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Broad-spectrum analysis for pathogens in patients with respiratory tract infections is becoming more
relevant as the number of potential infectious agents is still increasing. Here we describe the new multipa-
rameter RespiFinder assay, which is based on the multiplex ligation-dependent probe amplification (MLPA)
technology. This assay detects 15 respiratory viruses in one reaction. The MLPA reaction is preceded by a
preamplification step which ensures the detection of both RNA and DNA viruses with the same specificity and
sensitivity as individual monoplex real-time reverse transcription-PCRs. The RespiFinder assay was validated
with 144 clinical samples, and the results of the assay were compared to those of cell culture and a respiratory
syncytial virus (RSV)-specific immunochromatography assay (ICA). Compared to the cell culture results, the
RespiFinder assay showed specificities and sensitivities of 98.2% and 100%, respectively, for adenovirus; 96.4%
and 100%, respectively, for human metapneumovirus; 98.2% and 100%, respectively, for influenza A virus
(InfA); 99.1% and 100%, respectively, for parainfluenza virus type 1 (PIV-1); 99.1% and 80%, respectively, for
PIV-3; 90.1% and 100%, respectively, for rhinovirus; and 94.6% and 100%, respectively, for RSV. Compared to
the results of the RSV-specific ICA, the RespiFinder assay gave a specificity and a sensitivity of 82.4% and 80%,
respectively. PIV-2, PIV-4, influenza B virus, InfA H5N1, and coronavirus 229E were not detected in the clinical
specimens tested. The use of the RespiFinder assay resulted in an increase in the diagnostic yield compared
to that obtained by cell culture (diagnostic yields, 60% and 35.5%, respectively). In conclusion, the RespiFinder
assay provides a user-friendly and high-throughput tool for the simultaneous detection of 15 respiratory
viruses with excellent overall performance statistics.

Acute respiratory tract infections (RTIs) are the most wide-
spread types of infections in adults and children and are re-
sponsible for considerable morbidity and mortality worldwide
(18). Unfortunately, the etiology remains undetermined in
more than 50% of cases (9). Among the pathogens responsible
for undiagnosed infections, respiratory viruses are thought to
contribute to a substantial number of RTIs. Influenza viruses,
respiratory syncytial viruses (RSVs), and parainfluenza viruses
(PIVs) have been identified as important pathogens in com-
munity-acquired pneumoniae. These viruses are also a signif-
icant cause of disease in immunocompromised patients (11).
Currently, the clinical diagnosis of RTIs is mostly restricted to
the detection and identification of these few pathogens. How-
ever, evidence is accumulating that other viruses, such as coro-
naviruses 229E, OC43, and NL63 (Cor-OC43, Cor-229E, and
Cor-NL63, respectively) (35) and human metapneumovirus
(hMPV) (20, 33), are frequently associated with infected lower
respiratory tracts. Even an unexpectedly high prevalence of
rhinovirus in lower RTIs has been demonstrated in children as
well as adults (8). The clinical presentation of patients with
RTIs is generally not indicative of a specific pathogen, so a

rapid diagnosis could be helpful in therapeutic decision mak-
ing. In addition, there is an increasing threat of uncommon yet
significant respiratory viruses, such as the severe acute respi-
ratory syndrome (SARS) coronavirus and influenza A virus
(InfA) H5N1 (28). As a result, it is becoming more important
to detect a broad panel of respiratory viruses.

Cell culture is still the “gold standard” for the laboratory
detection of respiratory viruses. However, cell culture is slow
and has a low sensitivity. Therefore, its implementation for
routine virus detection is suboptimal. Although rapid antigen
detection tests are available for some of the respiratory viruses,
these tests have been shown to be less sensitive and less specific
than cell culture-based approaches (5, 29). Nucleic acid am-
plification tests have proven to be rapid, very sensitive, and
specific alternatives and can be used in either a monoplex or a
multiplex format. Moreover, multiplex assays allow the coam-
plification of more than one target, thus providing insight into
the significance of mixed infections for the prognosis and re-
crudescence of the respiratory disease. In addition, the incor-
poration of the ability to detect viruses such as the SARS
coronavirus and InfA H5N1 in a multiplex assay would allow
monitoring of these viruses and could act as an early built-in
detection system (28).

