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Abstract 

Still more than 30 percent of respiratory infections remain unexplained, which indicates that 

unknown respiratory pathogens might be involved. In this study, antibody capture VIDISCA-454 (virus 

discovery cDNA-AFLP combined with Roche 454 high-throughput sequencing) as a new approach was 

applied on unexplained lower respiratory tract infections samples, which resulted in the discovery of 

a novel type of human rhinovirus C (HRV-C). This HRV-C type has an RNA genome of 7122 nt and 

carries all characteristics of rhinovirus C species, for instance encoding only a single open reading 

frame (ORF) of 6444 nt. Its viral protein 1 (VP1) gene has 81% sequence identity with the closest 

known HRV-C type, and therefore represents the first member of the novel HRV-C type 54.  
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Introduction 

Viral respiratory infections cause serious health problems in the human population. Many cause 

respiratory infection, yet still more than 30 percent of respiratory infections remain unexplained [1–

3], suggesting that unrecognized pathogens, including viruses, remain to be discovered. Many of 

these unknown viruses are probably difficult to culture as otherwise they would have been identified 

already. For that reason, culture independent and sequence independent metagenomic based 

methods are needed to identify novel viral agents. One of these techniques is VIDISCA-454, which is a 

restriction enzyme recognition based amplification technique that was developed in our laboratory. 

This allows amplification of both RNA and DNA viruses regardless of the viral characteristics and its 

genome composition [4–9].  

Discovery of unknown pathogens in respiratory samples is difficult due to the high concentration of 

ribosomal RNA (rRNA). The rRNA acts as competitor in VIDISCA, resulting in the majority 

(approximately 80%) of sequence reads [10]. Furthermore, attributing the presence of a virus in 

patient material to a disease can be a challenge. In particular, many new viruses have been identified 

in human respiratory samples by sensitive deep sequencing techniques, but a clear association with a 

disease requires further detailed investigations to determine the pathogenicity of these viruses (e.g. 

torque teno mini virus and gamma human papillomavirus [11,12]). Another difficulty is to recognize 

new viruses among the massive sequence reads. Identification is dependent on the identity of the 

new virus to already known viruses. Via GenBank searches one can identify closely related viruses, 

but highly divergent viruses may remain unrecognized. 

To overcome these limitations, we recently developed an adaptation to VIDISCA-454 by adding 

antibody capture. The essence of the method is that antibodies elicited by the infection, present in 

serum one month after the respiratory illness, are used to extract the causative viral agent from the 

respiratory material that was collected during the acute phase. The advantage of this approach is 

multi-fold: 1) it decreases the background rRNA 2) it facilitates discovery of viruses that induced an 

immune response, which increases the chance to find a pathogenic virus, and 3) it allows the 

identification of new viruses that have very low identity to known viruses [13]. In this study we 

identified a new type of human rhinovirus C by this novel antibody capture VIDISCA-454 method.  

Rhinoviruses are non-enveloped viruses with a single-stranded positive-sense RNA genome of 

approximately 7,200 nt. The rhinovirus genome contains a single ORF encoding a single polyprotein 

that is cleaved into four structural proteins (VP1, VP2, VP3 and VP4) and seven non-structural 
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proteins (2A, 2B, 2C, 3A, 3B, 3C and 3D) [14]. VP1, VP2, VP3, and VP4 form the capsid that 

encapsidates the RNA genome, while the remaining nonstructural proteins are involved in viral 

genome replication and virion assembly [15]. Rhinoviruses belong to the Picornaviridae family  of the 

Enterovirus genus [16]. There are three species of rhinoviruses; Rhinovirus A, Rhinovirus 

B and Rhinovirus C [16]. HRVs were first discovered in the 1950s and have been linked to the majority 

of upper respiratory tract infections in humans. HRV-C is associated with about half of the HRV 

infections in young children [17]. HRV-Cs are however difficult to culture, with replication reported 

only on commercial 3D human upper airway epithelia [18]. According to the latest classification, 53 

HRV-C have been identified so far [19] and the HRV-C presented here is named HRV-C54 by the 

International Committee on Taxonomy of Viruses (ICTV) Picornaviridae Study Group [19].   

Materials and Methods 

Clinical samples 

The respiratory sample was collected during the GRACE study. A flocked nasopharyngeal swabs 

(Copan) was collected in universal transport medium (UTM). The serum of sample was collected 5 

weeks after acute infection, at that time the patient was 5 weeks symptom free. The patient had 

respiratory symptom including runny nose, sever shortness breath, wheeze and phlegm production. 

