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Background. A novel human parechovirus 3 Australian recombinant (HPeV3-AR) strain emerged in 2013 and coincided with 
biennial outbreaks of sepsis-like illnesses in infants. We evaluated the molecular evolution of the HPeV3-AR strain and its 
association with severe HPeV infections.

Methods. HPeV3-positive samples collected from hospitalized infants aged 5–252 days in 2 Australian states (2013–2020) and 
from a community-based birth cohort (2010–2014) were sequenced. Coding regions were used to conduct phylogenetic 
and evolutionary analyses. A recombinant-specific polymerase chain reaction was designed and utilized to screen all clinical and 
community HPeV3-positive samples.

Results. Complete coding regions of 54 cases were obtained, which showed the HPeV3-AR strain progressively evolving, 
particularly in the 3′ end of the nonstructural genes. The HPeV3-AR strain was not detected in the community birth cohort 
until the initial outbreak in late 2013. High-throughput screening showed that most (>75%) hospitalized HPeV3 cases involved 
the AR strain in the first 3 clinical outbreaks, with declining prevalence in the 2019–2020 season. The AR strain was not 
statistically associated with increased clinical severity among hospitalized infants.

Conclusions. HPeV3-AR was the dominant strain during the study period. Increased hospital admissions may have been from a 
temporary fitness advantage and/or increased virulence.

Keywords. HPeV3; parechovirus; pediatric; viral evolution; Australia; sepsis; infants; picornavirus; community; recombination.
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Human parechovirus (HPeV) is a nonenveloped, single-stranded, 
positive-sense RNA virus within the Picornaviridae family. The 
parechovirus genome is linear with a continuous coding sequence 
(CDS) containing both structural and nonstructural genes that is 
bookended by terminal noncoding sequences. HPeV is currently 
classified into 18 genotypes based upon the sequence diversity of 
the VP1 capsid protein [1]. Subclinical HPeV infections are com
mon. Sewage surveillance samples from Scotland and weekly stool 

samples from healthy, Australian children report continuous 
HPeV circulation [2, 3]. Hospital-based studies from the United 
States, Europe, and Asia of young infants and children presenting 
with febrile illnesses have also found HPeV year-round in sterile 
(blood, cerebrospinal fluid [CSF]) and nonsterile (respiratory se
cretions, stools) site specimens [4–6].

HPeV type 3 (HPeV3) was first described in 1999 in a 1-year 
old Japanese infant with fever and transient flaccid paralysis [7]. 
Subsequently it has been observed in seasonal outbreaks of me
ningoencephalitis and sepsis-like illnesses in neonates and in
fants in multiple countries, including Australia [8–13]. 
Following its initial recognition in Australia in 2013, there 
have been 4 biennial HPeV3 outbreaks, each occurring over 
the southern hemisphere spring/summer months (September– 
February). The most recent was from December 2019 to 
March 2020. These outbreaks were experienced across 
Australia, but most cases were identified in the major eastern 
seaboard cities of Brisbane, Sydney, and Melbourne.

In 2017, sequencing of 9 HPeV3 genomes from cases with se
vere infections revealed a novel recombinant strain [14]. This 
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recombinant (henceforth the Australian recombinant [AR] 
strain or HPeV3-AR) was then detected in stored HPeV3- 
positive samples from 2015 [15].

It has been hypothesized that HPeV3-AR may have caused 
the severe HPeV infections observed in Australian infants dur
ing the past decade [14]. Of 145 infants hospitalized with HPeV 
infections across the state of Queensland in 2013–2016 and for 
whom clinical information was available, 23% were admitted to 
a pediatric intensive care unit (PICU) and 14% developed neu
rodevelopmental sequelae [9]. However, the HPeV3 recombi
nation status of the viruses detected in this cohort was not 
determined. To date, direct comparisons of AR status and clin
ical presentation in large numbers of hospital, as well as com
munity, cases have not been conducted. We therefore 
conducted this study to examine the relationship between the 
emergence of clinically severe HPeV disease in children and 
the ongoing viral evolution. We did this by documenting the 
molecular evolution of the HPeV3-AR strain in Australia 
from the time of its emergence in 2013 until 2020 in 2 hospital 
cohorts and 1 community cohort. We also describe the associ
ated pediatric clinical phenotype in infected children from the 
hospital cohort.

