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Abstract
A newly discovered group of human rhinoviruses (HRVs) has been classified as the HRV-C
species based on distinct genomic features. HRV-Cs circulate worldwide, and are important
causes of upper and lower respiratory illnesses. Methods to culture and produce these viruses have
recently been developed, and should enable identification of unique features of HRV-C replication
and biology.
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1. Introduction
Human rhinoviruses (HRVs) are positive-strand RNA viruses of the genus Enterovirus in
the family Picornaviridae sharing a common genome organization and virion properties. The
first HRV was discovered in 1953 and, by 1987, HRVs were classified into 100 distinct
“classical” serotypes based on their antigenic crossreactivity in neutralization tests [1].
These multiple serotypes have also been grouped on the basis of cellular receptor specificity
(major, utilizing intercellular adhesion molecule 1 (ICAM-1) and minor, low density
lipoprotein receptor (LDLR) groups) and sensitivity to antiviral capsid-binding compounds
(A and B groups) [2,3]. More recently, both full-length and partial (mainly VP4/VP2 and
VP1 coding regions) genome sequencing of prototype strains and clinical isolates revealed
two major HRV genotypes or clades [4–7]. This phylogenetic classification correlated better
with the antiviral drug sensitivity than with the receptor grouping, and suggested a
fundamental division of HRVs into two species, HRV-A and HRV-B.

The development of highly-sensitive molecular techniques for detecting HRV genome in a
variety of clinical specimens led to discovery of novel rhinoviruses designated HRV-C (aka
HRV-A2 or HRV-X), that were subsequently shown to meet the species sequence
demarcation criteria (less than 70% amino acid identity in the P1, 2C and 3CD regions) in
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the genus Enterovirus. HRV-C isolates do not grow in standard cell culture (e.g. HeLa or
embryonic lung fibroblasts), and this distinguishing feature most likely has postponed their
discovery until recently [8–12] using moleculat diagnostics that do not require virus
isolation or passaging. Sequencing of the complete reference set of HRV-A and HRV-B at
the full-genome level and comparative analysis with available (at the time) complete
genomes of seven HRV-Cs confirmed clustering of all strains into three phylogenetically
distinct groups [13]. This phylogeny together with the presence of species-specific sequence
and structural elements [11,14,15] resulted in recent revision of HRV taxonomic
classification by the International Committee on Taxonomy of Viruses to include the third
HRV species C [16].

The 99 acknowledged types of HRV-A and HRV-B are quite well studied, and cause more
than half of the upper respiratory infections known as the common cold. It is well known
that HRV-induced colds are responsible for millions of work hours lost by sniffling patients,
but overall the public perception is that HRV infections are generally benign, and, therefore,
the more severe consequences of HRV infections are often overlooked. HRVs are detected
very frequently, either singly or in combination with other viruses, in patients hospitalized
with wheezing or pneumonia [17,18]. One or more HRV are also typically found in the
majority of young children and adults with acute symptoms of asthma (reviewed by
[19,20]), and HRV infections of all types are additional significant contributors to morbidity
associated with exacerbations of other chronic lung diseases such as cystic fibrosis and
chronic obstructive pulmonary disease [21,22].

From the dozens of new HRV-C strains described in recent years, it is now recognized that
these particular viruses, as well as additional pathogenic varieties of the HRV-A and HRV-B
are very widespread and continuously co-circulating on all continents throughout the world
[23]. In patients, these virus infections are associated with flu-like symptoms [9], acute low
respiratory tract infections, bronchiolitis and pneumonia, especially in children
[14,17,18,24–29], and wheezing and asthma exacerbations [30,31]. There is evidence that
HRV-C may be more virulent, as HRV-C infections appear to be overrepresented in some
studies of children with pneumonia, or acute wheezing and exacerbations of asthma [28,32–
34]. Additional population-based studies are required to make definitive conclusions about
relative HRV prevalence and virulence.

