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bstract

ackground: Human rhinoviruses (HRVs) are some of the earliest identified and most commonly detected viruses associated with acute
espiratory tract infections (ARTIs) and yet the molecular epidemiology and genomic variation of individual serotypes remains undefined.
bjectives: To molecularly characterise a novel HRV and determine its prevalence and clinical impact on a predominantly paediatric
opulation.
tudy design: Nucleotide sequencing was employed to determine the complete HRV-QPM coding sequence. Two novel real-time RT-PCR
iagnostic assays were designed and employed to retrospectively screen a well-defined population of 1244 specimen extracts to identify the
revalence of HRV-QPM during 2003.
esults: Phylogenetic studies of complete coding sequences defined HRV-QPM as a novel member the genus Rhinovirus residing within the
reviously described HRV-A2 sub-lineage. Investigation of the relatively short VP1 sequence suggest that the virus is resistant to Pleconaril,
etting it apart from the HRV A species. Sixteen additional HRV-QPM strains were detected (1.4% of specimens) often as the sole micro-
rganism present among infants with suspected bronchiolitis. HRV-QPM was also detected in Europe during 2006, and a closely related virus

irculated in the United States during 2004.
onclusions: We present the molecular characterisation and preliminary clinical impact of a newly identified HRV along with sequences

epresenting additional new HRVs.
2007 Elsevier B.V. All rights reserved.

fection

b
m

eywords: Rhinovirus; ARTI; LRTI; Newly identified virus; Respiratory in

. Introduction
Acute respiratory tract infections (ARTIs) are a leading
ause of human morbidity worldwide and are most frequently
iral in origin. Many newly identified viruses have recently
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een associated with ARTI, including human metapneu-
ovirus (HMPV; van den Hoogen et al., 2001), human

oronaviruses (HCoV) NL63 (van der Hoek et al., 2004)
nd HKU1 (Woo et al., 2005), human bocavirus (HBoV;
llander et al., 2005) and the KI and WU polyomaviruses

Allander et al., 2007; Gaynor et al., 2007).

Human rhinoviruses (HRVs) are the most common infec-

ious agents associated with ARTIs, comprising the largest
enus of human pathogens, Rhinovirus, in the family Picor-
aviridae. Despite a significant and growing body of evidence

mailto:ian.mackay@uq.edu.au
dx.doi.org/10.1016/j.jcv.2007.03.012
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o implicate HRVs in more serious clinical outcomes (Gern
nd Busse, 1999; Hayden, 2004), the presence and role of
ore than 100 genetically and serologically distinct HRVs

n illness is often unexplored. Additionally, the viruses them-
elves are not considered to be individual entities with distinct
irculation patterns as other respiratory viruses are. Studies
ave produced unusual HRV-like sequences or made cursory
eports of untypeable or variant HRV strains in the United
ingdom (Mori and Clewley, 1994), Switzerland (Deffernez

t al., 2004), Finland (Savolainen et al., 2002), Belgium
Loens et al., 2006), Australia (Arden et al., 2006) and the
nited States (Lamson et al., 2006). Many of these strains
ay represent novel HRV serotypes.
During an investigation of picornavirus PCR products we

dentified a cluster of more than 30 nucleotide sequences
emonstrating <20% identity with any sequence on GenBank
Arden et al., 2006). We proposed that these belonged to a
ovel genetic sub-lineage, HRV-A2. We further investigated
ne of these putative viruses and herein present the complete
olyprotein coding sequence of a novel HRV, HRV-QPM,
hich was first detected in an infant with bronchiolitis.

. Materials and methods

.1. Specimen population

Clinical specimens (n = 1244) were predominately
asopharyngeal aspirates (NPA; 92%) collected from patients
52.9% male) aged between 1 day and 80 years (mean age 9.2
ears, median age 1.3 years) who had presented to Queens-
and hospitals or general practitioners with symptoms of
RTI during 2003. NPAs and purified nucleic acid extracts
ere stored at −70 ◦C. Extracts were tested by RT-PCR

OneStep, QIAGEN®) for HMPV, HRVs and enteroviruses
HEVs), all four non-SARS HCoVs, HBoV, respiratory
yncytial virus (HRSV), influenza A and B viruses, parain-
uenzaviruses and human adenoviruses (Arden et al., 2006).