METHODS

Study Population, Clinical Data, and Sample Collection

HPeV-positive samples came from the following sources: (1) an 
Australian hospital-based cohort of infants with an HPeV in
fection identified by medical record review and admitted over 
the spring to fall (September–April) period of 2013–2020; 
and (2) the Observational Research in Childhood Infectious 
Diseases (ORChID) community-based birth cohort study 
[3, 16, 17].

Hospital cohort samples came from a centralized pathology 
laboratory servicing government-funded hospitals and clinics 
within Queensland (population 5.2 million), along with a sim
ilar laboratory in Western Australia (population 2.7 million).

The community cohort samples originated from the 
ORChID study, which was conducted between September 
2010 and October 2014 in Brisbane, Queensland [16]. 
Participants were healthy term infants, enrolled at birth, fol
lowing which parents collected stool swabs weekly and record
ed a daily symptom diary until their child’s second birthday. 
HPeV detection and genotyping were reported previously [3]. 
The Supplementary Material further describes both cohorts, 
and an overview of study sample workflow is summarized in 
Supplementary Figure 1.

Clinical data for the hospital cohort (Queensland only) were 
extracted from medical records. This included sociodemo
graphic characteristics as well as markers of disease severity 
[9] (PICU admission, duration of hospitalization, apnea, sei
zures, brain magnetic resonance imaging [MRI] results, and

developmental assessment after 6 months of age). A subgroup 
underwent prospective follow-up 1-year postinfection for formal 
developmental assessment (Ages and Stages Questionnaire) as 
part of another study [18, 19], and these data were included where 
available.

HPeV Screening

All samples were rescreened by a generic HPeV real-time poly
merase chain reaction (PCR) assay (Bensch-ParechoF/K) to ob
tain cycle threshold (Ct) values, followed by identifying HPeV3 
using sequencing-based genotyping or a specific HPeV3 real- 
time PCR (HPeV3-F/R). An HPeV3-AR–specific real-time 
PCR (HPeV3RecomF/R) was designed and evaluated 
(Supplementary Materials, Supplementary Tables 6-8) using 
the study’s generated genomic data (see below), and then 
employed as a high-throughput screening tool for all 
HPeV3-positive samples. The HPeV3-AR detection algorithm 
(Supplementary Figure 2) required the sample to be positive 
in both the HPeV3 and HPeV3-AR assays, with the assays tar
geting regions upstream and downstream of the AR recombi
nation site, respectively.

HPeV3 Genome Sequencing and Analyses

Only HPeV3 samples, as determined by specific PCR or se
quencing (see above), were selected for sequencing if their Ct 
value was ≤29 in the generic HPeV screening assay. A genome- 
walking amplification and Sanger sequencing approach was 
used to sequence the viral coding region and flanking sequences. 
Genome assembly, phylogenetic analyses, and recombination 
were conducted in Geneious (Build 2020-12-23; Biomatters 
Ltd, New Zealand). Nextstrain [20] was used to analyze AR ge
nome evolution over time. The Tajima test of neutrality [21] 
was used to assess selective pressure.

Statistical Analyses

Statistical analyses were performed using R statistical software 
[22]. P values < .05 were considered significant. For the purpos
es of clinical correlation analyses, a positive case was defined as 
a subject who had HPeV3 detected in at least 1 sample type 
during a 1-week period.

Further detailed methodology is described in the 
Supplementary Materials.

Ethical Approvals

The Children’s Health Queensland Human Research Ethics 
Committee approved this study (HREC/16/QRCH/223). The 
Children’s Health Queensland (HREC/10/QRCH/16), the 
Royal Brisbane and Women’s Hospital (HREC/10/ 
QRBW125), and The University of Queensland (2010000820) 
Human Research Ethics Committees approved the ORChID 
study.
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RESULTS

HPeV3 Prevalence Between 2010 and 2020

Queensland Hospital Cohort
Overall, 559 HPeV-positive samples from blood, CSF, stools, 
and nasopharyngeal swabs were available from 71.5% (n =
322) of 450 HPeV-diagnosed cases. Multiple samples from in
dividual hospitalized cases represented parallel collections of
different sample types. These samples represented 68.0%
(17/25), 79.2% (141/178), 84.6% (159/188), and 18.6%
(11/59), of the HPeV-infected patients diagnosed in each of
the 4 biennial epidemic periods of 2013–2014, 2015–2016,
2017–2018, and 2019–2020, respectively. HPeV3 was detected
in 100% (n = 17), 94.3% (n = 133), 92.4% (n = 147), and 100%
(n = 11) of HPeV-positive cases in each of these epidemic sea
sons, respectively (Supplementary Table 1). Most cases
occurred during the spring/summer period (September–
February). Notably, the epidemic occurred later (January–
March) in 2019–2020, with an accompanying decrease in the
number of positive cases (Figure 1).