The molecular typing assays, sequence variability, genomic features and clinical impact of
the newly identified HRVs have been recently reviewed in great detail by Arden & Mackay
[35] posing, however, a number of important questions on HRV-C biology, evolution and
pathogenesis. In the current review, we address some of these questions and discuss current
strategies of molecular genotyping, genetic diversity and recombination, recent classification
of HRV-C species, as well as first organ culture and reverse genetics system, and our
attempts to identify cellular receptor utilized by these viruses.

2. Current strategies for molecular detection and genotyping of HRV-C
Although the first PCR assay for detection of HRV in clinical samples was reported in 1989
[36], PCR-based HRV screening has been more widely used since the discovery of HRV-C
known to be refractory to cell culture isolation. Universal diagnostic primers which anneal
to highly-conserved motifs in 5’ untranslated region (5’-UTR) provide the most sensitive
assay (10–50 molecules per sample) for detection of both prototype strains [36–38] and
novel HRV variants in both convential and real-time PCR formats [12,39–41]. Direct
sequencing of the relatively short (270 – 390 base pairs (bp)) 5’-UTR amplicons is usually
informative enough for strain typing [12,41]; however, species assignment (A, B or C) is
sometimes more difficult due to putative recombination events between HRV-A and HRV-C

Bochkov and Gern Page 2

Microbes Infect. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



strains in this region resulting in incongruent clustering when compared to that from coding
sequence analysis. As it has been noticed previously [35], some HRV-A sequences (e.g.
HRV-A51, 65, 71, 12, 45 and 78 types) co-localize with a subset of HRV-C sequences
which were consequently designated “HRV-Ca” clade due to their 5’-UTR sequences that
resemble those of HRV-A [32].

Besides, both we and others [35,42] sometimes (in about 5% of nasal speciemens tested in
our lab) observe non-specific amplification of human genomic DNA (chromosome 6 region
11,152,642– 11,153,065, accession number NT007592) or RNA (large regulator RNA B2,
accession number GQ497714) sequences when using 5’-UTR diagnostic primers [12].
Although the non-specific PCR product size is similar to that of HRV-specific amplicon
(424 bp vs 390 bp, respectively), DNA sequencing can discriminate false-positive results.

In contrast to 5’-UTR, 1A/1B (VP4/VP2) or 1D (VP1) gene phylogenetic analyses helps to
achieve unequivocal HRV species classification [5,7,43]; however, these regions are more
variable compared with 5’-UTR that impedes design of universal diagnostic primers. As for
genetic typing, a significant proportion of HRV-A and HRV-B prototype sequences still
have relatively high pairwise nucleotide identity (from more than 90% to 98% in 1A/1B and
1D) thus complicating the definition of objective thresholds for intra- and intertypic
sequence variation. One possible reason for the high levels of identity among distinct
serotypes might include incorrect historical serotyping of prototype strains. In addition,
mutations in the capsid region could lead to key amino acid changes in neutralization
epitopes [44] that could not only affect antigenic properties of genetically closely related
strains, but also be associated with increased severity of illness [45].

A preliminary comparison of the relative sensitivity of 10 published HRV-specific PCR
primer pairs conducted by testing two panels of genotyped clinical specimens (including all
three HRV species) from children with colds, influenza-like illnesses or asthma
exacerbations demonstrated that none of the pairs could detect all tested HRVs [42]. Faux et
al. did not observe any apparent species-specific bias, but found that specimens with a lower
RNA concentration, as determined by real-time PCR assay, were less likely to be detected or
typed by using other primer pairs, highlighting the potential problem of inefficient HRV
detection in some epidemiological studies.

The combination of molecular diagnostic assays targeting both conserved 5’-UTR
(including multiplexed formats such as MassTag PCR [9] or Respiratory MultiCode-PLx
Assay [46]) and capsid coding regions allows for rapid, sensitive and comprehensive
detection and improved species assignment and strain typing results, and also minimize the
risk of missing highly divergent HRV variants. A number of recently published
epidemiological studies describing different clinical and phylogenetic aspects of newly
identified HRV-C have successfully utilized this approach [31,47–49].