An all-embracing multiparameter test is a prerequisite to
reducing the costs involved with such a comprehensive moni-
toring system (19). Currently, several assays with multiplex
formats detect up to nine respiratory viruses in one reaction.
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For instance, several real-time multiplex assays allow the real-
time detection of up to four targets in a reaction, depending on
the number of channels available in the real-time PCR ma-
chines (13, 30, 34). Based on the Roche LightCycler480 instru-
ment, a real-time TaqMan PCR that detects five different
targets simultaneously has been developed (21). Existing mul-
tiplex PCR assays that use agarose gel electrophoresis or cap-
illary electrophoresis as the detection system detect five to
eight targets per reaction (3, 7, 24). Multiplex PCR assays
combined with an enzyme-linked immunosorbent assay cur-
rently detect up to nine targets simultaneously (12, 26).

Recently, two multiplex assays that detect respiratory viruses
have been evaluated with 360 clinical samples (17). The NGEN
respiratory virus analyte-specific assay (Nanogen, San Diego,
CA) detects InfA, InfB, PIV type 1 (PIV-1), PIV-2, PIV-3, and
RSV on a NanoChip 400 electronic microarray. The ResPlex II
assay (Genaco Biomedical Products, Inc., Huntsville, AL) de-
tects InfA, InfB, PIV-1 to PIV-4, RSV, hMPV, rhinovirus,
enterovirus, and the SARS coronavirus on a Luminex 100
instrument (Luminex, Austin, TX). Both assays exhibited spec-
ificities comparable to those of cell culture and the monoplex
real-time reverse transcription (RT)-PCR. However, the sen-
sitivities of both assays were lower than the sensitivity of the
monoplex real-time RT-PCR.

The multiplex ligation-dependent probe amplification (MLPA)
technology (27) uses a simple-to-perform, multiplex PCR
method which is able to amplify up to 45 different targets
simultaneously. MLPA is based on the oligonucleotide ligation
assay, and identification is accomplished by size by using gel
electrophoresis methods. MLPA has three steps: first, an an-
nealing step hybridizes the probes to their target regions; sec-
ond, a ligation step links the two probes; and third, the final
PCR exponentially amplifies the ligated probes with only two
primers (Fig. 1). So far, MLPA has mainly been used to detect
changes in the copy numbers of specific chromosomal regions
(27), in expression profiling studies (6), for the detection of
CpG methylation of genes (22), and for the detection of re-
combination events (16). We developed a multiparameter test
(the RespiFinder assay) that is based on the MLPA technology
and that can be used clinically to detect infectious disease
agents.

The RespiFinder assay allows the detection and differenti-
ation of 15 respiratory viruses and one internal amplification
control (IAC) (2, 14). The test includes 14 viruses involved in
RTIs. These are InfA, influenza virus B (InfB), PIV-1 to
PIV-4, respiratory syncytial virus A (RSVA), respiratory syn-
cytial virus B (RSVB), rhinovirus, Cor-229E, Cor-OC43, Cor-
NL63, hMPV, and adenovirus. Additionally, the test includes a
probe for InfA H5N1.

The RespiFinder assay was validated with 144 clinical sam-
ples, and the results were compared with those of cell culture
and an RSV-specific immunochromatography assay (ICA). We
demonstrate that the RespiFinder assay provides an excellent
tool for the simultaneous detection of 15 respiratory viruses.

MATERIALS AND METHODS

Viral cultures and monoplex real-time RT-PCR. Serial dilutions of cultures of
RSVA, RSVB, InfA, InfB, rhinovirus, Cor-OC-43, Cor-229E, Cor-NL63, PIV-1,
PIV-2, PIV-3, PIV-4, and hMPV and the results of the monoplex real-time

RT-PCR obtained with the dilutions were kindly provided by H. G. Niesters,
Department of Virology, Erasmus MC, Rotterdam, The Netherlands.

Clinical samples. A total of 144 nasal wash specimens (from both adults and
children) were submitted for the routine diagnosis of viral infection; of these, 110
samples were tested by cell culture on four different cell lines (Virology Depart-
ment, University Hospital St. Radboud, Nijmegen. The Netherlands). This in-
cluded adenovirus, hMPV, InfA, InfB, PIV-1 to PIV-4, rhinovirus, and RSV. The
samples were not routinely checked for the presence of coronaviruses. A rapid
ICA was performed for the detection of RSV in 34 samples from children by
using the RSV Respi-Strip from Coris BioConcept (Gembloux, Belgium). All
clinical samples were stored at �80°C until further analysis by the RespiFinder
assay.

