic variations enables us
to trace transmission routes. For example, USA/WA1 was found to be
closely related to Fujian/8 through a genetic mutation analysis (Yang
et al., 2020). This relationship can be directly observed from our genetic
network without mutation analysis (Fig. 3A). Taking advantage of this
new genetic network, we can trace transmission routes locally. Several
strains obtained from the patients in South Korea (on 27 February 2020)
are associated with mutations of T4402C and G5062T, meanwhile the
isolates released in Beijing (on 28 January 2020) carry these mutations.
Hence, it is inferred that the viruses in Koreans are in the same trans-
mission routes with those from Beijing.



Y. Zhang et al. Molecular Phylogenetics and Evolution 175 (2022) 107583
ik USAME-UW2
A B USAWARS-UW14 5
(2 USAZA- sz“
USAW@1-UWT HongKongN20001061-2
Sichuan/ -SC-001 us@L2 U AN‘G UW3
@ B!
crneFonzs iy USANR1:AT2 Fuilos
snmzhen.uszuos Usbat SA/mﬂ F6
UsAv@Buvs Chinaff§F0026 us
g ;.xw USANVAT. crinapiro001 1
CrinaflF0012 Gusngdo205F013 Crinaf@Fouzs Chinal}F0016 Australﬂ\lswm
U @PiUCT c2 R i Taiglary/3 Chinaj\F0020 C5
i Belgium/@kiB-03021
o w‘{w“;x%‘”'”w“ Semelirion ChiraiF00ts Beigum/h AustraldiNSW03
e e i Chinap(F0015: WuhalvHO4
SIS v Clanglang N2 0035 Wihan/HBEDC-HB:03
T ”S“’W“ﬁs%s; U@ Japan/N&20-05-1
Austrai@QLD04
Seuno@runoos - CREE syt re angsu/IRC-J5-001 Guangdogh/20SF201
SodKa@IKCB05 isiheat AonfBz005 [ — Jlang‘ wan/CGH-CGU-01
s smmko:r:ima i S O gt Wiz Japan/Qf20-07-1
smeuQKuM%s Beiest ¢ 15 i 7 ngtgerig eI Wuhanl H*/ZH iz
SouthKorglKUMC04- B 105, SO r Té - Ehlerd W -
SoutKor@IKCO007 - Ch'"a'K:g'K W*"D‘G’sﬁmknﬂkcmu . .m”:;tzsr?m I 3 i
o H'WAG“"’Q""“Q’Z".("“”%P“MfV"_V 03021 Enghanz - % Francen@0372is C4 Th;Lmd
in L ejial
no@31 China@FT01S ‘W‘s"w' Y GermanfiBavPat1 ;
. s é;mgwm *- WahanVHUO1
me.mm e P v WuhanHE8DG-HB-03 Wahan/IVOlHBF13-20
Portug /62 \ust
Switzertandf0004777% S iy CS Wuhar‘VHUOZ WUhaleM
Neterancsfurg_ 1364265 W@t 057201 SouthKorghy/KCDC12
MexicolCOHNDRE 01 n N 20-05-1 USAV@B-UW1
NetherlandsRo@¥dam 1364740 Nmanmaa‘»ga&nw GZX0 irios Italy@PL1
vt QOUTIET o ﬁg‘eg;ﬂa‘nﬂ‘ﬂ. o X e O .
Gemm,m.mmemualy.m taly st Arirgoosor Finland/FI30320208 c -
Netherands\@cht 1363628 OQPMOFDSZG Dated Tips
C4 Luvemif@rgLuxt MSIAH05.
Nethertands/t@lem_1363688 f;";;"’éx:,;“jm 0o00125{ (Date range 0.1803 o e o
i FI@G032000A B R L1 Sl Wg‘zm;,":,‘ i Slope (rate) 4. 200884
“*”“‘"'%'&i%w i T S T N-Intexcept (TIECA) [2019.9255
crina@F ;JnstAs Net nandsm.uen 1364774 = -
@02 Snou e o S0 @0SF02 sooor] (Corzelation Coeff .. 06738
GuangdmWGOmummNemenamwQaam 1asuoa0  USEEAS R | 045
Fosharl@SF211 USAIC@EeA 11 square: 3
e ol um.”sﬁl’;‘”*‘””m Residual Nean Squ . |5. 5950-10
e angon ssﬁmwihigandsmarﬂlnxve.&esendam 1364806
JapanHu_| e L,ng -
T LE e e
A Frmm.FDSIE
ot e %
C3 ““ws«ﬁm iGoncr
Japan/Hu_DfiKng_19-027 e © 4 ews G o o -
UsogeeAte Ausral @SOS
Shandong@PC-SD-001 0.000025 . . .
Ushi@iser-d Usaa@sen.7 Austail@NSW0s
JapanI.ZLlJ}JL! ?
Tawa@ITUot

2019.9 2019.95 2020 202005 20201 2020.15

Fig. 3. (A) Genetic network of 247 SARS-CoV-2 genomes, in which five clades labelled as C1-C5 are classified with the marker mutations. (B) Assisted with the
genetic network, we identified the super-spreaders of viral genomes that are not only linked with components in its clade but also connected to elements from other
clades. (C) TMRCA was predicted with a root-to-tip regression analysis of temporal signals for the collection dates of the super-spreaders (Dataset 2).

