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Abstract: We report the complete genome sequences of four parechovirus-A3 (PeV-A3)
isolates from Children’s Mercy Kansas City (CMKC), United States of America (USA):
PeV-A3-MO-12-CMKC/CSF/MO/USA /2012 (isolated in 2012 from cerebrospinal fluid),
PeV-A3-8C-CMKC/CSF/MO/USA /2022/ (isolated in 2022 from cerebrospinal fluid), PeV-
A3-9C-CMKC/CSF/MO/USA /2022 (isolated in 2022 from cerebrospinal fluid), and PeV-
A3-11B-CMKC/Blood/MO/USA /2022 (isolated in 2022 from blood). Sequence analysis
revealed multiple mutations throughout the genome of the PeV-A3 isolates in comparison
to the prototypic PeV-A3 A308/99 reference sequence (AB084913). Several unique amino
acid changes were observed in the PeV-A3 isolates from 2022 that were absent in the PeV-
A3 isolate from 2012. Phylogenetic analysis comparison determined that the sequenced
PeV-A3 isolates from 2022 cluster together as a separate clade.

Keywords: PeV-A3; whole genome sequencing; mutations; phylogeny

1. Introduction

The Parechovirus genus includes six species (Parechovirus A-F), with genotypes that in-
fect humans belonging to the Parechovirus-A (PeV-A) species. To date, 19 PeV-A types have
been identified [1]. PeV-A viruses have been detected in stool and respiratory specimens of
healthy and ill (gastroenteritis and respiratory infections) patients, mostly children. PeV-A
viruses have also been detected in blood and cerebrospinal fluid (CSF) specimens from
patients, mostly in children and particularly infants less than 6 months of age, with severe
illnesses (e.g., CNS infections or sepsis-like illness) [2,3]. The most frequently detected type
is PeV-Al [4], found most often in stool samples of infected patients. However, PeV-A3
is the type most frequently linked to severe illness and potential neurological symptoms
or sequelae [5]. PeV-A3 was first reported in 2004 in Japan [6] and thereafter reported
elsewhere globally [2].

Int. J. Mol. Sci. 2025, 26, 4378

https://doi.org/10.3390/ijms26094378


https://doi.org/10.3390/ijms26094378
https://doi.org/10.3390/ijms26094378
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-6776-5089
https://orcid.org/0000-0002-4815-8697
https://orcid.org/0000-0003-4281-1824
https://orcid.org/0000-0001-8642-9948
https://orcid.org/0000-0002-7721-183X
https://orcid.org/0009-0008-7559-1796
https://orcid.org/0000-0003-3275-6657
https://doi.org/10.3390/ijms26094378
https://www.mdpi.com/article/10.3390/ijms26094378?type=check_update&version=1

Int. J. Mol. Sci. 2025, 26, 4378

20f11

PeV-A contains a single-stranded positive-sense RNA genome that is approximately
7300 nucleotides long and has a single open reading frame (ORF). The genome encodes a
single large polyprotein, which is cleaved into three structural proteins (VP0, VP3, and VP1)
and seven non-structural proteins (2A-C and 3A-D) [7]. Over time, drastic changes can oc-
cur across the PeV-A genome driven by the lack of proofreading activity of the PeV-A RNA
polymerase, leading to a high mutation rate of approximately 2.5 x 1073 substitutions per
site per year [8]. Recombination has also been shown to occur between PeV-A3 and other
PeV-A types resulting in changes across large stretches of the genome [9-11]. From an
epidemiological standpoint, emergence of recombinant and /or mutated strains can lead
to an increase in hospitalizations and clinical severity in infants [11,12]. Sanger-based se-
quencing of the VP1 capsid encoding gene and primers targeting the 5'untranslated region
(UTR) have been the standard method for routine surveillance and genotyping of PeV-
A [13,14]. However, this approach captures changes occurring only across a small region
in the genome and hinders the understanding of changes across the entire viral genome.
Analyzing whole genome sequences of PeV-A3 isolates will improve understanding of how
PeV-A3 strains evolve and will be an important tool to predict changes in preparation for
potential PeV-A3 outbreaks.

2. Results/Genome Announcement

Names of the sequenced viral isolates as well as their GenBank accession num-
bers, sequence length and closest identity to a reported sequence are provided in
Table 1. A BLASTn analysis provided the highest alignment score for the PeV-A3-MO-
12-CMKC/CSF/MO/USA /2012 isolate to the PeV-A3 isolate from Yamagata, Japan
(LC864495.1). The PeV-A3-8C-CMKC/CSF/MO/USA /2022, PeV-A3-9C-CMKC/CSE/
MO/USA /2022 and PeV-A3-11B-CMKC/Blood/MO/USA /2022 isolates aligned to an-
other PeV-A3 isolate reported from Yamagata, Japan (LC864514.1). When compared
with the prototypic sequence of PeV-A3-308/99 (AB084913), we identified multiple nu-
cleotide changes spanning across the 5’ untranslated region (UTR) (Figure 1A) and 3’ UTR
(Figure 1B) of the PeV-A3 isolates. Amino acid substitutions were also detected through-
out the viral polyprotein (Figure 1C). Unique amino acid substitutions were observed
in the PeV-A3 isolates from 2022 (PeV-A3-8C-CMKC/CSF/MQO/USA /2022, PeV-A3-9C-
CMKC/CSF/MO/USA /2022 and PeV-A3-11B-CMKC/Blood /MO/USA /2022) that were
absent in the 2012 isolate (PeV-A3-MO-12-CMKC/CSF/MQO/USA /2012). These substitu-
tions were seen in non-structural proteins [2A (L776P, K781N, V832I, N877S, V8851, V915I);
2C (S1129A, 11178V, N1206D, A1311S, T1322I, K1344Q, Q1348K, Q1355E); 3A (S1418N,
R1426K, E1440D, A1463V, V1466A, K1482R); 3B (A1498V, S1507T); 3C (11577V, S1620N); 3D
(I1714V, A1766S, S1811T, A1858T, Y1943F, S1958A, E1966D, D1976N, G2059N, 12060V)] and
structural protein VP1 (R764G, A765V, A767V) (Figure 1C).