Western Australian Hospital Cohort
Twenty-two CSF samples collected between 2014 and 2017 
were available and met the minimum Ct value criteria. All 
were HPeV3 positive.

Queensland Community Cohort
As described previously [3], 18.3% (52/289) of HPeV episodes 
within the community cohort were HPeV3 positive and peaked 
during the 2011–2012 and 2013–2014 summer seasons of this 
4-year study.

Genome Sequencing and Characterization

Of the 383 available HPeV3 samples from all cohorts, 122 
(31.8%) met sequencing selection criteria (Supplementary 
Figure 1). Of these samples, 53 did not have sufficient working 
volumes, leaving 69 HPeV3 successfully sequenced genomes, 
with most (n = 54) having at least their whole CDS captured 
as well as portions of their flanking noncoding regions 
(Supplementary Table 2). The CDS from the remaining 15 viral 
genomes could not be sequenced completely due to amplifica
tion failure, most likely from low virus concentration and/or 
RNA degradation. Only 10 of 15 partial genomes yielded suffi
cient coverage to be included in the study.

A maximum likelihood phylogenetic analysis of the CDS up
stream of the AR breakpoint (nt 3114) generated by this study 
and previously published Australian sequences [14, 15] showed 
the expected divergence between the AR and non-AR strains 
(Figure 2), which was also reflected at the amino acid level 
(Supplementary Figure 3). Of note, the community-sourced 
AR viral genomes clustered with hospital viral genomes 
(Figure 2).

With few exceptions, analysis of the AR genomes showed a 
progressive evolution of the AR strain, which seemed indepen
dent of geographic origin (Figure 3). However, several viral ge
nomes from 2016 and 2020 did not conform to this pattern and 
instead showed separate lineages that likely shared a recent 
common ancestor with most AR strains pre-2013. The addition 
of incomplete genomes in an analysis of the structural gene sec
tion of the AR and non-AR genomes showed multiple non-AR 
HPeV3 lineages clustering by year/outbreak period of collec
tion (Supplementary Figure 4).

Figure 1. Seasonality of hospitalized human parechovirus (HPeV) cases across the Queensland, Australia, spring/fall period. The solid lines represent total diagnosed HPeV 
cases within the state within that outbreak period, and the smaller, dashed lines underneath represent the respective cases captured for the study, which were genotyped as 
HPeV3. Note all 2013–2014 samples that were diagnosed were also captured for the study. Y-axis shows number of cases.
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The AR strain CDS was under significant selective pressure 
(Tajima D = −2.07, P < .05), with a Shannon entropy plot 
showing increased amino acid alterations accumulating in the 
recombinant section of the AR strain CDS (Supplementary 
Figure 5). In addition, 1 novel recombinant between HPeV4 
and HPeV3-AR was detected (Supplementary Materials, 
Supplementary Figure 6).

Recombination Status Between 2013 and 2020

All Queensland community (n = 52) and clinical samples (n =
559) were tested using the HPeV3 AR strain-specific screening
PCR and detection algorithm (Supplementary Materials,
Supplementary Figure 2). In hospital cohort samples, the AR
strain was highly prevalent in each period, in contrast with
the community cohort samples where the AR strain was only
detected in the final years (2013–2014) of that study (Table 1).
The Queensland community and hospital cohort sample collec
tions overlapped during the initial emergence of the AR strain–
associated disease outbreak (Figure 4). From 2010 no AR strains
were detected in the community cohort until the summer of
2013–2014, coincident with the first observed hospital cohort
outbreak and AR strain–positive clinical samples (Figure 4).

High-frequency, longitudinal collections in the community 
cohort allowed us to examine the relative viral load and shed
ding duration in both AR and non-AR HPeV-positive cases in 
the first 2 years of life. Ct values were used as a proxy of relative 
viral RNA quantification; however, no significant difference was 
observed between AR (mean Ct, 29.2 [standard deviation {SD}, 
4.3]) and non-AR (mean Ct, 29.7 [SD, 3.6]) cases (P = .57).