2.3. Clinical consideration for viral genomes

Clinical response to a fast-moving infectious disease heavily depends
on choosing the best virus strains in animal models (Bauer et al., 2020;
Wohl et al., 2016). It is highly desirable that vaccine could be effective
against all circulating virus strains. Although most mutations are
random accumulation of genetic errors, several genetic variations have
already been reserved. At present, nearly all vaccine candidates select
Wuhan/Hu-1 as the target strain for the COVID-19, but a lot of evolution
activities in viral genomes have not been considered in animal models
(Gudbjartsson et al., 2020). It is preferred to choose the representative
strains that can evaluate the effectiveness of diagnostics, therapeutics,
and vaccines efficiently and comprehensively.

Genetic network of 184 SARS-CoV-2 isolates reveals four clusters
(Fig. S1). Associating the genetic network with each cluster, we deter-
mined the parental strains to be the ones with the most linkages in the
network. Moreover, these parental strains were shown with the least
divergences for viral genomes from the same cluster. Hence, these
parental strains were suggested as representatives of viral genomes to
evaluate the effectiveness of diagnostics, therapeutics, and vaccines.
Spike protein is a vital driver in virus evolution through binding with
human receptor protein, so a molecular simulation for Spike protein
from the parental strain contacting with human receptor protein ACE2
(angiotensin-converting enzyme 2) was modeled with PyMOL (Fig. 5A).
Until now, several crystal structures for Spike protein complexed with
the antibodies have been released in the PDB database. Using these

structures, we could construct different Spike-antibody structure
models, in which the mutation in Spike protein can be introduced by
PyMOL. Since vaccine takes effect through its antibody in our body, the
binding free energy between Spike protein and antibody, which can be
calculated with conventional molecular dynamic simulation tools, such
as Amber (Lee et al., 2020), Gromacs (Makarewicz and Kazmierkiewicz,
2013), Molaris (Sham and Warshel, 1998), etc., is utilized to verify the
feasibility of vaccine candidate. As shown in Fig. 5B, except one muta-
tion (D614G in S1/S2), there is no variation occurring in Spike protein,
meaning that our current vaccine candidates are effective to all circu-
lating virus strains, which is identical to the result obtained from
(Dearlove et al., 2020). In addition, the k-mer natural vector space for
SARS-CoV-2 genomes was projected into a 2D image by tSNE (t-
Distributed Stochastic Neighbor Embedding). Similarly, 184 viral ge-
nomes are grouped into four clusters, of which the parental strains are
located at the central positions in each cluster (Fig. 6), indicating that
the parental strains chosen as representatives for all circulating virus
strains are feasible.

Viruses are associated unknown pathogen properties with genomic
modifications, which complicates the evaluation of animal models and
clinical research. The k-mer natural vector can reflect the fluidity of
mutations and captures the recombination events efficiently. For
instance, Singapore/4 and Taiwan/NTUO1 that are located far from
Wuhan/Hu-1 have found deletions in the core genome (Fig. 6). Scot-
land/CVRO1 and Canada/BC_37_0-2 contain ambiguous bases that are
not identified in sequencing process, which shorten the length of viral
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Fig. 4. Variations existing in the coding regions of SARS-CoV-2 genomes from clades C1-C5. (A) Mutations identified in the regions of Orflab[266:21555], S
[21563:25384], Orf3a[25393:262201, E[26245:26472], M[26523:27191], Orf7a[27394:27759], Orf8[27894:28259], N[28274:29533], and Orf10[29558:29674]
(Tables S5-S9); (B) Comparisons of dN (nonsynonymous substitution rate) and dS (synonymous substitution rate) in the coding regions of SARS-CoV-2 genomes.

Table 2
Mutation statistics for SARS-CoV-2 genomes in Dataset 2.