.2. Reverse-transcription and PCR

Real-time RT-PCR employed 0.2–0.4 pmol of oligonu-
leotide. Amplicons were purified when necessary and both
trands sequenced (Big Dye v3.1, Applied Biosystems).
eal-time RT-PCR was performed on the Rotor-GeneTM

000 (Corbett Research).
First strand cDNA synthesis (Transcriptor RT, Roche)

sing (T)17ATA or gene specific primers was followed by
econd strand synthesis and amplification (Platinum® Pfx,
nvitrogen). Oligonucleotide sequences are available upon
equest.
.3. Cell culture

Human cell lines (HeLa-Ohio, A549, MRC-5 and WI-
8) were inoculated with patient respiratory secretions stored

H
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t −70 ◦C. Inoculated cells were rolled at 33 ◦C, watched
aily for cytopathic effect and HRV-QPM RNA levels were
onitored by real-time RT-PCR.

.4. Phylogenetic diversity

Nucleotide or amino acid sequences were aligned
ith the program MUSCLE (Edgar, 2004) and, where
ecessary, backtranslated with the program Protogene
Moretti et al., 2006). Maximum likelihood trees were
onstructed using a GTR + I + �4 model of nucleotide
ubstitution in PAUP* (Swofford, 2003), with out-
roups as indicated. Trees were visualized with TreeEdit
http://evolve.zoo.ox.ac.uk/software.html). The nucleotide
istance matrix for neighbour-joining trees was generated
sing the Kimura two-parameter estimation in MEGA 3.1
Kumar et al., 2004). Nodal confidence values indicate the
esults of bootstrap resampling (n = 1000).

.5. Determination of the complete HRV-QPM coding
equence

Initial HRV-QPM sequences were used to design new PCR
rimers permitting determination of the continuous coding
equence from overlapping fragments, bracketed by partial
ntranslated regions (UTRs). Additional primers from HRV
Loens et al., 2006) and HEV (Caro et al., 2001; Oberste et
l., 2004; Simmonds and Welch, 2006) studies supplemented
he process. To confirm that our primary sequence belonged
o a distinct virus and was not the result of mixed template
n the patient’s specimen, a second round of RT-PCR and
equencing of overlapping fragments was performed using
ewly designed HRV-QPM-specific primers targeting RNA
rom the original specimen extract. Discrepant sequence
esults were confirmed by a third round of RT-PCR and
equencing.

. Results

.1. Detection of HRV-QPM in Brisbane, Australia

To determine whether HRV-QPM was a distinct pathogen
ndemically circulating in Brisbane, 1244 specimen extracts
panning all of 2003 were examined (Fig. 1). HRV-QPM
B RNA was detected in 1.4% (n = 17) of extracts by
eal-time RT-PCR and verified using a confirmatory assay
argeting the 1D region. HRV-QPM prevalence peaked in
inter but was also detected in spring and summer. No
ther micro-organisms were detected in 64.7% (n = 11) of
ositives (Table 1). There were six co-detections with:
CoV-NL63, HCoV-NL63 and HBoV, HBoV, HMPV or

CoV-229E.
Overall respiratory picornaviruses were the most

requently detected micro-organisms at 41.0% of micro-
ial detections (n = 346) followed by HBoV (12.0%,

http://evolve.zoo.ox.ac.uk/software.html
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ig. 1. The monthly distribution of tested respiratory specimens (open ba
pecimens tested each month. Seasons are indicated.

= 101), HRSV (8.4%, n = 71) and HMPV (7.5%,
= 63). No detections were made in 44.7% (n = 556) of
xtracts. A small study of consecutively selected NPA
xtracts obtained during the winters of 2002, 2004 and
006 (n = 160 per year) yielded no additional HRV-QPM

etections.

Isolation of HRV-QPM was unsuccessful due to the age
f the inoculum or perhaps because the HRV-A2 viruses are
articularly fastidious.

r
n
l
c

able 1
atients positive for HRV-QPM

iagnosis upon presentation and HRV-QPM strain

ronchiolitis (n = 5; 35.7%*)
HRV-QPM001a

HRV-QPM012
HRV-QPM010
HRV-QPM004
HRV-QPM006

ebrile convulsion (n = 1; 7.1%)
HRV-QPM011

sthma (n = 2; 14.3%)
HRV-QPM002
HRV-QPM007

iral URTI (n = 1; 7.1%)
HRV-QPM008

ersistent/hacking/whooping cough (n = 3; 21.4%)
HRV-QPM007
HRV-QPM013
HRV-QPM016

nderlying condition (n = 1; 7.1%)
HRV-QPM009

xacerbation of COPD (n = 1; 7.1%)
HRV-QPM005

o notes (n = 3)
HRV-QPM017
HRV-QPM003
HRV-QPM015

Percentage of those with clinical notes available.
a HRV-QPM strain detected.
b Negative after all microbial investigations.
e HRV-QPM detections (filled bars) are presented as a percentage of the