Clinical Associations of AR and Non-AR Strains Within Queensland 
Hospital and Birth Cohorts

Hospital Cohort
Minimum sociodemographic and clinical data were available in 
147 of 320 (45.5%) HPeV3-positive Queensland hospital cohort 
cases for 2013–2020 (Supplementary Tables 1, 3), of which 136 
were also characterized for AR status (Table 2). The median age 
of hospitalized children was 28 days (interquartile range, 15.5– 
55 days). Most children were born at >36 weeks’ gestation (n =
119 [80.95%]). No statistically significant relationship between 
AR status and the selected clinical markers of disease severity 
was seen in the hospitalized children (Table 2). This remained 
true for each separate outbreak of HPeV3 (Figure 5). Over time, 
there were also no significant differences in age, length of stay, 
or length of PICU stay between the patients in each of the 4 out
breaks (Supplementary Table 4).

Community Cohort

The AR strain was only detectable from October 2013 (n = 7). 
Prior to this, all strains genotyped had been non-AR strain 
(n = 29). Subjects had a mean AR strain infection age of 1.45 
years (SD, 0.27; range, 1.21–1.95 years) compared to 1.20 years 

Figure 2. Maximum likelihood phylogenetic analyses using 1000 bootstraps of 
all available Australian human parechovirus 3 (HPeV3) genomes’ coding sequence 
regions upstream of the recombination breakpoint (nt 1–3114), including 2 non-AR, 
non-Australian (Yamagata-2008 and CAU14/82015/KR) HPeV3 reference strains. 
Node colors indicate strain genomes generated in this study and are color coded 
by Australian state where they were collected: blue, Queensland hospital; green, 
Western Australian hospital; orange, Queensland community; gray, previously pub
lished Australian AR genomes collected during 2014–2016 from New South Wales, 
Victoria, and Tasmania.
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(SD, 0.45; range, 5 days–2.08 years) in the non-AR strain group. 
Of note, however, the longitudinal community cohort was old
er at the time of AR strain emergence, which would have meant 
no infants would have been sampled during that key time peri
od. Within the period of AR detection (October 2013–January 
2014), the AR strain group (n = 7) was significantly (P = .03, 
2-tailed t test) younger (mean, 1.45 years [SD, 0.27 years];
range, 1.21–1.95 years) than the non-AR strain group
(n = 10) (mean, 1.74 years [SD, 0.18 years]; range, 1.02–2.10).
No HPeV3-positive children required hospitalization, with
subclinical infections accounting for 21 of 43 (48.8%) HPeV3
episodes (Supplementary Table 5). The remaining 22 infections
were accompanied by respiratory symptoms, although respira
tory viruses were co-detected on 17 of 22 (77.2%) such occa
sions. There was no significant difference in the proportion
of symptomatic children with AR or non-AR HPeV (4/7
[42.8%] and 21/39 [46.1%], respectively; P = 1.0).

Comparison of Community and Hospital Cohorts

Parallel data from community and hospitalized cases of HPeV 
were only available from October 2013 to January 2014. During 
this period, 14 and 9 HPeV3 infections were detected in the 
community and hospitalized cohorts, respectively. There was 
a significantly greater proportion of children with the AR strain 
in the hospitalized group than the community group (8/9 

[88.9%] vs 6/14 [42.8%]; P = .0052, Fisher exact test). 
However, these groups were not directly comparable due to 
the difference in ages between the groups. Children in the 

Figure 3. Maximum likelihood phylogenetic analyses of available human parechovirus 3 Australian recombinant (AR) strains coding sequences as a function of time and 
categorized by geographic area of origin. The Nextstrain plot shows the progressive evolution of the AR strain for most of the disease outbreak periods.