While direct sequencing of PCR products is very fast, simple and cost-efficient way of HRV
typing widely used in large epidemiological studies, molecular typing is more challenging
when more than one HRV isolate is present in one specimen [32]. Accurate genotyping
could be especially important for studying the correlation between clinical outcomes and
certain HRV types or species. Based on our experience with 5’-UTR-based diagnostic assay,
direct sequencing approach usually allows for typing of more than 90% of HRV-positive
samples even in large studies (including more than 1000 specimens), therefore cloning step
is required to type less than 10% of dual-HRV-containing samples. We were able to
successfully distinguish and type HRV in nasal samples co-infected with different strains of
the HRV-A, HRV-B and HRV-C in all possible combinations (Bochkov & Gern,
unpublished data).
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3. Molecular epidemiology and clinical outcomes associated with HRV-C
HRV-A and HRV-B species appear to differ in terms of prevalence, detection rates and
number of known types. HRV-C more closely resembles HRV-A than HRV-B in having
high prevalence (at least in children – data in adults is relatively scarce) and high genetic
diversity currently comprising more than 60 distinct types. As is the case with other
respiratory viruses, the range of clinical outcomes associated with HRV-C varies from mild
or even asymptomatic infections to acute lower respiratory tract illnesses including
pneumonia, recurrent wheezing and bronchitis. Several first reports suggested that HRV-C
tend to induce more severe illnesses in young children than the other two HRV species
[11,25,30,31,50]. Cross-sectional studies suggest that HRV-A and HRV-C are the
predominant species associated with acute respiratory illnesses in hospitalized children and
adults [33,34,51–53], Accordingly, a recent case-control study found that both HRV-A and
HRV-C detection rates were significantly higher in young children hospitalized for acute
respiratory illnesses (n = 1867) compared with asymptomatic controls (n = 784), while
HRV-B viruses were seldom detected in either group [49]. HRV-Cs may be less frequently
found than HRV-A and HRV-B in non-hospitalized adults with influenza-like illnesses
[48,54].

A recent phylogenetic analysis of 144 HRV-positive samples from lung transplant recipients
and hospital patients (both children and adults) with upper and lower respiratory tract
infections showed no apparent correlation between a given viral genotype or species and
their ability to invade the lower respiratory tract or lead to protracted infection [55].
Notably, protracted infections were found in immunocompromised patients, thus suggesting
that host factors rather than the virus genotype could modulate disease outcome. The
proportion of HRV-C positive samples in this study was significantly higher in pediatric
hospital patients than in adult hospital patients with low or upper respiratory tract infections.

HRV-C appears to show seasonal patterns of infection similarly to the other HRV species
demonstrating high incidence peaks in early fall and late spring in most temperate or
subtropical countries, and during the rainy season in the tropics [10,11,17,24,54]; however,
some species-specific monthly distribution was also observed [34,48,53,56].

Either nasal secretions, bronchoalveolar lavage or nasopharyngeal swabs are typically tested
for HRV in different clinical studies. Recently, HRV-C was detected in stool, pericardial
fluid, and plasma samples of a 14-month-old child hospitalized with pneumonia and acute
pericarditis using real-time PCR suggesting that systemic infection of HRV-C could occur in
patients with severe illness [25]. Another case of severe pneumonia was reported in a 3-
week old neonate where HRV-C was identified in nasal secretions and bronchoalveolar
lavage, as well as in stool and urine samples in the absense of any other viral or bacterial
agents [57]. More intriguingly, when serum samples from hospitalized children with severe
respiratory illnesses were also tested to determine whether specific HRV species were
associated with viremia, more than 12% of them were positive for HRV-A (3%, 4/135) or
HRV-C (31%, 26/83) but not for HRV-B (0%, 0/25) suggesting that HRV-C may have a
different pathogenicity and can more commonly cause viremia than HRV-A and HRV-B
[47]. Population-based longitudinal studies are needed to provide definitive answers about
species-specific patterns of virulence and species contribution in disease causality.

