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Abstract

Echoviruses belong to the genus Enterovirus in the Picornaviridae family, forming a large group of Enterovirus B (EV-
B) within the Enteroviruses. Previously, Echoviruses were classified based on the coding sequence of VP1. In this study,
we performed a reliable phylogenetic classification of 277 sequences isolated from 1992 to 2019 based on the full-length
genomes of Echovirus. In this report, phylogenetic, phylogeographic, recombination, and amino acid variability landscape
analyses were performed to reveal the evolutional characteristics of Echovirus worldwide. Echoviruses were clustered into
nine major clades, e.g., G1-G9. Phylogeographic analysis showed that branches G2-G9 were linked to common strains,
while the branch G1 was only linked to G5. In contrast, strains E12, E14, and E16 clustered separately from their G3 and
G7 clades respectively, and became a separate branch. In addition, we identified a total of 93 recombination events, where
most of the events occurred within the VP1-VP4 coding regions. Analysis of amino acid variation showed high variability in
the a positions of VP2, VP1, and VP3. This study updates the phylogenetic and phylogeographic information of Echovirus
and indicates that extensive recombination and significant amino acid variation in the capsid proteins drove the emergence
of new strains.
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Introduction

Echoviruses belong to the largest sub-group of Enterovi-
ruses (EVs), which is a member of the Enterovirus genus in
the Picornaviridae family. Human enteroviruses are widely
prevalent in the world, consisting of A, B, C, and D spe-
cies (Brouwer et al., 2021). Echovirus is grouped in the
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Enterovirus B (EV-B) and is the most frequently detected
species worldwide (Brouwer et al., 2021). Echovirus can
infect multiple organs of human body with a wide variety
of manifestations from acute or asymptomatic febrile ill-
ness of young children and infants to fatal aplastic anemia,
encephalitis, and pulmonary hypertension (Rao, 2015). Dif-
ferent serotypes lead to different clinical signs. For example,
E4 (Handsher et al., 1999), E6 (Fratty et al., 2023), E9 (Zhu
et al., 2016), E13 (Diedrich & Schreier, 2001), E18 (Jiang
et al., 2022), E30 (Castro et al., 2009), E33 (Huang et al.,
2003) infections cause neurological disorders; E3 (Miyata
et al., 2014), E11 (Hirade et al., 2023), and E18 (Xi et al.,
2023) are associated with neonatal systemic illness; E21 is
associated with hepatitis (Pedrosa et al., 2013). In addition,
the cases of hand, foot, and mouth disease (HFMD) has been
reported to be associated with E7 infection in China Main-
land (Yao et al., 2015).

Echoviruses are small envelope-free, single-stranded
positive-sense RNA viruses. The genome of Echovirus is
approximately 7400 nucleotides long and contains a long
open reading frame (ORF) flanked by 5’- and 3’-untrans-
lated regions (UTRs). The ORF is translated into a polypro-
tein, which is then cleaved into precursor proteins P1, P2,
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and P3. P1 is further cleaved into structural proteins VP1-
VP4. P2 and P3 are processed into six non-structural pro-
teins including 2A, 2B, 2C (RNA helicase), 3A, C3 pepti-
dase, and RNA-dependent RNA polymerase (RdRp) (Paul
& Wimmer, 2015). VP1-VP4 proteins are major structural
capsid proteins. Since the VP1 contains important antigen
sites, it has high specificity for different serotypes. There-
fore, the serotypes are widely classified according to VP1
coding sequence (Xiao et al., 2020).

The first discovery of Echovirus was in 1951, when it
was isolated from stool samples of asymptomatic individu-
als (Ramos-Alvarez & Sabin, 1954). Currently, 28 differ-
ent potential serotypes of Echoviruses have been reported,
including E1-E7, E9, E11-E21, E24-E27 and E29-E33,
whereas types E8, E10, E22, E23, E28 and E34 have been
classified as other viruses (Home of Picornaviruses, 2023;
Zhang et al., 2022). Echovirus has been found in many
countries of Asia, Europe, Oceania, Africa, and Americas,
including China (Zhang et al., 2022), India (Lavania et al.,
2022), Switzerland (Gradel et al., 2022), France (Morsli
et al., 2021), New Zealand (Dilcher et al., 2022), Australia
(Roberts et al., 2020), Nigeria (Faleye et al., 2019), Brazil,
and other countries (Sousa et al., 2019). Up to present, there
are no approved vaccines or effective antiviral drugs avail-
able for the treatment of Echovirus infection (Chen et al.,
2022; Ogbole et al., 2018).