Table 1. Human Parechovirus 3 (HPeV3) Australian Recombinant Strain 
Screening Results of All Available Hospital and Community 
HPeV3-Positive Subjects

Subject Type Time Period AR Strain Non-AR Equivocal

QLD hospital (n = 17) 2013–2014 13 (76.5) 1 (5.9) 3 (17.6)

H/C overlap (n = 9) 13 Nov–14 Jan 8 (88.9) 1 (11.1) 0.0

QLD hospital (n = 133) 2015–2016 102 (76.7) 17 (12.9) 14 (10.5)

QLD hospital (n = 147) 2017–2018 129 (87.7) 12 (8.1) 6 (4.1)

QLD hospital (n = 11) 2020 2 (18.2) 8 (72.7) 1 (9.1)

WA hospital (n = 4) 2013–2014 4 (100.0) 0.0 0.0

WA hospital (n = 4) 2015–2016 1 (25.0) 3 (75.0) 0.0

WA hospital (n = 12)a 2017–2018 12 (100.0) 0.0 0.0

QLD community (n = 21) 2011–2012 0.0 21 (100.0) 0.0

QLD community (n = 6) 2012–2013 0.0 6 (100.0) 0.0

QLD community (n = 25) 2013–2014 7 (28.0) 18 (72.0) 0.0

H/C overlap (n = 14) 13 Nov–14 Jan 6 (42.8) 8 (57.2) 0.0

Data are presented as No. (%) unless otherwise indicated.  

Hospital-based sample time periods represent the 3 outbreaks of human parechovirus 3 
(HPeV) disease, whereas the longitudinal community sampling timeframes represent a 
June–July period. A 3-month overlap from November 2013 to January 2014 between the 
QLD hospital and QLD community cohorts is also shown as “H/C overlap.”  

Abbreviations: AR, Australian recombinant; H/C, hospital/community cohorts; QLD, 
Queensland; WA, Western Australia.  
aOne 2017 sample was not included as it fell outside of the June to July period; however, it 
was also an HPeV3-AR strain.
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community cohort were significantly older, with a mean age of 
1.50 years (range, 1.22–1.88 years) compared to the hospital
ized children (mean age, 30.6 days; range, 7–87 days).

DISCUSSION

This study examined the genetic diversity of HPeV3 across 
Australia during a 7-year period where a severe disease phenotype 
emerged in concert with a new recombinant (AR) strain. By thor
oughly sampling the clinical HPeV3 cases in the state of 
Queensland across all of the biennial epidemic periods, we were 
able to estimate the true prevalence of the AR strain within the 
hospitalized infant population, as well as investigate the clinical 
presentations of both the AR and nonrecombinant circulating 
strains. Within this hospital-based population, we found that 
the AR strain was the dominant form of HPeV3 across the 4 epi
demic periods; however, it was not associated with significant dif
ferences in disease severity or nature of clinical presentation when 
compared with non-HPeV3 AR cases within each cohort.

Genomic Variation Over Time

The HPeV genome is capable of recombination; however, HPeV3 
is unusual as its genome is more stable than that observed with 
other HPeV genotypes [23–25]. Thus, the emergence of a new re
combinant HPeV3 strain offers an opportunity to examine at the 

population genetics level the emergence of a novel variant. While 
HPeV3 episodes were frequently detected in the community co
hort between May 2011 and January 2014 [3], detection of the 
AR strain (October 2013–January 2014) was temporally associat
ed with increased hospital admissions in infants with a severe phe
notype of HPeV infection in September–December 2013 [9]. 
Seventy-four percent of these infections were HPeV3-AR. Two 
subsequent Australian epidemics also had a predominance 
(>75%) of HPeV3-AR. Of note, the most recent outbreak period 
of 2019–2020 showed a marked reduction in overall HPeV cases 
(n = 59), as well as the proportion of infections due to the AR 
strain (from >75% to 18%).

These data support the predicted major AR strain recombi
nation event occurring between March 2012 and November 
2013 [14]. The AR genomes circulating in the community 
were nearly identical to contemporaneous clinical AR ge
nomes, despite some of those viral genomes being collected 
from the eastern and western seaboards of Australia, separated 
in distance by as much as 4030 km (2500 miles). These findings 
add further evidence to support a previous report [26] of a rap
id expansion of the AR strain across the Australian continent 
after the major recombination event.

A gradual evolution of the AR genome was observed in vi
ruses collected from multiple Australian regions. These chang
es were primarily driven by mutations in the recombined 

Figure 4. Total human parechovirus 3 (HPeV3) and Australian recombinant (AR) strain prevalence in the Queensland community (blue) and hospital-based (peach) cohorts each month 
over an interval period spanning the first observed HPeV disease outbreak. Only an overlap of several months from November to January was available for both datasets. Red bar indicates 
duration of the first HPeV3 disease outbreak; the dashed line portion indicates uncertainty in when the outbreak began. Y-axis shows number of cases.