4. Distinct genomic features and novel genotypic classification of HRV-C
HRV-C shares all basic features of its genomic organization with HRV-A and HRV-B.
These features include an RNA genome length of about 7.1 kb containing single open
reading frame, 5’-UTR cloverleaf RNA structure necessary for virus replication, type I
internal ribosomal entry site (IRES) containing five conserved secondary structure domains
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(stems) responsible for the cap-independent translation mechanism, and a stem-loop
structure in 3’-UTR preceeding poly (A) tract. However, the RNA and deduced polyprotein
sequences of HRV-Cs also possess some distinct characteristics supporting its classification
as the third HRV species, for example, a putative internal cis-acting replication element (cre)
located within 1B (VP2), a unique Met67/Ser68 cleavage site at the VP4/VP2 junction, large
species-specific insertions and deletions in the VP1 and some other regions, and an
isoleucine at the termination of the 3D polymerase [11,14,58] (Fig. 1).

Due to the lack of accessible methods for in vitro culture to study cross-neutralization
properties, a genetically-based system was proposed for the classification of HRV-C species
[59]. Sequence analysis of a large number of HRV-C variants showed clustering of genetic
groups into well-defined clades similarly to clustering of HRV-A and HRV-B serotypes,
with two well-separated distributions (inter- and intratype) of pairwise distances in structural
genes suggesting that genetic types can be defined and demarcated for classification
purposes [60]. Since the majority of HRV-C isolates are not yet fully sequenced, this
classification is based on sequence identity criteria in two capsid-coding regions (1D and
partial 1A/1B); however, the most of the HRV-C published sequence data have been
collected for only 5’-UTR and 1A/1B.

HRV-Cs were classified to 33 types using a threshold of 13% nucleotide divergence in 1D
gene, and, additionally, to 28 provisionally assigned types with >10% divergence in 1A/1B
(1D sequences are lacking). Therefore, HRV-C variants identified and sequenced by 2010
were assigned into a total of 61 genotypes. This classification has been recently updated by
adding additional 1D sequences to the database to include now 49 types
(http://www.picornastudygroup.com/types/enterovirus/hrv-c.htm); whereas, 14 provisionally
assigned types are still awaiting the 1D or complete genome sequences. (Fig. 2). Either
complete genome or complete ORF sequences are currently (November 29, 2011) available
for 19 HRV-C types (C1 – 12, 15, 22, 25, 36, 40, 49 and pat15). Indeed, full-genome
sequencing of the representatives of each remaining HRV-C type is neccessary for precise
strain classification and complete understanding of the virus evolution.

5. Genetic diversity and recombination in evolution of HRV-C
HRV is a very genetically diverse group compared to other RNA viruses, and the HRV
discovery phase is still ongoing rather than complete; however, the newly identified HRV-
Cs are not emerging strains, but have most likely been circulating for a long time without
detection [23,35]. On the other hand, HRVs often reveal high level of conservation in
different genomic regions both among variants of the same strain (e.g. HRV-QPM) detected
over relatively short time period [10] and among temporally distant strains of classical
HRV-A and HRV-B serotypes which were first detected in 1960–1970s [8,12,35]. Amino
acid differences in the structural genes are usually concentrated within predicted
neutralization epitopes [45]. In agreement with this, the HRV genome as a whole was
proposed to be under purifying selective pressure, with only islands of diversifying pressure
in structural genes (1B, 1C and 1D) mapped to the external surface of the virion, and,
therefore, potentially interacting with the host immune system, and also in two non-
structural genes (3C and 3D) [61]. Analysis of the HRV-A39 genome evolution in
experimentally infected human volunteers also confirmed the presence of those mutation hot
and cold spots [62]. Overall, HRV-C isolates revealed significantly higher genetic diversity
than HRV-A and HRV-B serotypes.

Although underestimated initially as a driving force of HRV evolution [61], recombination
has been predicted to occur between certain reference types [13] and circulating clinical
strains [40] of HRV-A and HRV-B contributing to wide genetic diversity of these species.
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Phylogenetic analysis of the partial 5’-UTR and 1A/1B gene sequences revealed incongruent
clustering of the 34 Chinese HRV-C strains [32]. They all were initially classified into
HRV-C species according to 1A/1B phylogenies showing more than 47% nucleotide
difference from HRV-A and HRV-B. However, the majority of them (n = 20) were closely
related to some HRV-A strains (HRV-Ca clade) in the phylogenetic tree based on 5’-UTR
suggesting interspecies recombination, while the fourteen other strains from this study
formed a unique cluster (HRV-Cc) different from the rest of the HRVs and other human
enterovirus (HEV) species. Bootscanning and similarity plot analyses in the gene fragment
that included partial 5’-UTR and adjacent capsid genes (868 nt) of representative strains of
HRV-Ca cluster revealed variable recombination sites all located inside the 5’-UTR rather
than in downstream coding sequence for the first time suggesting putative recombination
events involving HRV-C [32].