Based on VP1 coding sequences, Echovirus isolates from
different regions are classified into different sub-groups by
different studies. For example, E1 strains collected in the
Buenos Aires Metropolitan Area and Argentina during
1951-2016 were classified into two monophyletic sub-
groups, cluster I and IT (Lizasoain et al., 2021). E3 strains
isolated in Larissa, Thessaly, and Greece in 2009 were
divided into three major monophyletic genogroups A-C,
which were further subdivided into seven sub-genogroups
(A1-A3, B1 and B2, C1 and C2) (Kyriakopoulou et al.,
2015a). E6 strains identified in Poland were divided into
four different major groups (I-IV) (Wieczorek et al., 2017).
From 1953 to 2017, ninety-four representative strains of E11
from China and around the world were classified into six
different genotypes (A-F). Genotypes A, C and D could be
further segmented into A1-AS, C1-C4 and D1-D5 (Li et al.,
2019; Oberste et al., 2003).

Previously, the Echovirus was divided into two clades
(clade I and II) by phylogenetic analysis of VP1 coding
nucleotide sequences isolated from patients diagnosed in
Zhejiang, China during 2014-2017, with clade I including
E9, El1, E14, E16 and E18, clade II including E6, E21,
E25, E30 and E33 (Sun et al., 2019). However, with the
increasing appearance of genetic variation and recombi-
nation among Echovirus strains, this may not be enough
to explain the genetic diversity of these viruses. We have
now thoroughly explored this issue by phylogenetic and
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phylogeographic analyses of the full-length virus genomes
identified world-wide.

Echovirus classification is extremely complex, which
needs an updated, robust, and well-categorized system
to better understand the Echovirus infections. Thus, we
accessed the NCBI GenBank database in this study to
retrieve the full-length genome sequences of 277 Echovi-
ruses isolated from 1992 to 2019, analyzed the phylogenetic
correlations between them and mapped the phylogeographic
network of the viruses. The results of this study can bet-
ter clarify the previous classification, evolutionary features
and phylogeographic distribution of Echovirus strains and
provide useful hints on the genetic basis of their emergence
and re-emergence.

Materials and Methods
Dataset

The available 277 full-length genome sequences of the Echo-
virus were retrieved from NCBI GenBank. The viruses were
isolated during 1992 - 2019 from twenty-six different coun-
tries, where the highest number of sequences were reported
from China (99), followed by the USA (43), Israel (25),
Japan (15), Finland (12) and Spain (12) et al. (Table 1). In
addition, the amino acid sequences of 277 full-length Echo-
virus polyproteins were also retrieved from NCBI GenBank.
The viruses were identified by their GenBank ID, Virus
name, country/region, and year of report, e.g., ID-virus
name-country/region-year.

Construction of Phylogenetic Tree and Similarity
Analysis

All the nucleotide or amino acid sequences were aligned
with the ClustalW multiple sequence alignment tool in the
MEGA11 software (Pennsylvania State University) (Tamura
et al., 2021), in which all identical sequences or sequences
containing large missing part were discarded. The sequences
were manually curated and edited using the BioEdit v7.2.5
(Hall, 1999). Subsequently, a ML (maximum likelihood)
phylogenetic tree of viral genomes was constructed using
the IQ-TREE multicore version 1.6.12 (http://www.igtree.
org/release/v1.6.12) based on 1000 bootstrap replicates and
best-fitting model TIM2 + F + 1+ G4 (Trifinopoulos et al.,
2016), while the tree was visualized and modified using
the FigTree v1.4 (http://tree.bio.ed.ac.uk/software/figtree/).
The final dataset of the Maximum Likelihood method con-
sisted of 6981 positions. The ML phylogenetic tree of viral
amino acid sequences was constructed using the IQ-TREE
multicore version 1.6.12 based on 1000 bootstrap replicates
and best-fitting model JTTDCMut + I+ G4. In addition, the
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Table 1 Geographic distribution of the Echovirus genogroups based on full-length genome sequences, 1992-2019