HPeV3 Diversity Recombination and Impact • JID 2023:227 (15 January) • 283



nonstructural portion of the genome, a finding which supports 
the previous analyses of more limited AR datasets [14, 26]. The 
progressive evolution of the AR strain over the epidemic peri
ods indicates that the strain maintained a presence within the 
community between epidemic peaks.

Surprisingly, a small number of archaic AR genomes also ap
peared to be co-circulating during this time. This resulted in the 
AR strains circulating during the 2019–2020 season being more 
closely related to the archaic AR strains rather than those of the 
previous season. This is unusual, as in general each new season 
contained AR strain viruses progressively evolved from the previ
ous season’s viruses. Non-AR genomes tended to cluster by collec
tion period; however, the 2020 genome was notable for having a 
greater phylogenetic (nucleotide) distance compared to previous 
years’ clusters. Taken together, the small peak of the clinical 
2019–2020 epidemic season, the dramatically decreased represen
tation of the AR strain in clinical cases and the emergence of a 
large genetic shift in the non-AR virus suggests that a transition 
event was occurring and a new non-AR variant was supplanting 

AR as the dominant strain. An alternative hypothesis could be 
that maternal antibody levels increased over time to impact the 
number of hospitalized HPeV3-AR cases, as maternal HPeV 
strain–specific antibody levels have been previously correlated 
with hospitalization rates [27, 28]. Increasing maternal antibody 
levels against HPeV3-AR are unlikely, however, to explain the ob
served decline in hospitalized HPeV3-AR cases given that the 
immune-interacting HPeV3 structural capsid proteins are con
served and HPeV3 antibodies have been shown to cross- 
neutralize HPeV3-AR [28]. Thus, the strain supplantation event 
offers the most likely explanation for the observed reduction of 
hospitalized cases in 2019–2020.

Relationship Between AR Strain and Clinical Severity

Overall, HPeV3 disease severity in hospitalized infants during 
the study period was substantial, with nearly a third of cases re
quiring PICU admission, and 15% showing abnormal MRI re
sults in the clinical cohorts up to 2020. Indeed, it has been 
suggested that the AR strain might cause more severe clinical 
disease than other HPeV3 variants [14]. Interestingly, among 
hospitalized infants, we found no statistical difference in clini
cal markers of disease severity with either AR or non-AR infec
tions, suggesting a common pathogenesis of severe disease 
between the 2 strains. Despite these findings, the AR strain 
may be capable of increased likelihood of clinical disease re
quiring hospitalization in young infants; however, there were 
insufficient data in this study to fully address this possibility. 
While data from 2013 to 2014 suggested a significantly greater 
proportion of HPeV3-AR detections among hospitalized 
cases than community cases, direct comparison of these 
groups is confounded by the significant differences in cohort 
ages. As the AR strain emerged toward the end of the longi
tudinal community study, only older children approaching 
their second birthday were being sampled. The lack of signifi
cant correlation between symptoms and AR status in 
community-based children may also have been mitigated by 
their older age. Overall, these data highlight the vulnerability 
of younger infants to hospitalization with HPeV3 infections, 
although the reasons for this vulnerability are yet to be 
elucidated.

Apart from correlative links, there is still a poor understand
ing of the pathogenesis of severe HPeV3 infection. 
Immune-mediated mechanisms have been hypothesized [29], 
similar to those seen in enterovirus 71 [30]. Data from the in
fants in this study are similar to those from previous cohorts 
that show no correlation between detectable virus in CSF and 
poor long-term outcome [31, 32], arguing against a direct neu
ropathic effect of the virus. Similarities in MRI brain findings in 
HPeV encephalitis and hypoxic-ischemic encephalopathy sug
gests that potentially vasculitis-mediated changes are responsi
ble for the clinical presentation rather than direct cytopathic 
effects in the central nervous system from HPeV3 [33].