Through sequence comparisons of the 5’-UTR, a total of 175 positive samples identified as
HRV-C by 1A/1B screening were classified into 2 groups, HRV-Ca (n = 96) and HRV-Cc
(n = 79). The multiple phylogenetic subclades of HRV-Ca in both 5’-UTR and 1A/1B-based
phylogenetic trees were consistent with a series of putative interspecies recombination
events in their evolutionary history. In agreement with the previous study, there were no
significant differences in clinical outcomes or epidemiology between HRV-Ca and HRV-Cc
isolates [50].

Scanning of our complete genome set of HRV-A, HRV-B and HRV-C sequences augmented
with the N10 strain (accession number GQ223228), the only available full-length sequence
representing HRV-Cc 5’-UTR cluster, also confirmed potential interspecies recombination
events in HRV-C evolution (Fig. 3). Additional full-genome HRV-C sequences are
necessary for more accurate and reliable recombination analysis.

More recent analysis of genetic diversity in 89 HRV-C-positive clinical specimens also
revealed dual-branch clustering in 5’-UTR (HRV-Ca and HRV-Cc clades) and almost
identical tree topologies showing one clearly defined HRV-C branch in different coding
regions (e.g. partial 1A/1B, 1D and 3D), suggesting recombination with HRV-A sequences
in the 5’-UTR – VP4 junction in more than 60% of analyzed variants [60]. Recombination
hot spots were mapped in stem-loop 5 and polypyrimidine tract between stem-loops 5 and 6
of HRV-Ca 5’-UTR, and the corresponding clades were interspersed within the 1A/1B gene
tree, indicating several independent recombination events. In addition to the 5’-UTR, the
second site of interspecies (A-C) recombination was predicted in the C-terminal domain of
2A protease gene (~ 260 bases) of all HRV-C strains genetically characterized in this region.
HRV-C sequences grouped within the HRV-A cluster in a manner similar to that found in
the 5’-UTR except N10, which formed distinct HRV-Cc 5’-UTR clade, was embedded
within HRV-A clade.

In order to test the interspecies recombination potential in the 5’-UTR among different
Enterovirus species, replication and translation efficiences of in vitro generated chimeric
genomes containing complete 5’-UTRs from HRV-Ca, HRV-Cc, HRV-B and HEV-A
species and the remaining part of the genome from HRV-A16 strain were compared [63].
The results confirmed functional compatibility of all selected 5’-UTRs in the context of
HRV-A16 genome resulting in productive translation and replication; however, the wild-
type HRV-A16 still retained a replication advantage. Although all of the chimeric viruses
were easily propagated in cell culture, the virus progenies were not able to outcompete the
well-adapted parental strain. These data support phylogenetic predictions of ancient
recombination events among HRV and HEV species.
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Overall, recombination analysis of HRV shows dramatic differences from the other
Picornaviridae species (e.g. HEV, aphtoviruses and cardioviruses) with extensively
documented recombination events in both structural and non-structural regions. It has been
proposed that high sequence divergence throughout the coding region of HRV (e.g. more
than 30% nucleotide differences between HRV-C types in 3D), in contrast to some other
picornaviruses, could decrease the probability of biologically viable recombinants with
breakpoints in the nonstructural genes [60]. Although evidence of some evolutionary ancient
recombination events at the P1/P2 boundary was found among HRV-A sequences [13] no
such evidence has been documented for HRV-C strains yet, probably due to more limited
sequence data and even greater sequence divergence between HRV-C groups restricting
biological compatibility of recombinants [60]. However, high frequency of recombination
was predicted in HRV-C 5’-UTR most likely due to high level of sequence conservation and
the presence of similar secondary structure elements (e.g. stem-loops) between the HRV-A
and HRV-C species permitting biological compatibility. Multiple occurrence of
recombination in HRV-C and the absence of HRV-A with species C 5’-UTR sequences
suggest that species A 5’-UTR could be evolutionary advantageous [50].