G2 G3 G4 G5 G6 Unclassified G7 G8 G9 Total

Gl

Serotype

149

South Korea 1

China 20

China 4

China 5

China 16
Iran 2

China 18

China 4 Japan 11

China 25
Israel 25

India 1

Asia

South Korea 1

India 1

India 1

South Korea 1

China 7
India 1

Kuwait 1

Japan 4

52

Sweden 2

Finland 5

Spain 4 Ttaly 1

UK 1

Sweden 1

UK 3 UK'1

Spain 3
Italy 2

Europe

Hungary 1 Spain 1 Germany 2

Italy 1

Latvia 1

Finland 1

Germany 4
Spain 4

Finland 4 Finland 1

Finland 1

Sweden 1

Sweden 1 Germany 1

Hungary 1

Netherlands 1

Italy 1

Slovakia 1

Romania 1

11

Nigeria 2
Ghana 1

Ghana 2

Nigeria 2

Ghana 2

Africa

Nigeria 2

USA S

Guatemala 1 USA 9 USA 3 USA 6 USA2 USA 6 USA 3 USA 6 49
USA 1

USA 2

America

Venezuela 1

Guatemala 1
Brazil 1

Guatemala 1

Guatemala 1

16
277

Australia 1

Australia 3

21

Australia 1

20

Australia 1

37

Australia 6

47

Australia 4

23

Oceania
Total

25

24

69

genetic similarity analysis was performed using the SimPlot
v3.5.

Phylogeographic Network Analysis

In order to map the regional level distribution and genetic
relationships of the full-length genome sequences, a mini-
mum spanning network (MSN) was applied using the Pop-
Art v4.8 (https://popart.maths.otago.ac.nz/) (Leigh & Bry-
ant, 2015). The MSN phylogeographic network included all
the full-length genome sequences used in the phylogenetic
tree construction, isolated from twenty-six different coun-
tries of the world (Table 1).

Amino Acids Variability Analysis

The full-length polyprotein sequences of all the full-length
genomes of Echoviruses were separately retrieved from the
NCBI GenBank database and were manually translated into
amino acid sequences using the MEGA11 software. The
amino acids variability across the full-length polyprotein
was determined using the Wu-Kabat variability coefficient
implemented by the Protein Variability Server (PVS, http://
imed.med.ucm.es/PVS/) (Garcia-Boronat et al., 2008). The
Wu-Kabat variability coefficient was calculated using the
formula V=N*k/n, where V is the variability, n is the fre-
quency that the most commonly recognized amino acid at
that position is available, k represents the number of differ-
ent amino acids at a given position and N is the number of
sequences in the alignment (Kabat et al., 1977).

Recombination Analysis

The 277 full-length nucleotide sequences of the Echovirus
were examined using Recombination Detection Program
4 software (RDP4, http://web.cbio.uct.ac.za/~darren/rdp.
html) for recombination events (Martin et al., 2015). The
recombination events were identified using each of the seven
algorithms, including GENECONYV, RDP, SiScan, Bootscan,
PhylPro, MaxChi, and Chimaera embedded in the RDP4
package. A real recombination event was accepted when
supported by at least four of the aforementioned algorithms.

Results

Phylogenetic Tree of Echoviruses

Our ML phylogenetic tree of viral genomes constructed
using the best-fitting model TIM2 + F+1+ G4 in IQ-TREE
v1.6.12 (Trifinopoulos et al., 2016) indicated that all the 277

full-length genome sequences are classified into nine major
clades, e.g., G1-G9 (Fig. 1). The phylogenetic tree indicated
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Fig. 1 Phylogenetic analysis
of Echovirus based on full-
length genomes, 1992-2019.
A Maximum Likelihood (ML)
phylogenetic tree of 277 full-
length genome sequences was
inferred using the IQ-TREE
v1.6.12 with best-fitting model
TIM2 +F+14G4 and 1000
bootstraps. All the strains are
clustered into nine major clades
G1-G9. The strains isolated in
China are indicated with red,