.2. Clinical impact of HRV-QPM infection

Clinical information from the 10-month-old male index
ase (yielding HRV-QPM strain 001) revealed bronchiolitis
ollowing a 5-day history of rhinorrhoea, cough and respi-

atory distress. There were no fevers vomiting or diarrhoea
oted. The infant had an audible wheeze with scattered crack-
es in both lung fields, right otitis media and pharyngitis. The
hest X-ray showed bilateral patchy changes, worse in the

Age Other micro-organisms

10 months –b

5 months –
10 months –
27 days –
7 months –

2 years 6 months –

3 years 7 months –
4 years 7 months –

3 years 7 months HBoV, NL63

9 months –
1 year 4 months HBoV
11 months HMPV

29 years 9 months 229E

67 years 11 months –

11 months NL63
2 years 8 months –
1 month NL63
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Fig. 2. Nucleotide-based maximum likelihood phylogenies of the complete
HRV structural genes 1A, 1B, and 1D (Genbank #EF512632–EF512682).
The trees depict relationships among HRV-QPM strains, HRV species B
serotype 14, and HRV species A serotypes 89, 39, 16, 1B, and 2 (accession
numbers NC 001490, NC 001617, AY751783, L24917, D00239, X02316).
The trees are rooted with human echovirus 1 (E1), a distantly related cluster
0 P. McErlean et al. / Journal o

ight mid zone, consistent with a non-specific viral lower
espiratory infection (LRTI). The infant responded to nebu-
ised ventolin and oral prednisolone and was discharged after
48 h admission.

Clinical details from the other HRV-QPM positive
ases demonstrated the following presenting symptoms
nd signs: rhinorrhoea, fever, cough and wheeze, with
iagnoses including asthma and bronchiolitis, consistent
ith ARTI. Eight (47.1%) of 17 positive patients presented
ith indications of LRTI, most commonly presenting as
ronchiolitis (5/8), wheezing (2/8) and one case suspected
f pertussis (PCR negative) each in the absence of another
icro-organism (Table 1). The only two adult cases had

nderlying conditions.

.3. In silico characterisation of the HRV-QPM genome

Analysis of the deduced nucleotide sequence suggested
RV-QPM was a putative new member of the genus Rhi-
ovirus. The polyprotein coding sequence spanned 6429 nt;
horter than all other reported HRVs and HEVs (Lukashev et
l., 2005; Oberste et al., 2004; GenBank #EF186077). Pre-
icted protease cleavage sites, similar to other picornaviruses,
ere also identified with the unconfirmed division of the
olyprotein into typical picornavirus structural (VP1–4)
nd non-structural proteins (2A–C and 3A–D; NetPicoRNA
orld Wide Web server, Blom et al., 1996; Skern et al., 1985;

tanway et al., 1984). A highly conserved translation initia-
ion site (MGAQVS) shared with other HRVs and HEVs was
lso identified.

A striking feature of the HRV-QPM genome was its devia-
ion from all other sequenced members of the HRV-A species.

embers of HRV-A1 (represented by the complete cod-
ng sequences of serotypes 1B, 2, 16, 39 and 89) shared
1.6–85.5% predicted amino acid identity while HRV-QPM,
he sole HRV-A2 coding sequence to date, shared 50.8–51.9%
dentity with HRV-A1 and 46.8% with HRV-B (serotype 14).
iven the extensive recombination observed in other picor-
aviruses (Lukashev et al., 2005; Simmonds and Welch,
006), we next investigated the possible role of recom-
ination in the emergence of HRV-QPM. Phylogenies of
ultiple, distinct HRV polyprotein regions gave no indica-

ion of recombination involving HRV-QPM (data not shown),
imilar to recent findings (Simmonds and Welch, 2006). The
aucity of full-genome HRV sequences, however, is a limi-
ation in these analyses.

A number of further investigations were undertaken to
onfirm that HRV-QPM was neither a strain of an exist-
ng HRV serotype nor an artefact of PCR amplification or
equencing. The complete 1A, 1B and 1D regions (putatively
ncoding cleavage products VP4, VP2 and VP1) of all 17
RV-QPM strains (001–017) were sequenced and compared
o representative HRVs and HEVs (Fig. 2). Strains exhib-
ted >96% nucleotide identity. These analyses confirmed that
RV-QPM exists as a novel genetic sub-lineage within the
RV-A species.