Phylogenetic analysis of whole genome sequences revealed that PeV-A3 isolate from
2012 (PeV-A3-MO-12-CMKC/CSF/MO/USA /2012) clustered together with isolates from
Germany and Yamagata, Japan, that were collected in 2011 and 2012 (Figure 2, highlighted
in red). The three isolates from 2022 (PeV-A3-8C-CMKC/CSE/MO/USA /2022, PeV-A3-9C-
CMKC/CSF/MO/USA /2022 and PeV-A3-11B-CMKC/Blood /MO/USA /2022) are highly
divergent and cluster as a distinct clade in the phylogenetic tree when compared with
the closest available PeV-A3 genomes (Figure 2, highlighted in green). The closest genetic
relatives of the 2022 isolates is to a PeV-A3 strain reported from Australia in 2019 (strain
Q14£-37, MW076510.1) (Figure 2).
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BLASTn Top Hit
Name and GenBank

Accession Number
1678-Yamagata-2011i
(LC864495.1)
Human parechovirus 3
PeVA3/Yamagata.JPN/2019-
2279s, (LC864514.1)
Human parechovirus 3
PeVA3/Yamagata.JPN/2019-
2279s (LC864514.1)
Human parechovirus 3
PeVA3/Yamagata.JPN/2019-
2279s (LC864514.1)

Human parechovirus 3

7264
7264
7222
7222

Sequence
Length (bp)

Number
PV290890
PV290891
PV290892
PV290893

Table 1. Table showing the names of sequenced viral isolates, their GenBank accession numbers,
Accession

sequence length and the top alignment hit in BLASTn.

Isolate Name
PeV-A3-8C-
CMKC/CSF/MO/USA /2022
PeV-A3-9C-
CMKC/CSF/MO/USA /2022
PeV-A3-11B-

CMKC /Blood/MO/USA /2022

PeV-A3 A308-99 (AB0B4913.1)
PeV-A3-11B-CMKC/Blood/MO/USA/2022

Pe\-A3 A308-99 (AB0B4913.1)
PeV-A3-11B-CMKC/Blood/MO/USA/2022

PeV-A3-MO-12-
CMKC/CSF/MO/USA /2012

A
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Pe\-A3 A308-99 (AB0B4913.1)



40f11

7222
7222

0 7280

7260

7264

7321

7250

TTG6ATGCCCATGGTG6TTTGACTAAGATTAATGTTTTG6G6TTTTTCTTTGTTATGG6ACTATATCATTAGAAGC
7320

TETTTTGEG6TTTTTTTTTGE6TTATGG6ACTATATCATTAGAAC

7240
7310
ACTAATTCAATTAGAACACTAATTTGEGAATATTGGACATACTEC

7300
ACTAATTECG6GAATATTGEG6ACATACTEC

7220

7290

TT6ATGCCCATGGTGETTTGACTA

PeV A3 A308-99 (AB084913.1) (700-7233)

PeV-A3-8C-CMKC (643-7176)
PeV-A3-9C-CMKC (626-7159)
PeV-A3-11BOCMKG (626-7159)

Pe\-A3-MO-12 (643-7176)
PeV-A3-MO-12-CMKC/CSF/MO/USA/2012

Pe\-A3-8C-CMKC/CSF/MO/USA/2022

PeV-A3-9G-CMKC/CSF/MO/USA/2022
PeV-A3-11B-CMKC/Blood/MO/USA/2022

Pe\-A3 A308-09 (AB084913.1)