USA with green and Israel

with yellow color. The tree was
visualized and modified using
FigTree v1.4
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high diversity, where the G1 was the largest clade, clustering
all the E11 and three of E19 strains (a total of 69), where
most of the strains were isolated in China and Israel (25
each) (Fig. 1, Table 1, Fig. S1). Similarly, the G2 clade clus-
tered the E7, G3 clustered E3 and E12, G4 clustered E30,
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E21, and E25, G5 clustered the E6 and E29, G7 clustered
E9, E14 and E16, while G8 clade was limited to E18 strains
only. On the other hand, the G6 and G9 clades were highly
diverse, where the G6 clustered the E1, E4, E13, E20, E24,
and E33, while the G9 clustered the E2, E5, E15, E17, E31,
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and E32. Based on the geographic locations of isolates, the
strains from China and USA indicated the highest diversity
and were spread across almost all the clades (Fig. 1, Table 1,
Fig. S1).

The 22 E11 strains from China in the G1 clustered with
E11-2017-122-R2 (GenBank ID: MK791152.1, China-
2018) with a bootstrap value of 100%. E11-GWCMCO01_
GZ_CHN_2019 (GenBank ID: MN817130.1, China-2019)
and E11-SD2003-478_SD_CHN_2003 (GenBank ID:
MN496161.1, China-2013) strains were distant from the rest
of the E11 strains from China (Fig. S1), and were clustered
with the above E11 strains, with a 99% bootstrap value. The
E3-Env-2016-Sep-E-3 (GenBank ID: MG451804.1, United_
Kingdom-2016) strain in the G3 branch clustered with all
Japanese sequences with a bootstrap value of 100% (Fig.
S1). In addition, the E3 strain from China clustered with the
E12 strain with a 100% bootstrap value. Importantly, two
of the strains, e.g., E26 and E27 that were isolated in USA
during 2003 (GenBank IDs: AY302550.1 and AY302551.1
respectively) appeared to be forming a new clade (bootstrap
values 100%), but not classified. In the G7 clade, the E9
strain MSH_KM812_2010 (GenBank ID: JN596587.1) iden-
tified in China in 2010 was associated with viruses previ-
ously identified in Finland and Australia from 2002 to 2012.
In addition, the USA strains identified in 2016 (GenBank
ID: KX610685.2 and KX681481.1) clustered together with
the USA strain (GenBank ID: MH752986.1) identified in
2004 with a bootstrap value of 89%. The E16 strains in this
clade clustered together with the E14 strains with a bootstrap
value of 87%. All E18 strains clustered in the G8, where
USA_2015_CA-RGDS-1049 (GenBank ID: MN166092.1,
USA-2015) strain clustered with all China strains with a
bootstrap value of 100% (Fig. S1).

Furthermore, 277 full-length polyprotein sequences
were obtained and were analyzed to construct amino acid
sequence-based ML phylogenetic tree using the best-fitting
model JTTDCMut + 1+ G4 in IQ-TREE v1.6.12 (Trifinop-
oulos et al., 2016). As shown in Fig. 2, the results are in
consistence with that of genomic sequence-based ML phy-
logenetic tree (Fig. 1) with the exception of a few of virus
strains. The G1 clade still clustered all E11 and three E19
strains (Fig. 2 and Fig. S2). Similarly, the G2 clade clustered
E7 strains; G3 clustered E3 and E12; G4 clustered E30, E21,
and E25; G5 clustered the E6 and E29; G6 clustered the E1,
E4, E13, E20, E24, and E33; G8 clade was limited to E18
strains only.

On the other hand, while the G9 clustered the E2, E5,
E15, E17, E31, and E32 in genomic sequence-based ML
phylogenetic tree (Fig. 1), the polyprotein sequence of E32
was closer to that of G2 (Fig. 2); polyproteins of E2 and
E15 were closer to that of G9; polyproteins of ES and E31
were closer to that of G7 strains (Fig. 2). In addition, both
E26 and E27 are represented by only one virus strain each

and form a separate clade as unclassified strains in genomic
sequence-based ML phylogenetic tree (Fig. 1). However, the
polyprotein of E26 was closer to that of G7 strains, but the
polyprotein of E27 was sorted into an independent clade
with that of E17 (Fig. 2). The inconsistent phenomenon may
indicate the existence of genomic recombination.