Nucleic acid extraction. Viral RNA or DNA was isolated by using the auto-
mated MagNA Pure LC system (Roche Diagnostics, Almere, The Netherlands).
The MagNA Pure LC total nucleic acid isolation kit and the total nucleic acid
lysis extraction MagNA Pure protocol were applied. Extraction was performed
according to the manufacturer’s instructions. Briefly, 200 �l of starting material
was used, and the purified nucleic acid was eluted in a final volume of 100 �l.
Before the start of extraction, 5 �l of the IAC, which contained an encephalo-
myocarditis virus (EMC) RNA transcript, was added to the lysed samples.

In vitro transcripts of viral targets. Synthetic viral target genes, which con-
tained both the PCR primer regions and the MLPA probe sequence, were
constructed by using the software package of DNA Works (version 3.1). The
DNA Works software calculates the composition and the number of oligonucle-
otides required to synthesize the viral target. The oligonucleotides generated are
characterized by highly homogeneous melting temperatures and a minimized
tendency for hairpin formation. By using a two-step PCR protocol, the synthetic
viral target gene can easily be synthesized and amplified (15).

FIG. 1. Overview of the RespiFinder technology. A one-step RT-
PCR is performed with specific primers for all targets (steps 1A and
1B). Subsequently, an MLPA reaction is performed with MLPA
probes specific for all targets (steps 2, 3, and 4). An MLPA probe
consists of two oligonucleotides: one synthetic oligonucleotide and one
M13-derived oligonucleotide. The synthetic oligonucleotide contains a
universal forward priming site, and the M13-derived oligonucleotide
contains a universal reverse priming site. In addition, the M13-derived
oligonucleotide contains a unique stuffer sequence. The length of this
stuffer sequence is specific for each probe and varies between the
different probes. The length of the MLPA probe is the combined
length of both oligonucleotides. This length is unique for each probe
due to the specific stuffer sequence. The two oligonucleotides hybridize
specifically to the target adjacent to each other. Subsequently, the two
oligonucleotides are joined by ligation. The ligated oligonucleotides
are amplified by one universal primer set. After amplification, the
MLPA reaction is analyzed by electrophoresis (step 5). Each MLPA
probe can be discerned due to its specific length. Recently, the proto-
col has been further optimized by combining the probe ligation (step
3) and probe amplification (step 4) in one reaction.
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The amplification products were purified with an MSB Spin PCRapace kit
(Invitek, Berlin, Germany) and were subsequently cloned in pGEM-T Easy
vector system II (Promega, Leiden, The Netherlands). The nucleotide sequences
of the cloned viral target genes were sequenced on an ABI 3100 DNA capillary
sequencer. All cloned viral targets were linearized and transcribed in vitro from
the SP6 promoter by using the Riboprobe in vitro transcription kit (Promega,
Leiden, The Netherlands). Residual plasmid DNA was removed by DNase
treatment (TURBO DNA-free; Ambion, Huntingdon, United Kingdom), ac-
cording to the manufacturer’s instructions. The concentration of the SP6 RNA
transcripts was determined by measuring the absorbance at 260 nM (1 unit of the
optical density at 260 nm is equal to 40 �g/ml of RNA), and the absence of
residual plasmid DNA was checked by performing a real-time PCR without an
RT step. Aliquots of the RNA transcripts were stored at �20°C, and dilutions
were made in Tris-EDTA (pH 7.6) containing 1 �g/ml of carrier DNA (herring
sperm DNA; Fermentas, St. Leon-Rot, Germany).

IAC. The IAC was a SP6 RNA transcript of the polyproteon gene from EMC.
The IAC was produced as described above. Twofold serial dilutions of the IAC
were spiked into a clinical sample which previously tested virus negative by the
RespiFinder assay. Subsequently, the spiked clinical samples were analyzed by
the RespiFinder assay. The optimal spiked concentration was defined as two
times the lowest detectable concentration.

Preamplification. A one-step RT-PCR protocol was performed with a One-
Step RT-PCR kit (Qiagen, Hilden, Germany). Combined RT and multiplex
target amplification PCR were performed in a 25-�l reaction mixture, according
to the manufacturer’s instructions, in the presence of all preamplification primers
(Table 1). The mixture contained 0.2 �M of each primer and 10 �l of the RNA
or DNA sample. Amplification was performed on a T1 thermocycler (Biometra,
Göttingen, Germany), as follows: an initial cycle of 30 min at 50°C and 15 min at
95°C, followed by 30 cycles of 30 s at 94°C, 30 s at 55°C, and 60 s at 72°C and,
finally, a 10-min extended elongation.