Int. J. Mol. Sci. 2025, 26, 4378

gggge gegeg sggzgg agaag
RRRRR EEEEE ARARA ARAAR ARRAR ggges ggeee gggig gggas BEEER ERRERE g3z
oo oo il mamimpeie rEEmER =g [T EEEEEgG Mg zzzzzjg W w g caaaag ceoaag
>>>>> >>>>>" Tz = aaaala™ wuwww|™ e IS P - ) e | zzzzl=d e selal Txxxn™ oo a|a|®
>>>>> i caaadn e << << < B P R v c<<<x e s
scecoe otalalal o coana cxaxe - [T aaaaa cacal acaana c>>>q cocow
b s inlle] o) o o el ot ) zzz=zz wunnn cooeale mmomle ER] << << W w
zzzzz| g s coooy covoo saaaa PR Ay nnwnn [y <>>>a W www
wwwww F = o ol d ) Ll o >>>>> [ TR aacaaa -l d o fd e Ll ol ol o ] xooaox W www
aacaa ooooe wnana cacoa EEEE] coooo e coocala [ NSNS >335 nooan P
coooo oo e e ® o000 aaaala <@ C oooak [ SIS SR = e coooo >
cxcaa wnnnn o coooo >>>>> e g ooy =zzz= zzzz= el EEE S
[l il Ekakakal g} www wuw g kel ] ] wannng FrREzs g wunans << <|</s wownnls aaaaals soaaol
b wnanwnn ™ P al ol at [t [M coooo|” sosnT e e ] S e B RO 7 o x| aaaakh®
SIS lelat oo i W:40:00:40 o bl | >>>>0> wunan EEEEE cocoe =t cacaa FEEEE
b coooe oo cooole oeove zzzz~ zzzz= wanan [T [T <<<<< B
mwnnn ExxxEExE o w e EXTETT T e ®® @ e caacaa zz=zz= [ [SAr SR caacaa xxxx
zzzz =] nnnnn nannnl 22252 - TTTT|T nunan -X-2-2-4-2 zzzz= Xxxxxx| >>>>>0 -
aasan <<kl cosoa farorars N annnn —— i i coooo T saaala Exxxx
ovooe [ o IR >>>3> [Epp—— crrxix U wunnalm S5 zzzzz MY i
ool asasla >>53> asasale >>>3> e ccaala >33/ e scoooo [T [
- - aaaala ==>>p zzzzz= I vooole I N T Wowwww [T, e
zzzzzlg creweg xxxxxls g <ccxalg saaalbly o wnnung zzzzzg Feeeeg zzzzzg <c<cag
00 nan e | caaaal” zz=zzz ===z== EEE T ] = ocoovoe” nnwnn® soeoe saaalalt xxxxx
ca <l gl W w wlw nnnon zzz== s3> >3 fuipuiat sanal R vovol coooo
cacoo e x x e > > x> < x| z=zxzxx e T aaaaa e [SYSyas . rrexx il
saces Bwunnn 5553 cooolo T < € € L)t < <« << vooue AT zxxzxx aaaalas Saaala
<< <) aacaala >>>>> e ad ool <L L)L =zz=z= [T Ty LI CcL L nonan’ << <]
5555 zzzzz R aaaala aaaaa ExEm aaaala e acaala >>>>> (SRS, e
xxxxx xxxx|x << c<< > oo acooo e B xxxxx S>> rrwar >l % xx
b e ) 0 nnn @ nn e - s < << <) zzzzz aaaala >335 [
ST vowole cacco Sl << == M cooolo zxzzfx . W T
EEEES L <<y aaaaag s socollg oooolol cocoog T covools ] acocoels
W L e e L caacaoel” == =" FRFRRET ocooole” rxxee® coovoo? e caoccoe®
vosee I vcosso =xzx >>>>> e cosaea Saaals cuuwuwle wowww FrRRE wnwnn
Pove e caaaoca oo >>>>> X xxx [-N-N-N-)-] TTTT|E @ e e zzzz=z L L L L] L caacaa
>>>>> = [ zzzz=z > R [ [Ep—— coool 4ol e =z=z==z| g Sadaal - e
o wow € €T =52 2= oo oo coooe vooolo cooole [rpvyva. x> e coooe
zzzzz zxxxx zzzz=z o R 00w nn zzz=z= >3350 > > e coooo =
vovoe @nnan > n> SRR B =EExx 0o aaaaa e zzz=z= R EE X >>>5>
@ e n zxxxx covoo cooo Xxxxwx w0 nnn [P covofe aaaala zxzxxx zzzz=x wnnnn
R R e e >2>>2>> voooo e “w®nnnn [TRRTRE TR e (e TTTITT XX X XX L] TTTTON caocoow
HHH S zz==zzg cooools daaalg xxxxxg caaaalg coocooy >>>>>g g zzzzzg caaaag cocolg
zzzz =z caool™ TRTRETRTRITE b acacaa™ I - zxxzxz(=* xxxxx" zzzzz/" . o oo o™ =>>>>
zzzz=z > TxxzT wunnnn wannn e crxex zzzz(z coooo W w vovoL O
R zzzzz [P wnann < << zzzzz s caacl g coooo zz=zziz HH
W ww CTTa] cocoo coaoala YT acoale croa wnnan aasaaa - S coooo
L L vovool L B “wnnvn oo oo C ] ococooo o ol Lkt bl
W www coaoala crwan xxxxlc [T zxxxx craae wnnun acoacle > cocae zxzziz
>35> 5> caaaa =>>>> =>>=>> EE = >>>> =zz=z= zz=zz= coaoo LT ol o B
nwowvnez e << > crexw 0w 0nnn wuwuje > coooo AT EEE R =
wavne [ << <</ zzzz= eV [V e [ €« < [ wanan [T,
Saaalag sanajag b uug e zzz=zzg R anaong I nunnng cooools coocaoog coooog
wwnnn ] > > > " ocoococo™ [T L cocoe” EE L 44 e xxax” i wnnnn® zxzxz x|z~ oo oo™
[rpep i xxxxx < aaic coexx < @ € € B zzzzz adaaa S crxax sococoo
[EE . aaanala c<ax< >3 cooan eI e - coocole =zxzx >>55> ool
ccoope < x| coooo, > > xxxxx wanan >35> aaaala coooo FrRRE =
EX 3 2 33 LR N oo ooo anoaa zzz=z= RN R i W W Tzl oo oo L L L
Ca i aaaal > [ (o zz=z=zz Ty >>>3> zzzzz coooo S i
ool PrEpp— << <<l sooolk o e cocoole i cooos asaala W www aanaala cocoo
b cooole caanal R zzzz= acoaole EEEC Luwulu nunwnn Mxxwxx xxx xx zzzz=
<< <l G N e ael acaal caaal [T g ¥ Ssaaals ey aoaaa zzzzz cEzzzy
>>5338 p—_—— o ey <<x</<ig voooolg rroaes wuvnuws ovoovosg nnnnns FFFFFW nonang oS
e e N B P pu | S ] wonnn® sooooT -t | [ cooole" [y . 3 3 3 33 zzzz=z"
555> e cscaca R coccao x % % x|x T cooole x % x x|x - [ryr. cccoo
I e cscaa e >35> wnnon [y zxr=zz vuoolo 3o saaala -
cscaaoe zzz2 =xxz> [ ey coaase = ocovole zzzzz coveoo B “aaala
o chel seesl e A << <) - << < wannn zz=z= o CE e wonan >>>>>
[PPSR W FEFERE N woanna St s> e = il zz==z =x==z= [ B
oo o o MR & o aef zzz2l= aZlzlale o [ %% x| zzzzz el e aocaa
W w whe RS i) aaacalk JEp— —— aaaala z=z=z= oo e aasala sasas zxzxfx wonee
s=z==z= = << << | I el o | oo coasle Exxxic TExxix wowwwlw oo oolo cooow W wwlw
g 8 | 8. .4 g g 8.8 5.8 g g g .8 g .8 g .9 g8 |
mmmm LR B 8y §y §y LR 8y EE] 8y 8y Y8
1L 11 I i i i H 1 s s il
mmmmn Mca o Mccmu wocmu wcowm wccwu Mccm Mcuwu wccmu wocmu wccwm mocmn
mmmwm zz ] mmmu mmmmm ummmm mmmmu mmm mmmu mmmmm mmmmu ummmm mmmm
gfBes gRgdg L chaes ongasg ghaag chae onndg ganag chhdg onndg chnesg
gogiz tggg2 fggg gaggd Goggd 39988 5ges T H foggt EEH §9932 S FTH
J¥E:g RS J§5is J8fis FEE S EE S EEE H EEEE EEE S EEE S EEEEE: JEfis
PERET I 1 SN 11 N 41 SO £ D1 B4 B+ B B 141 B4 B
FEERT Sdoaas R R Sadda dada Sddda EEEEE Gdadds sdaaa Sdad s R P PO Godda
EEERE: 1iiid itiii tEERE iii iiid 11 it it it it iiiid