B HEV, and branch lengths are drawn to scale. The two HRV species are
indicated.
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Fig. 3. Unrooted neighbour-joining trees of the complete VP1 amino acid sequences from representatives of (A), all four HEV clusters (includes examples
from each HRV species; PV: poliovirus; CAV: coxsackievirus A; CBV: coxsackievirus B; EV: enterovirus; E: echovirus; Oberste et al., 1999) and (B), known
HRV serotypes (includes examples from each HEV cluster). HRV-QPM is included in both trees.
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Table 2
Predicted VP1 amino acid identity between HRV-QPM and HEV or HRV
serotypes

Mina (%) Max (%)

HRV-QPM vs. HEVs 26.9 36.0
HRV-QPM vs. HRVs 32.4 45.4
HRV vs. HEV 27.6 42.1
HRV vs. HRV 34.0 98.5
HEV vs. HEV 28.2 97.2
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ata were obtained from the full VP1 sequences presented in Fig. 3.
a Minimum to maximum amino acid identity shared between HRV-QPM

nd the established HRV and HEV serotypes.

VP1 is the predominant viral surface protein and the
ommon target both for serotyping and genotyping studies
Oberste et al., 1999) and the development of antiviral agents
Ledford et al., 2004, 2005). Complete VP1 sequences from
ll known HRV and HEV serotypes were available for com-
arison to the prototype strain of HRV-QPM, 001. These
ata further confirmed that HRV-QPM was similar but dis-
inct from other known HEVs and HRVs (Fig. 3a and b and
able 2) most likely representing a novel serotype within the
RV-A species. Importantly, the putative HRV-QPM VP1 is
–22 amino acids shorter than that of any other HRV serotype

ecause of several deletions. Additional in silico studies pre-
icted that infection by HRV-QPM is not likely to respond
o treatment with the capsid binding antiviral, Pleconaril. To
ate all other members of the HRV-A species have proven

w
(

E

ig. 4. Alignment of predicted VP1 amino acid sequences HRV-QPM and HRV
umbering based on the HRV-QPM sequence (EF186077). The 25 residues of the pl

isted below each arrow, Ledford et al., 2005). Two regions, indicated by overhead lin
P1 sequences on GenBank (representative data shown here). Two residues predi

trains (e.g. in HRV-5 and 14) are indicated by stars. Residues identical to HRV-QP
al Virology 39 (2007) 67–75

usceptible to this antiviral compound. Two amino acids
eportedly conserved among all HRV-B viruses (Ledford
t al., 2004), were altered in the HRV-QPM VP1 sequence
Fig. 4). Using the amino acid numbering system from our
tudy, the HRV-QPM-specific changes were Tyr152 to Phe and
hydrophilic Thr in place of a hydrophobic Val191 or Leu191.
hanges at position 152 and 191 are implicated in complete

esistance to the antiviral among naturally occurring HRV-B
pecies (Ledford et al., 2005).

.4. Similarity to other uncharacterised HRV sequences

A review of sequences located on GenBank and in the lit-
rature reveals that variants and incompletely characterised
RVs have been noted over many years. Most PCR-based
RV studies have targeted the 5′-UTR region for nucleotide

equencing of these variants but this region’s use as a discrim-
nator of serotype is hindered by the paucity of complete UTR
equences available both from known serotypes and HRV
ariants. The sequences encoding VP4/VP2 and VP1 have
roven more reliable for genotyping and are comparable to
erotyping (Laine et al., 2005; Ledford et al., 2004). A recent
tudy found sequences in Belgium (sampled in 1998–1999)

hich appear to be related to HRV-QPM in the VP4 region

Loens et al., 2006).
In collaboration with other investigators in Western

urope, we searched small numbers of specimens for HRV-

-A (HRV-1A, 16, 82 and 98) and HRV-B (HRV-5, 14,2 and 42) species.
econaril binding pocket are arrowed (majority HRV-B amino acid sequence
es, appeared to be absent in HRV-QPM when compared with all other HRV