The sample was tested for known viruses including influenzavirus A, influenzavirus B, respiratory 

syncytial virus (RSV), HRVs, human parainfluenza viruses 1-4, adenovirus, bocavirus, human 

metapneumovirus (hMPV), polyomaviruses KI and WU, coronaviruses OC43, 229E and NL63 by real 

time PCR and it was negative for all in diagnostics. 

Ethical approval 

The ethics review committee in Barcelona (Spain) Comitè ètic d'investigació clínica Hospital Clínic de 

Barcelona approved the study.  

Antibody capture 

Dilutions of the respiratory sample were centrifuged (10,000 g) and 150 µl of the supernatant was 

mixed with 50 µl Dynabeads protein A and G (1:1, Invitrogen). After 20 minutes incubation, 10 µl of 

autologous serum of the patient was added to the mixture. After a 20 minutes incubation with 

continuous shaking at room temperature, samples were washed six times with PBS using a magnetic 

particle concentrator. Universal transport medium with TURBOTM DNase (2U/µl, Ambion) was added 

to the antibody-antigen complex and samples were incubated at 37°C for 30 minutes. The complexes 
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were lysed with Boom-lysis buffer L6 and the lysate was used as input for Boom extraction [20], to 

isolate the nucleic acids of the captured material.  

VIDISCA and Roche Titanium-454 sequencing 

VIDISCA-454 was performed on the input and on the antibody capture material. The pretreatment of 

the input was performed as previously described [4]. In short, samples were centrifuged for 10 

minutes at 10,000 g and the supernatant was treated with DNase. Subsequently, nucleic acids were 

extracted by the Boom extraction method [20], with rRNA-blocking oligonucleotides added to 

prevent amplification of rRNA. The nucleic acids from the input and captured material were reverse 

transcribed into cDNA with Superscript II (Invitrogen) using non-ribosomal random hexamers [21]. 

Second strand DNA synthesis was performed with 5 U of Klenow fragment (Westburg) and double-

stranded DNA was purified by phenol/chloroform extraction and ethanol precipitation. The double 

stranded DNA was digested with Mse I restriction enzyme (New England Biolabs). Adaptors were 

ligated to the digested fragments and a PCR with adaptor-binding primers was performed (28 cycles). 

After purification of the PCR products (Agencourt AMPure XP PCR, Beckman Coulter), the DNA was 

quantified with the Quant-it dsDNA HS Qubit kit (Invitrogen) and diluted to 107 ng/µl. The Kapa PCR 

(Kapa Biosystems) was performed to determine the quantity of DNA. Subsequently, the Bioanalyser 

(hsDNA chip, Agencourt) was used to determine the average nucleotide length of the libraries and 

the pools were diluted until 106 copies/µl to be used for a titration (DNA:beads ratio of 0.5:1, 1:1, 2:1 

and 4:1) in an emulsion PCR according to the suppliers’ protocol (LIB- A SV emPCR kit). Sequencing 

was done on a GS FLX Titanium PicoTiterPlate (70675) with the GS FLX Titanium XLR 70 Sequencing 

kit (Roche). 

Sequence analysis 

Adaptor sequences and rRNA sequences were trimmed and removed from the reads. Sequences 

were compared with all available sequences in the non-redundant Genbank database [22] via the 

BlastN (http://blast.ncbI.nlm.nih.gov/Blast.cgi) tool [23]. The following settings were used: expect 

threshold: 1000, Match/ Mismatch Scores: 1.-1, Gap Costs: Existence: 2 Extension: 1. The output was 

subsequently used to create a taxonomic classification of the reads with Megan software version 

4.70.4 [24]. The following settings were used: Min Support: 1, Min Score: 80, and Top Percent 100.  
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Full-length genome sequencing 

Full length sequencing of the rhinovirus C was performed via genome walking starting with the 

sequences identified with VIDISCA-454. DNA walking (Seegene) was performed, but also PCRs to 

connect viral sequences. Amplification of the fragments was performed with the following thermal 

cycle profile: 5 min at 95°C, 45 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 2 min, followed 

by a final elongation step of 7 min at 72°C. PCR fragments were visualized via agarose gel 

electrophoreses and ethidium bromide staining. PCR fragments were sequenced with their forward 

and reverse primers, using the BigDye Terminator v1.1 protocol (ABI life science). Sequences were 

analyzed with Codon Code Aligner software (version 3.7.1). The complete genome sequence of the 

new type of HRV-C have been deposited in the GenBank sequence database under accession number 

XXX.  