In consistence with the phylogenetic analysis, the genetic
similarity map also showed high diversity, especially at the
genome position 1-3200, encoding the VP4, VP2, VP3 and
VP1 proteins (similarity < 90%). The most variable region
was indicated to be the nucleotide position 2500-3000 that
codes for the VP1 protein, while the nucleotide position
37507427 that codes for the 2B, RNA helicase, 3A, C3
peptidase and the RNA dependent RNA polymerase (RdRp)
were indicated to be the most conserved region of the Echo-
virus genome (Fig. 3).

Phylogeographic Network of Echoviruses

The phylogeographic network was analyzed using the
MSN (minimum spanning network) method (Leigh & Bry-
ant, 2015) to further evaluate the genetic relationships and
regional level spread of Echovirus in the context of full-
length genomes. In agreement with our phylogenetic and
genetic similarity analyses, the phylogeographic network
also indicated great diversity, consisting of several muta-
tion branches (Fig. 4). Interestingly, the clades G2—-G9 are
connected to three strains, e.g., E30-14-397 (GenBank ID:
KY888274.1, Germany-2013), E24-DeCamp (GenBank ID:
AY302548.1, USA-2003) and E30_Zhejiang_17_03_CSF
(GenBank ID:DQ246620.1, China-2005), while the biggest
clade G1 is connected to the G5 clade through long and inter-
connecting strains between the E6GSD11CHN (GenBank ID:
JX976771.1, China-2011) and the E11-04_GZ_CHN_2019
(GenBank ID: MW883613.1, China-2019) strains.
Importantly, the G3 and G7 clades are connected to a
single strain E3-HNWY-01 (GenBank ID: KM388538.1,
China-2012). However, four of the E12 strains within the
G3 clade, e.g., E12-K605_YN_CHN_2013 (GenBank ID:
MF083152.1, China-2013), E12-K1529_YN_CHN_2013
(GenBank ID: MF083154.1, China-2013), E12-K624 _
YN_CHN_2013 (GenBank ID: MF083153.1, China-2013)
and E12-prototype-Travis (GenBank ID: X77708.1 Ger-
many-1997), and the E14 and E16 serotypes within the G7
clade clustered as a separate mutation branch within the net-
work. In addition, the unclassified strains E26 and E27 along
with the E13-Del-Carmen strain (GenBank ID: AY302539.1,
USA-2003) and the E13-GHA_VOL_KRN_2017 (GenBank
ID: MH005792.1, Ghana-2017) of the G6 clade appeared as
a separate branch, which were connected to the E11-GHA _
UER_PUS_2017 (GenBank ID: MH005790.1, Ghana-2017)
of the G1 clade (Fig. 4). These results speculate potential
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Fig.2 Phylogenetic analysis of
Echovirus based on the amino
acid sequence of full-length
polyprotein, 1992-2019. A
Maximum Likelihood (ML)
phylogenetic tree of 277 full-
length polyproteins based on
the amino acid sequence was
inferred using the IQ-TREE
v1.6.12 with best-fitting model
JTTDCMut +1+ G4 and 1000
bootstraps. The strains isolated
in China are indicated with
red, USA with green and Israel
with yellow color. The tree was
visualized and modified with
FigTree v1.4. The genotypes
were defined based on the
full-length genomic sequences
analyzed in Fig. 1
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Fig.3 Genetic similarity map of the full-length genome sequences of
representative Echovirus strains. A Schematic diagram of Echovirus
complete genome structure. From 5’ end to 3’ end are the overlapping
ORFs that encodes for the VP4, VP2, VP3, VPI, P2A, P2B, RNA

genetic exchange among the Echovirus strains, which lead
to the rise of new clades and sub-clades.