Cc

Figure 1. Cont.

vPL



50f11

910

LY¥G6TILLTAGLMSTIKTPVNATTIKEEF

Pev-A3-11B-CMKC/Blood/MO/USA/2022

PeltA3 AX8-00 (ABOS4I12.1)

Int. J. Mol. Sci. 2025, 26, 4378

23888
§EEER S8559
5 il T
> - k| [* zzzzz|S
o o o
SIS | ocooo0 %)
BB XX XXX g
- d | [ [TAyTRY Ry
oo acach
<<l coooo
e fudd s g
e zzzz=z
m LLLLLW wuBnae
e [B aaaaaf@
zzzzj HEE e
aaaak - e
geock Seon
rrxxzxzxl [
sovalo >
B 3 3 e PR 2R 33
g e ] W} >>>>>
s> E PR
m HHHHHW DDDDDm
i > voocoulS
sovale v
AT coooo
e B o w wl
o oo oo P
>>>>> O
| ki
o 5 w0 s
wxxxe aoooo
=3 VVVVVW cooooo
% B [Epi—
b ota) o zzzze
vxxxle wwvnnn
>>>>>| IrrxTx
-l | [ wounonal
cacal s
zzzz=| cccaa
cocala >3
- >>>>>
m IIIIIW EEEEEm
- | LT
S -
< << << XXX
- < < << e
Eounnn >>>>>
wnwan coooo
| oo
ik e
Jupura e
M TTTTT.mm - [@
s ool cooop@
exxxle coooo
coool srxzyx
>>>>> -t
g T O | ] L L L]
Saadla vl
wannn covun
Rt woneon
sooale anaeh
w qqqqum 55555m
= - ww -l el [
caascala >>>>>
oooua. wunnn
e s s b e
S Wi n
EE X £ 403 k-
Tz zz >2>>>>
aasa aanals
wunwh szzzl
g .8 g .8
il 1
HiE 3
pii il
CEEEL g
degas FEH
mm Ms ummu
Hin i

1120
1120
1150
1190
1260
1330
1470
1540
1540
1610
1610
1680
1680

1130]
1190
1330
1400
15401

1610/

1110]
1180
12501
13207
1390
1460
1530
1670

3C

11001
11701
13101
1450]
1520(
1590/

13607
6G6KPHMDLAILKCKLPFRFKEKNSEK

6 GKPMDLAILKCKLPFRFEKEKNSEK

QTRKEKDIEMLCNCISSVPFIVPHN

1080
1160/
DIHLIDDLG®
1300/
1370]
1510]
1580
1650

1080(
12201
1290
1360
1500
38
15701

1150(

LQDSGALKRRFPYIMHIRAAKAYSKAGKLNVSQAMSTHATGECWE

16701
1340
1280(
1350
1430]
1450(
1560
1630

1130]
1270]
15501
16201

QLQKSCKLNGYYTNPTASEFMHMDGYDNQDIHLIDDLGEQTRKEKDIEMLCNCISSVPFIVPHMHAHNL
1410

Figure 1. Cont.