6. HRV-C pathogenesis: binding, entry and replication
HRV-A and HRV-B enter the host through inoculation of either the eyes or nose and
replicate primarily in the airway epithelium. They utilize two major types of cellular
receptors to initiate infection, ICAM-1 and LDLR family members including LDLR, very
LDLR and LDLR-related protein. Although some major receptor group HRV variants (e.g.
HRV-54, 89 and 8) could use another receptor (heparan sulfate) for binding in vitro, the
infection is usually less efficient, and these variants preserve their ability to attach to
ICAM-1 [64,65].

Our bioinformatic comparisons of the available HRV-C sequences showed unique amino
acid composition profiles in the putative ICAM-1 and LDLR receptor footprint locales,
inconsistent with all known major and minor group receptor interactions suggesting a unique
receptor use. Failure of the existing cell culture systems to grow HRV-C was also consistent
with the novel receptor specificity, but could also indicate some other undefined receptor-
independent limitation, prohibiting HRV-C replication inside cultured cells. After
development of a reverse genetics system for HRV-C, we demonstrated that the full-length
viral RNA transcripts synthesized in vitro were infectious when transfected into cell lines
resistant to HRV-C infection [66].

HRV-A and HRV-B replication is greatest in the upper airway in most individuals, and
high-level replication can also occur in the large and medium-sized airways. In addition to
infecting the nasopharynx, conjunctiva and lower airways, classical HRVs have also been
recovered in specimens obtained from the middle ear and sinuses [67–69]. After multiple
attempts to grow HRV-C isolates from nasal samples in different cell cultures without
success, we employed human organ culture of sinus mucosa to propagate in vitro HRV-C15
clinical isolate. HRV-C replication in sinus tissue was limited to the epithelium, and in situ
hybridization signals were associated with both non-ciliated and ciliated cells [66].

It has been shown earlier that classical HRVs can replicate in both ciliated cells of nasal
polyps and in nonciliated epithelial cells in adenoid fragments infected in vitro [70], as well
as in both ciliated and non-ciliated cells in the nasopharyngeal biopsies after experimental
HRV infection in humans [71]. The overall frequency of infection was shown to be low,
little higher in ciliated then in nonciliated cells. We were not able to confirm HRV-C growth
in cultured epithelium from adenoids or nasal polyps. In sinus mucosal organ culture, we
observed larger numbers of HRV-C positive epithelial cells than were reported in previous
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in vitro studies of classical HRVs [70,71], but similar to that detected in sinus biopsy
specimens obtained from patients with acute sinusitis [72], and in nasal epithelium biopsies
from patients with common colds [73]. Availability of HRV-C-specific antibodies for
immunohistochemistry studies might help to confirm specific type of cell in sinus mucosa
that supports virus replication.

Thus, HRV-C binds to an unknown receptor(s) that is expressed on epithelial cells in
differentiated tissues, but is either absent or underexpressed in many cell lines tested so far,
and is clearly distinct from receptors utilized by other HRV species. Notably, replication of
HRV-C in sinus organ culture was not affected by antibodies that block attachment of major
and minor group HRVs to their receptors (ICAM-1 and LDLR) [66]. It is also possible that
expression of HRV-C-specific receptor(s) on epithelial cells may depend on factors found in
vivo such as microbial products or interactions with other types of cells also present in
human airways. Interestingly, both intestinal microflora and its certain components (e.g.
lipopolysaccharide and peptidoglycans) have been shown to interact with poliovirus and
promote its replication and transmission in mice [74].