Amino Acid Variability Landscape

As the Echovirus genomes indicated high diversity
and possibility of potential genetic exchange, we fur-
ther evaluated their possible effects on the amino acids’
conservancy of the Echovirus. We used the Wu-Kabat
Variability coefficient method implemented by the PVS
(Garcia-Boronat et al., 2008), to determine the amino acid
variability landscape of the polyprotein of the Echovirus.
The polyprotein was 2221 amino acids in length (Fig. 5A,

HM777023.1:E18_Kor05-ECV18-054cn(South Korea-2005)

helicase, P3A, C3 peptidase and RdRp proteins. B SimPlot similar-
ity analysis results using the E2_Cornelis (GenBank ID: AF465518.1,
Sweden-2002) strain within the G9 as the query sequence to compare
with the thirteen representative strains from other 8 clades

B, C). The variability analysis indicated that the high-
est variability was shown by the aa positions 201-249,
653-827 and 400-443 that encode the VP2, VP1 and
VP3 respectively (Fig. 5SA), followed by the aa position
842-900 that encode the upstream and N-terminus of
P2A protein (Fig. 5B). On the other hand, the aa posi-
tion 1500-2221 that encodes the C3 peptidase and RNA
dependent RNA polymerase (RdRp) were the most con-
served region (Fig. 5C). The highest variable region iden-
tified was at aa 842-900 (highest recorded value = 65)
in the P2A region (Fig. 5B). These results indicate that
the structural capsid proteins of Echovirus have varied
greatly during 1992-2019.
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Fig.4 Phylogeographic network analysis based on full-length
genome sequences of Echovirus, 1992-2019. The phylogeographic
analysis of 277 full-length genome sequences of Echovirus was per-
formed using the Minimum Spanning Network (MSN) implemented
by PopArt v1.7. The analysis showed that the G2-G7 clades are con-
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nected, while the G1 clade is connected to G5. The E12, E14 and E16
strains clustered separately from their clades G3 and G7 as a separate
branch. Each node represents one strain while the distance among the
nodes represents the mutational steps. Each color represents a differ-
ent country



Journal of Microbiology (2023) 61:865-877

873

A vpa w2 v3

65 1

55— Polyprotein aa 1-750

Wu-Kabat Variability
w
]
1

o 50 100 150 200 250 300 350

400 450 500 550 600 650 700 750

Amino Acid Position

. 2A 2B

RNA 3A
. helic§se

65 [l 1 1 1 [ [ 1

55— Polyprotein aa 751-1500

Wu-Kabat Variability

800 850 900 950 1000 1050

1100

1150 1200 1250 1300 1350 1400 1450 1500

Amino Acid Position

C3 Peptidase

65 L L 1 I ] L I ] 1

RdRp

50 Polyprotein aa 1501-2221

Wu-Kabat Variability
w
7

1550 1600 1650 1700

1750

1800 1850

1900

1950 2000 2050 2100 2150 2200

Amino Acid Position

Fig.5 The amino acid variability landscape of Echovirus polypro-
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Recombination Pattern of Echovirus Full-Length
Genome

As phylogeographic network analyses indicated possible
genetic exchange, we used the full-length sequences to assess
the occurrence of recombination between Echovirus strains.
We performed recombination analysis of 277 full-length

axes represents the amino acid position, while the Y axes represents
the variability coefficient, where the estimation limit is 1. The values
within the estimation limit represents the conserved, while above the
limit represents the variability

Echovirus genomes using seven algorithms embedded in
RDP4 and identified a total of 93 recombination events
(Table S1), where six were intra-clades (Events 9, 11, 37,
52, 65 and 85), while remaining were inter-clade recombina-
tion. In particular, 25 recombination events occurred within
the G4, 21 within G5, 11 within G8, 8 within G1, G3 and
G7 respectively, 6 within G6, 4 within G9 and 2 within G2.
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The E30 (G4) and E6 (G5) were the most active serotypes
that appeared as recombinants in 17 events each, e.g., E30
in Events 3, 8, 11, 13, 14, 20, 33, 36, 37, 43, 56, 74, 77, 80,
81, 89 and 92, while E6 in Events 2, 12, 16, 23, 28, 31, 35,
40, 41, 57, 60, 62, 70, 71, 73, 84 and 93. Interestingly, the
two strains, e.g., E26 (GenBank ID: AY302550.1) and E27
(GenBank ID: AY302551.1) that were unclassified strains
in our phylogenetic analysis appeared as minor and major
parents respectively for recombinants in Event 63 and 32,
respectively (Table S1).