5′ and 3′ random amplification of cDNA ends (RACE) 

In order to complete the full-genome sequence of new HRV-C with 5′ and 3′ termini, 5′ and 3′ RACE 

was performed. The 5′ end was determined with the 5′ RACE kit (Invitrogen). Gene-specific primers 

for 5′ RACE PCR amplification were designed to flank approximately 300 nt of the 5′ region. The 3′ 

end of the new HRV-C was determined with 3′ RACE, using the Oligo-dT-JZH primer in the reverse 

transcription and PCR amplification with the JZH primer and a gene-specific primer [25]. The PCR 

products were excised after agarose gel electrophoresis and purified with the Nucleospin Extract II kit 

(Machery-Nagel). Purified PCR products were cloned into the pCRII-TOPO TA vector (invitrogen) and 

chemically competent E. Coli  (Top 10 cells, Invitrogen). Transformants were directly analyzed via 

colony PCR with T7 and M13Rev primers. PCR products were diluted 1:10 and sequenced with the 

BigDye Terminator v1.1 protocol (ABI life science). 

Phylogenetic analysis 

Phylogenetic analyses (neighbor-joining method) were conducted using MEGA, version 

6. Phylogenetic analyses are performed based on the VP1 and VP4/VP2 (accession numbers are listed 

in the figures). 

Results 

The GRACE study investigated lower respiratory infections (http://www.grace-lrti.org). All respiratory 

samples collected were tested for known viruses and bacteria to explain the acute infection 

symptoms. Part of the infections remained unexplained as all diagnostic tests remained negative, yet 

http://www.grace-lrti.org/
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several signs indicate that an infection has occurred. Our index case was a patient with respiratory 

symptoms including runny nose, severe shortness of breath, wheeze and phlegm production. 

Since the clinical sample was from the respiratory tract, the antibody capture VIDISCA-454 was 

performed [13] in order to diminish rRNA background and focus only on viruses to which the patient 

has developed an immune response. In total 6569 sequence reads were obtained from the untreated 

material and 11819 reads from the antibody-mediated captured material. As expected the amount of 

rRNA in the capture was low (3% in captured sample compared to 35% in the untreated input). 

A Blast search with strict setting did not reveal any identity to known viruses, indicating that it was 

not an infection with a known virus that was missed in diagnostics. Subsequently Blast N analysis 

with broader setting was performed, which revealed that there are 8 sequences with some identity 

to rhinovirus C in the antibody capture and 3 of such sequences in the input. This enrichment 

indicates that antibodies from the patient have captured the virus, raising the possibility that the 

rhinovirus C was likely the cause of the lower respiratory tract infection.  

The identity of the VIDISCA sequences with known rhinovirus C sequences was on average 73%. Since 

only full genome sequences can reveal whether it truly represents a new HRV type or a recombinant 

virus, the complete genome sequence was determined. The full-length genome is 7122 nt with a 

single large ORF of 6444 nt. The base composition of the RNA genome is rich in A (31.5%) and U (25.2 

%) and relatively poor in G (22.0 %) and C (21.3 %), a property that is similar to other rhinoviruses 

[26]. The genome consists of the large ORF (running from nucleotide position 608 to 7051) and 3’ and 

5’ untranslated regions (UTRs). The ORF encodes a polyprotein of 2148 amino acids (aa), which in 

analogy to other HRVs is probably cleaved by virally encoded proteases (2A and 3C) to yield 11 

proteins. Proteinase cleavage sites on the polyprotein were predicted by the NetPicoRNA program 

[27] and potential cleavage sites are listed in table 1 and table 2. 

 

 Table1. 2A protease cleavage sites prediction  

Position Cleavage Surface Sequence           

  841 0.780 0.511 DSIKTA*GPSDL                                     
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Table2. 3C protease cleavage sites prediction  

 Position Cleavage Surface Sequence 

  983 0.926 0.715 LATTQ*GPIT       
1437 0.917 0.795 YCEKE*GLIH         
1687 0.914 0.590 FVESQ*GEII       

1407 0.893 0.675 NAIFQ*GLGS         
1504 0.867 0.631 RAVVQ*GPQH         
  330 0.830 0.656 SNRTQ*GLPV         

1482 0.821 0.698 LCMTQ*GAYT         
  537 0.594 0.652 VQSGQ*GAIL         
1329 0.582 0.602 LVIRQ*GFKT         
 

Analysis of secondary structure by Mfold program revealed that the 5’ UTR of the new HRV-C is 607 

nt with a potential cloverleaf secondary structure motif (position 1 to 87) followed by a spacer tract 

(88-107) and an internal ribosome entry site (IRES, see below) to allow initiation of translation from 

the ORF. Although the configuration of the cloverleaf secondary structure motif is quite similar 

between species, the spacer tract is highly variable [28]. The motif of the new HRV-C isolate consist 

of 24 nt (88-GCUAUCCCCCCCAACUUAUGUAAU-107).  