Clade  Number Nucleotide level Amino acid level
) Repetition  Non- Repetition  Non-
repetition repetition

Cl 64 267/139 74/72 129/65 42/41

c2 14 86/16 16/11 50/9 9/6

Cc3 123 211 128 132 75

C4 20 125/86 24/20 71/52 16/15

C5 26 84/58 42/41 61/35 25/24

*(With/without the marker mutations) In a clade (C1-C5), one mutation may
appear several times. The repeated mutations are only counted as 1 in the Non-
repetition mode, while the Repetition model calculates its sum.

genome, so they are far from other viral gnomes from the same cluster,
as well as Beijing/IVDC-BJ-005 and Shenzhen/SZTH-001 related to
sequencing errors. It indicates that our k-mer natural vector has the
ability to capture the established hotspots of diversities existing in viral
genome and understand how genomic contents change over time.

3. Discussion

Based on the k-mer natural vector, a novel genetic network was
conducted to explore the variations of viral genomes in transmission
process. It has been verified that four genetic clusters exist among SARS-
CoV-2 genomes. This result is consistent with those obtained from ML or
Bayesian methods. Although several studies support the existence of
four genetic clusters, their results are not totally correct. For example,
the genomes having G11083T mutation exist in different clusters, so one
cluster reported to carry G11083T as the divergent mutation is not

credible (Yang et al., 2020). Moreover, our genetic cluster method can
effectively simulate virus spread tendency, and identify the strains that
tend to break out in later development. Genomes carrying the mutations
of C241T, C3037T, and A23403G were rare at the beginning but led to
an explosive increase of COVID-19 in Europe and developed into a
global pandemic that cannot be discerned with the former phylogenetic
network analysis (Forster et al., 2020).

It is elucidated that our genetic network can truly describe the re-
lationships of viral genomes. Genomes with close linkages group
together in the genetic network. Assisted with the genetic network, we
identified the super-spreaders of viral genomes that are thought to be
responsible for the pandemic outbreaks all over the world. In addition,
this new genetic network enables us to understand mutation traits in
virus adaptive evolution and trace transmission routes precisely.
Currently, developing the effective vaccines is a higher priority in pre-
venting and mitigating the waves of the pandemic. Viruses are associ-
ated with genetic variants in evolution process, and some mutations
maybe prevail at local transmission regions, so it is necessary to monitor
genetic mutations in viral genomes. Utilized the genetic network, the
parental strains were chosen as representatives of viral genomes to
evaluate the effectiveness of diagnostics, therapeutics, and vaccines.
According to the genetic characteristics of parental strains, we could
improve the diagnostics, guide therapeutics programs and vaccine
development, and take timely adjustments when facing the changes of
the pandemic.

In this work, the k-mer natural vector was used to deal with the
recombination and deletions existing in viral genome and overcome the
deficiencies of previous k-mer models. The k-mer natural vector has the
ability to capture the established hotspots of diversities and understand
how genomic contents change over time. One significant novelty of our
k-mer natural vector is that each viral genome can be rigorously
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Fig. 5. (A) A molecular simulation for protein—protein interaction between Spike protein (PDB ID: 6M0J) and human receptor protein ACE2 (PDB ID: 7DZW) is
modeled with PyMOL, in which the critical contact sites (Y449, L455, E486, Y489, Q493, T500, and N501) in ACE2 are shown; (B) The MSA for Spike proteins from
the parental strains is presented, of which only one mutation (D614G in S1/S2 region) is observed from the strain of Germany/BY-ChVir-929.
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Fig. 6. The k-mer natural vector space for 184 SARS-CoV-2 genomes is pro-
jected into a 2D image by tSNE. All viruses are grouped into four clusters
(denoted with different colors). The parental strains signed with pentagram are
located at the central positions for each cluster, of which four parental strains of
Wuhan/Hu-1, Wuhan/WHO04, Australia/NSW03, and Germany/BY-ChVir-929
are labelled. Singapore/4 and Taiwan/NTUO1 have deletions in the genome;
Scotland/CVRO1 and Canada/BC_37_0-2 contain ambiguous bases; Beijing/
IVDC-BJ-005 and Shenzhen/SZTH-001 are related to sequencing errors.

recovered by its k-mer natural vector. Compared with alignment-based
methods, the k-mer natural vector concerns the global similarities of
viral genomes, such as the changes averaged across whole genome
rather than at specific locations and require no evolution model or
human intervention.

4. Material and methods
4.1. Data collection

Three datasets for SARS-CoV-2 genomes collected from GISAID
database with basic sequence information in Dataset.xls were applied to
elucidate the validity of our novel genetic network.

Dataset 1: 158 SARS-CoV-2 genomes were used to understand the
evolution selection of viral genomes and simulate their spread ten-
dencies among humans (Forster et al., 2020).

Dataset 2: Using the genetic network of 247 SARS-CoV-2 genomes,
we identified the super-spreaders and traced the transmission routes for
viral genomes (Yang et al., 2020).