STAFRHIDWWIHTLLKIKDMVLSVFKPSHESKAIQWLERNKEHKVCAILDYASDIIVESKDQTKMKSQEF
AFRHIDWWIHTLLKIKDMVLSVFKPSHMESKAIQWLERNKEHVYCAILDYASDIIVESKDQTKHMHKSQETF

YQKYTDCLAKFKPIMAICFRSCHNSISNTVYRLFQELARIPSRISTQNDLIRVEPIGVWIQBEPGQGKSHF
YQKYTODCLSKFKPIMAICFRSCHNSISNTVYRLFQELARIPSRISTQNDLIRVEPIGIWIQGBGEPGQGKSF

EEKBKFYTSKLVIATTHNKSDFSSTVLQDSGALKRRFPYIMHIRAAKAYSKAGKLNVYSQAMSTHMATGETCWE
SILLLVTKIFKKEDSKDERAYNPTLPVAKPKSTFPVSQREFKNEAPYDGQLEHIISQMAYITGSTTGHLT
¥YYTSKIGTESHLIWMTEQGIITKEVKRVHHSGGIKTREGTESTKTISYTVKSCKGHNCGBGLLISKVEGNEFHEK

PeVAS-MO-12CMKC/CSFMO/USA/2012 g 1 L L L VT KIFKKEDSKDERAYNPTLPHAKPKBTFPVSQREFKNEAPYDGQLEHIISQHMAYITGESTTGHLT
PVAIMOA2CMKCICSFMOMUSAR2012 ¥ ¥ TH K T G TESH L IWMTEQGIITKEVHRVHHSGG IKTREGTESTKTISYTVKSCKBHCBGBLLISKYEGNEFEK

PeVAIMOI2CMKC/CSFMOMUSA2O2 H C A G Y QHDE I T LHGHSIKYLEQEEDLTLHYKNEKY

Pe\A3-BC- CMKC/CSF/MOMUSA/2022

PeV-A3-MO-12CMKC/CSFMO/USA/2012 ¥ Q K Y T D C L S KF KPIMAICFRSCHN

Pel-A3-118-CMKC/Blood/MO /USA/2022

PelLA3 A3D8-00 (ABOE41.1)
PelA3-118-CMKC/Blood/MO/USA/2022

Pe\-A3 AJ8-99 (AB084913.1)
Pe\-A3-MO-12-CMKC/CSFMO/USA/2012
Pe\-A3-8C-CMKC/CSF/MOMSA/2022
Pe\-A3-0C-CMKC/CSF/MOMSA/2022
Pel-A3-118-CMKC/Blood/MO/USA/2022
Pe\iA3 A3D8-00(AB0S4012.1)
PEV-A3-MO-12-CMKC/CSFMO/USA/2012
Pe\-A3-8C-CMKC/CSF/MOIUSA/2022
Pel-A3 AX8-00 (ABO0S4I12.1)

Pe\-A3 A3D8-00(AB0S4013.1)

Pel-A3 AJ08-99 (AB084913.1)

Pel-A3 AI8-09 (AB0S913.1)