Although differentiated epithelial cells grown at air-liquid interface are more resistant to
HRV-A infection compared to undifferentiated monolayers [75], interleukin-13 -induced
goblet cell metaplasia lead to greater HRV yield in vitro, suggesting that virus replication is
increased in goblet cells [76]. In addition, mechanical damage to well-differentiated cells
significantly enhances HRV-A replication in vitro [77]. We tried to utilize these interesting
findings to culture HRV-C15 isolate; however, neither interleukin-13 treatment nor
mechanical damage helped to make differentiated bronchial epithelial cells (from two
donors) susceptible to infection [66]. Additional cultures from larger number of donors and
from different airway locales, as well as other treatment options might help to adapt HRV-C
to grow in these cultures.

7. Conclusions
The development of highly-sensitive molecular techniques for detecting HRV genome in a
variety of clinical specimens has recently resulted in discovery of the novel rhinovirus
genotype circulating worldwide, that was further classified as the third HRV species C
within the genus Enterovirus. The range of clinical outcomes associated with HRV-C varies
from mild or even asymptomatic infections to acute lower respiratory tract illnesses
including pneumonia, recurrent wheezing, bronchitis and even more rarely reported cases of
systemic infection. The combination of available molecular diagnostic assays targeting both
highly conserved motifs in 5’-UTR and more variable capsid-coding regions is necessary for
sensitive and comprehensive HRV detection, improved species assignment and strain
genotyping results. HRV-C along with HRV-A are typically more prevalent species in most
of the epidemiological studies compared to HRV-B which are rarely detected. Current
genetically-based classification assigns known HRV-Cs in 63 types using sequence diversity
thresholds in 1D and 1A/1B regions; however, the HRV-C discovery phase is not complete
yet. A series of both ancient and probably more recent putative interspecies recombination
events in 5’-UTR and 2A regions contributed to evolution of a large number of HRV-C
strains. HRV-C does not grow in standard cell lines (e.g. HeLa or embryonic lung
fibroblasts) or primary airway epithelial cell cultures that readily support infection with
HRV-A and HRV-B, but it efficiently replicates in fully-differentiated sinus epithelium
cultured in vitro. Unique amino acid composition profiles in the known HRV receptor
footprint locales and infectivity of the in vitro synthesized HRV-C RNA transcripts,
transfected into cell lines resistant to HRV-C infection, suggest a novel HRV-C receptor
binding specificity.
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Fig. 1.
HRV-C genome organization and distinct features. (A) Schematic representation of the
HRV-C genome encoding single polyprotein open reading frame, flanked by 5’- and 3’-
UTRs. Indicated nucleotide positions correspond to HRV-C15 complete genome sequence
(GenBank accession number GU219984). HRV-C-specific genomic features are shown in
green. (B) Structural motifs predicted from HRV-C15 genomic RNA and their genomic
locations.
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Fig. 2.
Neighbor-joining phylogenetic tree based on partial 1A/1B (VP4/VP2) nucleotide sequences
(positions 608–1002 of HRV-C15 complete genome, accession number GU219984) of all
sequenced types of HRV-C species, and representatives of major branches of HRV-A and
HRV-B species, constructed using MEGA 4.1 software [78]. All major nodes are labeled
with bootstrap values (1000 replicates, with its value more than 70%). Branch lengths are
proportional to nucleotide similarity (p-distance). Human enteroviruses (polio- and
coxsackieviruses) are included as an outgroup. HRV-C types followed by GenBank
accession numbers correspond to the recent classification proposal [59]. Fully-sequenced
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(genomes or ORFs) and provisionally assigned (pat) HRV-C types are shown by filled and
open diamonds, respectively.
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Fig. 3.
Putative interspecies recombination in HRV-C 5’-UTR. Similarity plot (A) and
bootscanning (B) analyses of the HRV-C7 strain NY-074 (GenBank accession number
DQ875932) implemented by the RDP and Bootscan methods (window size 200, step size
20, 1000 replicates), respectively, in RDP3.31 show the predicted recombination crossover
site in 5’-UTR. Phylogenetic trees constructed from (C) the putative recombinant sequence
(5’-UTR positions 150–594) and (D) the rest of genome reveals incongruent clustering of
recombinant strain. Parental strains are shown by red (HRV-A) and green (HRV-C) colors,
and the recombinant strain is shaded in green.
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