cted by Ledford to convey complete antiviral resistance to natural HRV-B
M are indicated by dots. The absence of a residue is indicated by a dash.
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Fig. 5. Relationships among HRV-A2 strains, as depicted by a maximum likelihood phylogeny of VP4/VP2 nucleotide sequences. Sequences described here
(QPID strains and HRV-QPM prototype are compared to similar strains detected in the state of New York (as reported by Lamson et al., 2006) and HRV-A1
and B serotypes virus. HRV-87 is included as an outgroup. Accession numbers: HRV-2, AB079139; HRV-14, K02121; HRV-16, L24917; HRV-23, AF343597;
HRV-25, AF343617; HRV-62, AF343618; HRV-86, AF343648; HRV-92, AY040238; HRV-87/HEV-68, AY040243; NY-074, DQ875932; NY-028, DQ875931;
NY-003, DQ875929; NY-060, DQ875928; NY-042, DQ875926; NY-1085, DQ875925; NY-063, DQ875924; NY-041, DQ875921; HRV-QPM, EF186077.
Previously identified but uncharacterised strains of the HRV-A2 sublineage (*; Arden et al., 2006) are indicated.
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PM and were able to identify the virus in one country, with a
imilar prevalence, during its peak 2006 respiratory virus sea-
on (data not shown). We were unable to find HRV-QPM in
he Netherlands (specimens from 2002/2003 and 2004/2005)
n New South Wales, Australia (2006) or in New Zealand
2001). However, a very similar virus was circulating in New
ork during 2004 (Fig. 5). Together, these results suggest

hat HRV-QPM is not a geographically isolated HRV but one
irculating globally.

. Discussion

In this study, we have described the detection and distin-
uishing features of a newly identified HRV together with
summary of its clinical impact on a predominantly pae-

iatric population. HRV-QPM was identified by intensively
nvestigating 1 of more than 30 picornavirus-like sequences
btained during a previous study. In the present study we
ested a well characterised set of respiratory specimens,

ainly from children, and showed the virus to be present in
.4% of them, with monthly detection frequencies as high as
.0% in August and 4.2% in February. HRV-QPM was asso-
iated with a variety of clinical syndromes involving mild to
evere illness, including a strong linkage with bronchiolitis
n the absence of other detectable pathogens. Our findings
dd to recent data about the largely unrecognised diversity
f HRV and their importance in clinical illness, in particular,
RTI.

We found that approximately half of all HRV-QPM detec-
ions were from patients with LRT symptoms in whom
RV-QPM was the sole micro-organism detected, suggesting

hat this HRV at least is associated with more serious illness.
etailed prospective clinical studies will be required to com-
are the prevalence of HRV-QPM in other ill populations and
n suitably matched control groups without symptoms.

Detections of HRV-QPM in Europe and a closely related
irus in New York suggest that HRV-QPM is not a geograph-
cally isolated HRV but a global respiratory pathogen. A
mall, preliminary study of local specimen extracts collected
uring other years did not find any additional HRV-QPM
trains. This is the first molecular epidemiology study to
ddress the annual prevalence of an individual HRV and
hese findings may be suggestive of the nature of all HRV
erotypes. Immunity resulting from infection may protect

particular community from a certain serotype until a
uitably large naı̈ve community, either due to increasing num-
ers of non-immune infants and young children or adults
ith waning immunity, is available to again facilitate that

erotype’s unfettered infection and transmission. This period
ay encompass several years. It will be important to carry out

uture ‘HRV-hunting’ studies over many respiratory seasons

o maximise the number of new viruses detected, over-
ome the restricting effects of herd immunity and better
dentify the length of time between cycles of infection for
ach HRV.

B

C

al Virology 39 (2007) 67–75

Since their discovery in the 1950s, infection by HRVs
as been synonymous with the ‘common cold’ and, despite
eports of association with more serious clinical outcomes
Gern and Busse, 1999; Hayden, 2004; Kaiser et al., 2006),
hese viruses are still considered to be of minor clinical signif-
cance by many. Consequently, the genus Rhinovirus has been
oorly characterised by modern standards; only six unique
enomes from over 100 HRV serotypes currently reside on
enBank. The paucity of sequence data undoubtedly par-

llels our understanding of individual serotypes. In a time
hen molecular diagnostics are considered the gold stan-
ard, a lack of sequence reduces our detection capabilities
nd therefore limits our understanding of the seasonal dis-
ribution and recurrence of each serotype. In turn, this has
erpetuated the concept that the genus is a collection of “just
hinoviruses” rather than a large number of individual viruses
ach worthy of detailed characterisation.

Detailed studies of HRV-QPM and related HRV-A2s may
ow determine if this novel group represents a recently
merged global subset of HRVs that are more frequently
ssociated with clinically severe respiratory outcomes or a
reviously unidentified viral group that has been circulat-
ng for many years. These and future findings will hopefully
nvigorate research into the genomics and epidemiology
f these long ignored and clinically important respiratory
iruses.
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