Pel-A3 A0



60f11

Int. J. Mol. Sci. 2025, 26, 4378

nanun aanua nanaa nnunu nanan ananu nunan
EERER EEERE 82583 £5288 22888 55533 REEER
,,,,,,,,,,,,,,,,,,,, BEEEE §835% ERERE
cocaalg Ladd o voooplg g nunnnnlg YTTTTW xxxxxls
aunnnnS 0o nen® craxe zzzz=(? S @ nonn << < <|<q
xxxxx S B S naxxn Saaala ww www| HH
»nnan sooao ¥ w v wnnnn zzzz=z caaan >335
Eefs Sz = el oo el vl S| S5
>>>>> wuunnn CLCLCLT !mwunan - YYYYY, -N-E-N-1-]
€ oL L | zzzzz nmunnunn o000 > oo >>> >
P s N Seel aaads sasnsab] kel
ocoooo rxxzxiz Xxx X > vuvouvle Xw x| cococalo
EExEx PR EY-T-X-1- coocoo Tz oo >>>3>
xxxxjeE . e wonnng =z=z=zjzfg wxuxug e
s>>5p0 o000 xS 3= 3 [ (2] R | [
W w|w e o oo o cococao| zzzz==z= [T ) zzz=z=
5555 [y N zxzxx| veoop W pp———
<L gL <L LT wowwww wwwww o i o | 55555 W www
coscoo b cococaa B wnenn wow o ww XX xxx
BT Hona Eevel A s e Gl i
>2>>3>> EEZEZEx - d b b > MW u > -t b [ X ¥ 333 >>>>p
& sasila coocal cooop bk raaap Srasecale Eemiaen
P i P zzzxlz biaiel e cocal
PRVEVEINI o IR RIC ) zzz=z=zo -t d |l (@ RS Y - | @ -t k| [S
zzzzzCfll| cococob couuhE << sonokll nonnmi oo .|
e R BlknN i idich iacalal 30,0480
el el Ereek et el Sl S gEaah
LR oDoooo L TTIIX Doooo [ITRTTRTTRTTACT R e De e e e
LS4 (TR TR AT T [TRY TRy TR " a v Saunuﬁﬂ,r smmal
e L) oo oo zxrxz aacaala Knnuuﬁ ]
zzzzz W W zzzz=z EEXEEE =z=z=xz=z LTI =
B e LY X33 cCoo oo aeaaaaa © 0o oo nununnn el el
ke kg apel Eoik S et ccael| “aal
HHHHM.M KKKKK% LLLLL,W YVVYVW HHHHHN TTTTTmm KKKKK.W
acaalals wuanons - ot [ aacocan® E I >>>>>8 coocooln
cocoe wwwnw <Pk zzz== 2 ottt |2 W www | zxxxzx
A >>>>> zEzxE e =333 x| ot o e
caana cooool B wewup cooon ol cooool sovofe| [
e caxa % whe >>>3> W www wuwwluf ol
] P CET EE L L4 z2z222 wonnn W w
@l iz il i B fEutl i Eea=hk
Pl e Eoek Seonl Saehl i BE Fi i
2E>>> [=X-J-X-1-J B | '} MW n N >2E2>>> EXTITITXT >
S EEEEES ¥¥xxNS > >a TxTxTle =Y wuwvnns
cuaulel s e g2 ShachE NN o
coooo W www o aal voovoo wwnnan coooo o afa
-N-F-N-1-1 zzzz= ITTITT aaaan cacao ) | oo
eyl i zaaz el ol oot o ol o coool
zz=z=z= s nnwnnn coooo >>>5> o wlwl %% xx
Zaacp bt ol Sy Lssal Gaach cadelsl i
i e i Baak Bl s aezakl o
P4 P TR TR TR TR Ty XX XXX TTxT T 11]]1, v N
-t | zzzz= acaaa ceaan IR woww ww | [
el fz >>>>>(8 EEEEEW > >>>0g cocoels cxwaws zzz=z=zlg
zz=zz=zn o o ala® bt bt 1t bt B mzzxz(d coaole§ xxxxx|q
il SEaEh Geich i s i i & el
aocaaa XX XXX L) TEZTEZTI X e ] SSSSS, EEXEEE
I ;- S | ) TETTET T cozzzo [ | Y } Tz
AARAA..W 4 4t 4 cacaa’ ] aacaaaa TR I -t | [
caaap i v e zz=zi @ aal Ny I
Beazls e ach e o el easak Docalk ool
B i el s i Easal pobupotil
5 dita il s 5l Sesen a5 al cesckl REEE
cocools -k Ccoooos O >>>>>lo YVYVYWU zzzzlzlc
] = 2 ] % 2 = ERERE
coutlR S SaBRE n6a ks S nn cc<aelp SaDN cowuil | ERERE
Doooo weooo eIl > x> - e e selspne
Eizalz SE el Sroal A 3333k caelsl aedala -
LI aaaaan [T . Vvvvvﬁ waecaw LLLLLW | [Ty
..... e Swsal e s et o Sioik HEesl
IXTIXI X [TETRTRTET] R ool L L L L [-N-F-N-N-1 o000 Tz =
il e e e bepo g R papapotel o NP i
5 s rreak << <e i xaxlx LR oo« cisal
BEEAE iy g S i o alaaals b o il
N - o o u N N N
mmmm mmmm fayf 8usd Saaf faaf Eayl fad
: : : : : T H :
HHE 24is: HUE 2iis HHE 2ids: 2285e 2iis .
i HiH HIF HEH 85530 i 1 HIF
umcmm ghpes umcmm xcmmm gffet umcmm Shrdd gRfkag
FEEEES Fo08s FEEEES &0 < RS FEEEES i EES F509%
S¥¥ER SE¥ER 9¥¥Eg QF¥ER a¥¥Eia SFEER g8¥3 I¥¥za
5894 TO6 98 10593 T59a8 15094 10098 o 53 0894
ETES 24983 298¢ ggget 2ggt 2gafd gcged ggpE8
28832 29839 22832 e e 28289 22239 FEFET] 22822
ti:id EEEEE tiiid EEEEE iiii: EEEEE iiii Bizii

Figure 1. Nucleotide sequences of the (A) 5 UTR and (B) 3’ UTR of the sequenced PeV-A3 iso-
lates (PeV-A3-MO-12-CMKC/CSF/MO/USA /2012, PeV-A3-8C-CMKC/CSF/MO/USA /2022, PeV-
lates compared to the reference sequence are highlighted in red. (C) Amino acid sequences of the
protein-coding region (VP0, VP3, VP1, 2A, 2B, 2C, 3A, 3B, 3C, 3D) of the sequenced PeV-A3 isolates
(PeV-A3-MO-12-CMKC/CSF/MO/USA /2012, PeV-A3-8C-CMKC/CSF/MO/USA /2022, PeV-A3-
9C-CMKC/CSF/MO/USA /2022 and PeV-A3-11B-CMKC/Blood/MO/USA /2022) and prototypic
lates from 2022 (PeV-A3-8C-CMKC/CSF/MO/USA /2022, PeV-A3-9C-CMKC/CSF/MO/USA /2022

and PeV-A3-11B-CMKC/Blood/MO/USA /2022) that were absent in the 2012 isolate (PeV-A3-MO-

PeV-A3 (PeV-A3-A308/99) reference sequence. Unique amino acid substitutions in the PeV-A3 iso-
12-CMKC/CSF/MO/USA /2012) and PeV-A3-308/99 reference sequence are highlighted in red.