Table 2. Relationship Analyses Between Clinical Variables, Severity 
Markers, and Australian Recombinant Status in Human Parechovirus 
3–Positive Children

Variable Non-AR AR P Value

Seizures .26

No 17 (80.95) 99 (86.09) …

Yes 4 (19.05) 11 (9.57) …

NA 0 5 (4.35) …

PICU admission .45

No 12 (57.14) 75 (65.22) …

Yes 9 (42.86) 36 (31.3) …

NA 0 4 (3.48) …

Apneas 1

No 16 (76.19) 83 (72.17) …

Yes 5 (23.81) 27 (23.48) …

NA 0 5 (4.35) …

HPeV positive CSF 1

No 5 (23.81) 22 (19.13) …

Yes 15 (71.43) 73 (63.48) …

NA 1 (4.76) 20 (17.39) …

Abnormal MRI .73

No 8 (38.1) 30 (26.09) …

Yes 3 (14.29) 19 (16.52) …

NA 10 (47.62) 66 (57.39) …

Normal development at 6 mo 1

No 1 (4.76) 16 (13.91) …

Yes 7 (33.33) 58 (50.43) …

NA 13 (61.9) 41 (35.65) …

Normal ASQ .49

No 2 (9.52) 18 (15.65) …

Yes 0 18 (15.65) …

NA 19 (90.48) 79 (68.7) …

Data are presented as No. (%) unless otherwise indicated.  

Abbreviations: ASQ, ages and stages questionnaire; AR, Australian recombinant; CSF, 
cerebrospinal fluid; HPeV, human parechovirus; MRI, magnetic resonance imaging; NA, 
data not available, or test not performed; PICU, pediatric intensive care unit.
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An alternative, but not mutually exclusive, hypothesis is that the 
AR recombination increased the infectivity or overall fitness of the 
virus rather than its virulence, such as by being able to infect youn
ger children more easily. This fitness advantage consequently 
would have allowed the virus to become more prevalent within 
the community during 2012–2018, thereby leading to a propor
tionally larger number of infants presenting with the severe disease 
phenotype. Such changes in fitness would most likely be due to the 
nonstructural portion of the virus CDS, given the relative conser
vation of the structural protein genes in comparison.

The strengths of this study lie in its comprehensive screening 
and sequencing of HPeV3 viruses collected from hospitalized 

infants across a 7-year period and incorporation of data from 
geographically separate parts of Australia, as well as the screen
ing and sequencing of HPeV3 isolates detected in a community 
cohort, which overlapped in timing with the first clinical epi
demic. It also combines both genomic and clinical data to 
help resolve HPeV3 population dynamics during a novel strain 
ingression in relation to hospitalizations. However, there are 
important limitations to consider. The collected clinical data 
were limited to half the hospitalized cases within the 
Queensland state cohort, alongside absent clinical data from 
Western Australia and small numbers of AR cases in the com
munity cohort, all of which could have decreased the precision 

Figure 5. Clinical features relating to Australian recombinant status over the 4 sampled epidemic periods. Abbreviations: MRI, magnetic resonance imaging; N, no; PICU, 
pediatric intensive care unit; Y, yes.
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around the clinical association estimates. The clinical data 
available from the Queensland Hospital cohort was primarily 
from the major metropolitan hospitals, which may have result
ed in a bias toward more severe cases, given that severe cases are 
often referred to the major hospitals from outlying regions. 
Despite genomic sequencing and validation of the 
AR-specific screening PCR algorithm, it is still possible some 
isolates could have additional cryptic recombination events 
that could not be detected by the algorithm. As remarked on 
previously, the small sample sizes and divergent populations 
between the hospital and community cohorts in the temporal 
overlap period also hindered direct comparisons. Finally, the 
community AR prevalence may be skewed compared to the 
hospital-based prevalence estimates due to potentially different 
demographic profiles. The community cohort was from a high 
socioeconomic background, which may not represent the 
government-funded hospital patient populations used in this 
study.

In conclusion, this study leveraged both clinical and commu
nity cohorts to investigate the role of the HPeV3-AR strain in 
disease, while more than doubling the amount of available 
AR genomes. In doing so, the population dynamics of an emer
gent HPeV3 strain could be tracked from its emergence to its 
decline. The emergence of the AR strain was associated with 
markedly increased hospitalizations, but not specifically with 
more severe illness among hospitalized infants with HPeV. 
The nature of this observational study, however, precluded 
drawing definitive inferences over whether the increased num
bers of hospitalizations associated with the AR strain were due 
to increased fitness and/or virulence compared with that of oth
er HPeV3 strains.

Supplementary Data
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Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy
edited and are the sole responsibility of the authors, so ques
tions or comments should be addressed to the corresponding 
author.
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