‘We mapped the breakpoints of the 93 Echovirus recombi-
nation events identified (Fig. S3). The majority of the recom-
bination (a total of 27) occurred in the VP1-VP4 coding
region, e.g., Events 1, 4-6, 12, 13, 15-18, 20, 29 30, 34, 38,
39, 43, 45, 47, 50, 54, 59-61, 74, 86 and 89. Similarly, 20
recombination events encompassed the RNA helicase, P3A,
C3 peptidase and RdRp regions, e.g., Events 2, 3, 7, 8, 11,
14, 19, 21, 25, 26, 33, 42, 46, 48, 51, 57, 62, 68, 83 and 85,
while six events encompassed the VP-P2A coding regions,
e.g., Events 9, 10, 28, 56, 75 and 77. In addition, multiple
recombination events occurred within each individual cod-
ing region. These extensive recombination events within the
full-length genomes of Echoviruses further validate the rise
of new variants that leads to the emergence of new clades
and sub-clades.

Discussion

Echoviruses as members of the genus Enterovirus in the
Picornaviridae family (Brouwer et al., 2021), make a large
group within the Enteroviruses (Brouwer et al., 2021; Rao,
2015). Though, the Echoviruses are grouped into Enterovi-
rus B (EV-B) by the ICTYV, there is no classification on the
clade and sub-clade levels (ICTV, 2023). The viruses are
grouped by the studies reporting it. Therefore, we evaluated
the phylogenetic classification, phylogeographic distribu-
tion, and the genetic and evolutionary diversity of Echovirus
available in the NCBI database isolated from 1992 to 2019,
using the 277 Echovirus full-length genome sequences. In
our study. The phylogenetic tree and genetic similarity map-
ping analysis showed a high level of diversity. The results
showed that based on whole genome sequences, these viru-
lent strains were divided into nine major clades (G1-G9),
consisting of G1 (E11 and E19), G2 (E7), G3 (E3 and E12),
G4 (E30, E25 and E21), G5 (E6 and E29), G6 (E1, E4, E13,
E20, E24, and E33), Unclassified strains (E26 and E27), G7
(E9, E14 and E16), G8 (E18), G9 (E2, E5, E15, E17, E31
and E32), with G1 being the largest clade. Table 1 shows
that the largest number of strains were isolated from Asia,
followed by Europe.

Currently, the genotype classification of Echoviruses
is complicated, and the unified classification system is
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being expected. Previously, the Echoviruses were classi-
fied into different genogroups based on the VP1 nucleotide
sequences. For instance, using 47 full-length sequences and
277 VP1 coding sequences retrieved from GenBank to con-
struct a phylogenetic tree in 2010-2018, E30 was classi-
fied into eight genotypes G1-G8 (Benschop et al., 2021).
Based on VP1 coding sequences of 53 strains of E12 isolated
worldwide (including 8 isolated from Yunnan in 2013), E12
was classified into seven genotypes (A-G) (Liu et al., 2018).
Similarly, E13 strains obtained from Pakistan were segre-
gated with other E13 strains into two genogroups A and B.
The strains of genogroups A and B were further clustered
into A1-A7 and B1-B3 (Shaukat et al., 2017). Based on
VP1 coding sequence, 73 E14 strains isolated from Shan-
dong with other global E14 sequences, E14 was divided
into lineage I and II, where all sequences in lineage I and
lineage II were further divided into A—C and D-F (Chen
et al., 2017a). The E16 strains collected from March to June
2019 at Mayotte Hospital and from GenBank database were
divided into two branches (I and II) (Fourgeaud et al., 2022).
All collected E18 strains were divided into three genotypes
A, B and C. Sub-genotypes of genotype C could be further
separated into C1 and C2 (Chen et al., 2017b). E19 strains
were isolated from Pakistan from January to December
2013, all the strains studied constituted a separate branch
and were further divided into two groups (I and II) (Angez
et al., 2015). In this study, we searched the NCBI GenBank
database for 277 available full-length genome sequences
of Echoviruses isolated between 1992 and 2019 and have
grouped all the available Echovirus serotypes into nine geno-
groups (G1-G9) based on the full-length genome sequences,
which provides an updated and robust classification of all the
Echovirus serotypes.