A3-9C-CMKC/CSF/MO/USA /2022 and PeV-A3-11B-CMKC/Blood /MO/USA /2022) and proto-
typic PeV-A3 (PeV-A3-A308/99) reference sequence. Nucleotide changes in the sequenced iso-
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Figure 2. Phylogenetic analysis of whole genome sequences of four PeV-A3 isolates (PeV-
A3-MO-12-CMKC/CSF/MO/USA /2012, PeV-A3-8C-CMKC/CSF/MO/USA /2022, PeV-A3-9C-
CMKC/CSF/MO/USA /2022, PeV-A3-11B-CMKC/Blood /MO/USA /2022) with reported PeV-A3
sequences from GenBank. The tree was constructed using Neighbor-Joining method and 1000 boot-
strap replicates on MEGA. The PeV-A3-MO-12-CMKC/CSF/MO/USA /2012 isolate (PV290890.1)
clusters as a node with other reported PeV-A3 sequences (highlighted in pink). The post-
pandemic 2022 PeV-A3 isolates (PeV-A3-8C-CMKC/CSF/MO/USA /2022: PV290891.1; PeV-A3-9C-
CMKC/CSF/MO/USA /2022: PV290892.1; PeV-A3-11B-CMKC/Blood /MO/USA /2022: PV290893.1)
cluster together as a separate node (highlighted in green). The bootstrap values are indicated on the

branches.

3. Discussion

PeV-A3 circulation in the United States follows a biennial pattern with peaks observed
every alternate year [15]. Whole genome sequences of PeV-A3 isolates from outbreaks can
provide genomic data on how PeV-A3 viral strains change over time. In this study, we
sequenced the whole genome of four PeV-A3 clinical isolates from the United States, one
from the 2012 outbreak (PeV-A3-MO-12-CMKC/CSF/MO/USA /2012) and three from 2022
(PeV-A3-8C-CMKC/CSF/MO/USA /2022, PeV-A3-9C-CMKC/CSF/MO/USA /2022 and
PeV-A3-11B-CMKC/Blood /MO /USA /2022).

All the isolates have nucleotide changes in their 5UTR and 3'UTR, plus amino
acid substitutions in the viral polypeptide when compared to the genome of the
prototypic PeV-A3-A308/99 strain (Figure 1A-C). The isolates from 2022 (PeV-A3-
8C-CMKC/CSF/MO/USA /2022, PeV-A3-9C-CMKC/CSF/MO/USA /2022, PeV-A3-11B-
CMKC/Blood/MO/USA /2022) have unique amino acid substitutions that were absent in
the PeV-A3-MO-12-CMKC/CSF/MO/USA /2012 isolate and PeV-A3-A308/99 (Figure 1C).
A higher propensity of C to U transitions relative to other mutations has been previously
reported in picornaviruses [16]. Certainly, within our dataset of 188 PeV-A3 sequences
used for multiple sequence alignments, we observed 378 sites of transitions and 119 sites of
transversions. Within the transition sites, there were 120 sites with C to U transition and
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105 sites that had a U to C transition. The implication of this transition is yet to be explored
for PeV-A3.

While it is not surprising to detect PeV-A3-MO-12-CMKC/CSF/MO/USA /2012 as a
close relative of other circulating PeV-As, the sequence divergence of 2022 PeV-A3 isolates
(PeV-A3-8C-CMKC/CSF/MO/USA /2022, PeV-A3-9C-CMKC/CSF/MO/USA /2022, PeV-
A3-11B-CMKC/Blood /MO/USA /2022) represented a new strain (<95% whole genome
identity) that has not been characterized before and that is concurrent with their distinct
phylogenetic position (Figure 2). Our method of phylogenetic analysis used a classical
approach, assuming the generation of recombinant viruses from a recent common ancestor.
Recent studies have provided validation of a phylogeny-free approach to better predict viral
evolution [17,18], but the classical approach is still robust and computationally practical
for a dataset like ours. Furthermore, we are aware that for many non-polio enteroviruses,
routine Sanger sequencing is performed across the capsid region, particularly the VP1
region. Our phylogenetic tree has been constructed using a dataset of whole genome
sequences and sequences >80% coverage to our input sequences, reported on GenBank.
Therefore, these sequences used for analysis should have most of the 5UTR and VP1
sequences included and so we do not envision any significant differences with a tree, if it
would have been made exclusively with these specific regions.

Overall, our results highlight the importance of continuous molecular surveillance of
emerging PeV-A strains. Ongoing research will assess the phenotypic impact of mutations
on viral replication and pathogenesis.

4. Materials and Methods

Cells and Viruses: The Vero-Polio (Vero-P) cell line, as previously described [19], and
four PeV-A3 isolates were provided by the Centers for Disease Control and Prevention,
Atlanta, USA. Upon receipt, these viral isolates were passaged twice in Vero-P cells prior
to nucleic acid extraction. Vero-P cells were maintained in Eagle’s Minimum Essential
Medium (EMEM) (ATCC, Catalog #30-2003) supplemented with 10% Fetal Bovine Serum
(Catalog #16140071, Thermo Fisher Scientific) and 1% Penicillin-Streptomycin (Catalog
#15070063, Gibco).