Dataset 3: According to the genetic network for 184 SARS-CoV-2
genomes, in which the genomes with deletions, ambiguous bases, or
sequencing errors were included, we determined the parental strains of
viral genomes (Bauer et al., 2020).
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4.2. K-mer natural vector for viral genome

Let s = ‘N;Ny---Ny’ be a virus genome with s length L, L where N; €
{A,C,G,T},l =1,2,---,L, and slj|[i] be the location of the i-th occurrence
of ak-mersfj]ins,j =1,2,--, 4%, For each given k, the distributions of a
k-mer s[j] can be described by three quantities:

ng;): Number of s [j] occurrences in s;

H,jy: Mean distance of s[j] from the first position of s;

Dill: Central moment of s[j], that is,

= § Gl ~ "

P —— m:172,-~-,1’18[]-].
(L —k+ )"

i=1

Hence, the k-mer natural vector for viral genome s could be defined
by (ns[i]7 B D:;Ei])’ j=12, 4k,

By the definition, the k-mer natural vector concatenates the numbers
of occurrence and mean distance for k-mer with its central moments, it
thus contains the information of k-mers and avoids the deficiencies of
previous k-mer model methods. Moreover, the relationship between a
virus genome and its k-mer natural vector is one-to-one for each given k,
which has been mathematically proved in Text S1. In addition, it has
been verified that a k-mer natural vector with order two central moment
is 3 x 4% np, Hiips Dg] enough to represent a viral genome, 5o (ngj], ﬂSU],Dszm)
is sufficient to depict a viral genome, which still satisfies the one-to-one
mapping.

4.3. Genetic network of viral genomes

For k-mer model method, the parameter k has a great influence on
obtaining results and computational complexities. Following our former
work (Wen et al., 2014), the optimal k should be within the range of
[ceil (log4min(L) ), ceil (logsmax(L) ) + 1], where L is the set of lengths for
viral genomes. Based on this, the value k chosen for the full-length SARS-
CoV-2 genomes is 8. Once e |[ceil(log,min(L)), ceil(logymax(L)) + 1],
[ceil(log,min(L)), ceil(logymax(L)) +1], ach SARS-CoV-2 genome is
uniquely represented by a k-mer natural vector, the pairwise distance
(dst) for SARS-CoV-2 genomes can be calculated with Spearman
distance:

(rl\ _r_.r)(rz _71)
V=) =)V =) =)

where ry; is the rank of x;; taken over Xy, Xgj, -+, Xmj, 7s and r; are the
coordinate-wise rank vectors of x; and x;, i.e. 7y = (Xs1, Xs2, =+, Xen), Ts =
1 =1 )
EerSJ’ = anrg.

Genetic network for viral genomes in Dataset 1 can be built as
follows:

dy=1—

(1) Genomes are connected if they have the shortest pairwise dis-
tance. Among 158 SARS-CoV-2 genomes, Italy/CDG1 and Ger-
many/BavPatl are closest with the shortest pairwise distance, so
they are connected. There are 23 genetic clusters built in Fig. 1A.

(2) The distance between genetic clusters is the mean of pairwise
distances. For example, the distance between genetic clusters of
Germany/BavPat1-Italy/CDG1 and Germany/Baden-
Wuerttemberg-1-Mexico/CDMX-InDRE 01 is the mean of four
pairwise distances.

(3) Two genetic clusters should be linked if the distance between
genetic clusters is the shortest, of which the genomes with the
shortest pairwise distance are connected. Genetic clusters of
Germany/Baden-Wuerttemberg-1-Mexico/CDMX-InDRE 01 and
Germany/BavPat1-Italy/CDG1 are shown with the shortest dis-
tance. Meanwhile, Italy/CDG1 and Mexico/CDMX-InDRE 01 are
closest among four genomes. Therefore, two genetic clusters form
Group G3 in Fig. 1B, in which Italy/CDG1 and Mexico/CDMX-
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InDRE 01 are linked. Four groups G1-G4 in Fig. 1B are con-
structed from 23 genetic clusters.

(4) The distances between groups G1-G4 are updated as (2). The
genetic network of viral genomes is completed when all the ge-
nomes are linked together (Fig. 1C).

4.4. Phylogenetic analysis

Multiple sequence alignment (MSA) for SARS-CoV-2 genomes was
conducted with MAFFT (Katoh and Standley, 2013). Mutation analysis
for nucleotide or amino acid was inspected with the reference strain
Wuhan/Hu-1 using MEGA7 (Kumar et al., 2016). A root-to-tip regres-
sion analysis of temporal signals for the collection dates of the super-
spreaders was visualized with TempEst (Rambaut et al., 2016). Ge-
netic network of viral genomes was illustrated with Cytoscape 3.8.0
(Shannon et al., 2003). In addition, we applied the Mann-Whitney U test
to verify the validity of the cluster results.
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