Previously, the phylodynamic analyses were used to
determine the epidemic episodes in transmission and evo-
lution of viruses (Grenfell et al., 2004). In our study, the
phylogeographic network analysis showed a large diver-
sity of Echovirus, where the E11 made the largest cluster
(G1) within the network. E11 is reported to be associ-
ated with several outbreaks in neonatal nurseries (Abzug,
2004; Chen et al., 2005), and is the second most common
according to the enterovirus surveillance conducted during
1970-2005 in USA (Khetsuriani et al., 2006). Our analysis
revealed that the G2-G9 clades were linked to three com-
mon strains, where two of the strains were of E30, e.g.,
E30_Zhejiang_17_03_CSF-China-2005 (GenBank ID:
DQ246620.1) and E30-14-397-Germany-2013 (GenBank
ID: KY888274.1). Previously, it is reported that the E30
MRCA (most recent common ancestor) began to diversify
in 1934, which was associated with the wide geographic
dispersion possibly resulted from frequent human movement
since that time (Lema et al., 2019). These results are also
in consistent with our recombination analysis, where the
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E30 and E6 appeared in the highest number of recombina-
tion events. In addition, the biggest clade (G1) clustering
the E11 strains was determined to be linked with the G5
clade (clustering the E6), which further supports the central
role of E30 and E6 in the evolution of echovirus serotypes.
Furthermore, we found that E26 and E27 strains (GenBank
IDs: AY302550.1 and Y302551.1) appeared as separate
clade (Unclassified in this report) and were connected to
the E13-Del-Carmen strain (GenBank ID: AY302539.1).
These results are in consistence with the previous report,
suggesting that E26, E27 and E13 strains exhibit complex
relationships with one another, where E26 and E27 were
highly similar in 3C and 3D coding region, E13 is closer to
E26 in 2C coding region and to E27 in 3AB coding region,
while both E26 and E27 are closer to E13 in the 5’ end of
3D coding regions (Oberste et al., 2004).

The recombination and mutation have been suggested
as the main mechanisms of Echovirus evolution (Lukashev
et al., 2005). Echovirus recombination results from the
exchange of a large part of the genome among different RNA
strands, with study finding that P2 and P3 coding sequences
are the main regions of recombination (Kyriakopoulou et al.,
2015b). However, we found that the VP1-VP4 coding region
has the highest recombination frequency during 1992-2019.
In addition to the double recombinant virus mentioned here,
a mosaic triple-recombinant between E30, E6, and E11 was
reported in New Zealand in 2017 (Dilcher et al., 2022). Our
results further revealed the extensive recombination between
different serotypes with far genetic distance (Table S1). On
the other hand, the high frequency of nucleotide misincor-
poration results in an increase in genetic drift of Echovirus
(Rueca et al., 2022). We found that the structural capsid
proteins VP2, VP1 and VP3 are highly susceptible to the
amino acid variation, which contributed greatly with the
recombination to the emerging of new lineages of Echovi-
ruses, and also may affect the host determination and clinical
phenotypic outcome. In picornaviruses, VP proteins play an
essential role during virus replication (Fields et al., 2007).
The VP1-3 proteins are located at the surface of the viral
capsid and are exposed to immune pressure, while the VP4
is located inside the viral capsid (Racaniello, 2007). In many
enteroviruses like EV71, the VP1-3 proteins are essential
for the ability of the virus to infect the host cells and serve
as protective protein in viral shell (Zhang et al., 2010). In
addition, these proteins are known as major antigens in the
host (Zhang et al., 2010). Thus, these variations may lead to
further changes in the antigenicity of the virus, which need
to be further investigated to better understand the virus life
cycle and pathogenicity and assist in formulating prevention
and control measures.

In summary, based on the full-length genomic sequence
of Echovirus, we outline an updated phylogenetic and
phylogeographic landscape to further elucidate the global

distribution and classification of prevalent strains. Echovirus
is globally widespread, with distribution on all continents.
The rapid evolution of Echovirus is being driven by the
combined forces of capsid protein mutation and extensive
genomic recombination.
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