The IRES length is 498 nt (109-606) and forms an unbranched stem in the 3’ part of the predicted 

RNA structure. As has been shown for other rhinoviruses, in the new type of HRV-C the last AUG of 

the IRES with the open reading frame AUG create a variably pair, facilitating ribosome entry in a 

specific mechanism known for rhinoviruses [28].  

Alignment of the VP1 encoding region revealed that the new virus shares 81% nucleotide identity 

with its closest relative HRV-C29. Phylogenetic analysis was performed based on the VP1 and 

VP4/VP2 regions using available sequences in the Genbank and the phylogenic trees are shown in 

figure 2 and figure 3. For VP4/VP2, the closest relatives are HRV-C45 and HRV-C29 with 85.0% and 

84.8% identity, respectively.  
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Fig 1. Phylogenetic tree based on nucleotide sequences of the VP1 gene. The neighbor-joining tree 

was evaluated by 1,000 bootstrap pseudoreplicates. The red bar in bold indicates the VP1 gene of 

HRV-C54.  
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Fig 2. Phylogenetic tree based on nucleotide sequence of the VP4/VP2 gene. The neighbor-joining 

tree was evaluated by 1,000 bootstrap pseudo-replicates. The red bar in bold indicates the VP4/VP2 

gene of HRV-C54. 
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Attempt to culture the virus on differentiated airway epithelial cells (HAE) failed (data not shown). As 

the virus was missed in a diagnostics real time PCR for HRV-C, we looked into this in more detail. 

There are two mismatches in one of the primer binding site used for PCR, which probably caused the 

negative result in the HRV diagnostic test. The primers and the probe combined with the sequence of 

HRV-C54 used for screening are shown in figure 3. 

 

 

Fig 3. Alignment of primers and probe that were used in diagnostic PCR with the virus genome.  

 

Discussion  

In this study we describe a new type of HRV-C that was identified in a patient with respiratory 

symptoms, yet remained negative in diagnostics for known viruses. The virus was discovered by a 

virus discovery technique named antibody capture VIDISCA-454. This method is a culture 

independent and sequence independent virus discovery technique applicable to detect both RNA 

and DNA viruses. We have previously shown that the method facilitates virus identification by 

enriching viral material with convalescent autologous patient antibody capture followed by deep 

sequencing [13]. The restriction that the agent has to be recognized by the patients’ antibodies adds 

an important selectivity tool to virus discovery when one wants to focus on pathogenic viruses [13]. 

Here we describe the new HRV-C type by the antibody capture technique, demonstrating that the 

method can be used on clinical samples and that it has good potential to identify novel immunogenic 

and likely pathogenic viruses. The viral sequence reads were enriched by patient autologous serum 

after antibody capture, indicating the existence of an antibody response after acute infection. 

Although the immunogenicity of rhinoviruses is known, in case of a completely new virus for which 

no prior data is available, the antibody capture gives a strong indication about human infectivity and 

immunogenicity. The enrichment factor is a proper indication to exclude non immunogenic viruses or 
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viruses from other sources, including ingredients used in sample preparation or contaminants of the 

sample.   

According to the latest proposal for the classification of rhinoviruses, a threshold of 13% divergence 

for VP1 nucleotide sequences is used for type assignment of HRV-A and HRV-C [16]. For HRV-B the 

threshold is 12% divergence at the nucleotide level of VP1 [16]. Since HRV-C54 virus has 19% 

divergence in the VP1 region, the virus is classified as a new type (54) [19]. 

The full genome sequence of the novel virus was determined. Since HRV-C strains are not easily 

cultivable in vitro, typing of HRV-C is based on molecular phylogeny analysis. So far, nucleotide 

fragments of VP1, VP4/VP2 and the 5’ UTR coding region were used for typing [16]. One of the 

important causes for diversification of Rhinovirus species is genetic recombination [14]. This can 

create additional serotypes, it has for instance been shown that HRV-A46 arose from recombination 

between HRV-A53 and HRV-A80 [26]. To this end we compared HRV-C54 by RDP software with 30 

full-length genome sequences of HRV-Cs available in GenBank, but we could not observe any 

significant evidence of recombination (data not shown).  

In conclusion, our results highlight the strength of the antibody capture method to identify novel 

viruses that have elicited an immune response in the host. 
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