Reverse transcription and random amplification of PeV-A3 nucleic acid isolates: Viral
nucleic acids were extracted from PeV-A3 isolates using a QlAamp viral RNA minikit (Qia-
gen, Catalog # 52904) followed by DNase I treatment (rDNase I; Ambion of Thermo Fisher
Scientific, Catalog# AM2222) following the manufacturer’s instructions. The extracted
nucleic acids were amplified using a sequence-independent, single-primer amplification
(SISPA) protocol that has been described previously [20]. Briefly, reverse transcription of
viral RNA was performed using SuperScript Il reverse transcriptase (Invitrogen, Thermo
Fisher ScientificCatalog# 18080093) with a 28-base-pair reverse primer consisting of a 3’ end
with eight random nucleotides (N1_8N, CCTTGAAGGCGGACTGTGAGNNNNNNNN).
A complementary DNA (cDNA) strand was synthesized using the Klenow fragment of
DNA polymerase I [(3 to 5’exonuclease) (New England BioLabs, Catalog# M0209)]. Poly-
merase chain reaction (PCR) amplification was performed with AmpliTaq Gold polymerase
(Thermo Fisher Scientific, Catalog# 4311806) and 100 mM of the forward primer in a 25 mL
reaction volume using the following conditions: 1 cycle of 95 °C for 5 min, 5 cycles of 95 °C
for 1 min, 59 °C for 1 min, and 72 °C for 90 s, followed by 25 cycles of 95 °C for 30 s, 59 °C
for 30 s, and 72 °C for 90 s.

Library construction using NexteraXT and sequencing: Paired-end libraries from
PeV-A3 isolates were generated using a NexteraXT DNA library preparation kit (Illumina,
Catalog#FC-131-1024). Briefly, genomic DNA samples amplified from reverse transcrip-
tion and random amplification were quantified on a Qubit High Sensitivity DNA kit
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(ThermoFisher Scientific, Catalog# Q32854) and visualized on a TapeStation (Agilent Tech-
nologies, Santa Clara, CA, USA). Thereafter, amplicons were tagged with adapter sequences
using an Illumina DNA/RNA UD Indexes Set B, Tagmentation kit (Illumina, Catalog#
20091656) and then amplified to generate a library. The amplified libraries were cleaned
using Illumina Purification beads (Illumina, Catalog# 20060057) and library quality was
checked using an Agilent 2200 Tapestation system (Agilent Technologies, Santa Clara, CA,
USA) using a High Sensitivity D1000 Screen Tape kit (Agilent Technologies, Catalog# 5067-
5584, 5067-5585). Individual libraries were normalized and pooled to a final concentration
of 1 nM. The pooled library was denatured and diluted, and 1.4 pM of denatured library
was loaded for a 2 X 149 bp paired-end sequencing run on the MiniSeq platform (Illumina,
Catalog# SY-420-1001) following the manufacturer’s protocol.

Data analysis: We analyzed the MiniSeq sequences by read mapping and gene
annotation using Geneious 11.1.2 (Biomatters, https://www.geneious.com accessed on
2 December 2024), as described previously [20], using PeV-A3 genome references from
GenBank. Identification of mutations across the genome was performed using SnapGene®
software, version 8.0.2 (from Dotmatics; available at snapgene.com). To obtain related
genomes for subsequent phylogenetic analysis, standard nucleotide basic local alignment
search using BLASTn [21] was performed on all four sequences against the NCBI non-
redundant (nr) nucleotide database with default parameters. The output generated was
100 top hits per sequence. Redundant sequences were removed to eventually reduce the
collection to a final of 188 PeV-A3 sequences. Sequences were aligned using MUSCLE [22]
in MEGA 12 (Molecular Evolutionary Genetics Analysis) [23] with default parameters. The
phylogenetic analysis was performed using the Neighbor-Joining (NJ) algorithm [24] to
generate a phylogenetic tree with 1000 bootstrap replicates on MEGA12 (Figure 2).

5. Conclusions

In this manuscript, we report sequences of four PeV-A3 clinical isolates from the USA
(PV290890-PV290893). Our data indicates that the 2022 clinical isolates of PeV-A3 (PeV-A3-
8C-CMKC/CSF/MO/USA /2022, PeV-A3-9C-CMKC/CSF/MO/USA /2022, PeV-A3-11B-
CMKC/Blood/MO/USA /2022) cluster as a separate clade and have unique mutations [2A
(L776P, K781N, V832I, N877S, V8851, V915I); 2C (S1129A, 11178V, N1206D, A1311S, T1322],
K1344Q, Q1348K, Q1355E); 3A (S1418N, R1426K, E1440D, A1463V, V1466A, K1482R);
3B (A1498V, 51507T); 3C (I11577V, S1620N); 3D (11714V, A1766S, S1811T, A1858T, Y1943F,
S1958A, E1966D, D1976N, G2059N, 12060V); VP1 (R764G, A765V, A767V)] that were absent
in the PeV-A3-MO-12-CMKC/CSF/MO/USA /2012 isolate.
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