Primer and probe design. The primers and probes were designed against
conserved genes within each virus. The sequences from these genes were ob-
tained from GenBank and from the Los Alamos influenza virus database (http:
//www.flu.lanl.gov/). The sequences were aligned by using the Clustal X program
(version 1.81) to identify highly conserved regions within each gene. PCR prim-
ers and MLPA probes were designed on the basis of the sequences of these
highly conserved regions. The primers were designed with Primer3 software
(version 0.2) (http://primer3.sourceforge.net/). These primers were used for both
specific RT and target amplification. The primers flanked the target region of the
MLPA probe. The MLPA probes were designed as described earlier (27). Sub-
sequently, all primers and probes were evaluated by performing a BLAST anal-
ysis against the sequences in the NCBI database. The primers and probes were
approved when no mismatches within the critical regions of the probes (e.g., no
mismatch within 5 nucleotides from the ligation site) and primers (e.g., no
mismatch at the 3� end of a primer) were found. The primers and the probes
were synthesized by Biolegio (Malden, The Netherlands) and are shown in
Tables 1 and 2.

MLPA reaction. MLPA analysis was performed essentially as described earlier
(27), with minor modifications. The preamplification reaction mixture was di-
luted five times with sterile water. Two microliters of the diluted preamplification
mixture was mixed with 3 �l of sterile water, 1.5 �l probe mixture, and 1.5 �l
MLPA buffer (1.5 M KCl, 300 mM Tris-HCl, pH 8.5, 1 mM EDTA); and
denaturation was performed for 5 min at 98°C in a thermocycler. After dena-
turation, the mixture was incubated for 1 h at 60°C and was subsequently diluted
to 40 �l with ligation buffer (2.6 mM MgCl2, 5 mM Tris-HCl, pH 8.5, 0.013%
nonionic detergents, 0.2 mM NAD). Ligation was performed by adding 1 U of
the heat-labile ligase 65 enzyme and incubating at 54°C for 15 min, followed by
ligase inactivation at 98°C for 5 min. Subsequently, 4 �l ligation mixture was used
in a 20-�l reaction volume containing 50 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5
mM MgCl2, deoxynucleoside triphosphates (0.2 mM each; Fermentas), 1 U Taq
polymerase, and 0.2 �M of the two PCR primers (forward primer, 5�-GGGTT
CCCTAAGGGTTGGA-3�; reverse primer, 5�-GTGCCAGCAAGATCCAATC
TAGA-3�). Amplification was performed on a Biometra T1 thermocycler, as
follows: an initial cycle of 2 min at 95°C, followed by 33 cycles of 30 s at 94°C, 30 s
at 60°C, and 1 min at 72°C and, finally, a 10-min extended elongation. All buffers
and enzymes for MLPA were obtained from MRC-Holland (Amsterdam, The
Netherlands).

Analysis of PCR products. The amplified MLPA products can be analyzed on
different detection platforms, e.g., by electrophoresis in 2.5% agarose gels, by use
of the HT DNA 5000 SE55 kit on a LabChip 90 system (Caliper LifeSciences,
Teralfene, Belgium), in 6.5% acrylamide slab gels in a 4300 DNA analyzer
(LI-COR Biosciences, Lincoln, NE), by capillary electrophoresis on a Mega-
BACE DNA analysis system (GE Healthcare Europe GmbH, Diegem, Belgium),

and/or in an ABI 3100 genetic analyzer (Applied Biosystems, Nieuwerkerk a/d
IJssel, The Netherlands).

For detection on the 4300 DNA analyzer, an IR-700-labeled reverse primer
was used in the final PCR. The final PCR mixture was diluted 30 times and was
analyzed on the 4300 DNA analyzer according to the manufacturer’s instruction.
When analysis was performed on a MegaBACE DNA analysis system or an ABI
3100 genetic analyzer, a 6-carboxyfluorescein-labeled forward primer was used in
the final PCR. The final PCR mixture was diluted 10 times and was subsequently
treated according to the manufacturers’ instructions. All clinical samples were
analyzed by capillary electrophoresis on a MegaBACE DNA analysis system or
an ABI 3100 genetic analyzer.

RESULTS

MLPA reaction. The MLPA technology allows highly com-
plex analyses of up to 45 targets in a single reaction. However,
a standard MLPA reaction requires at least 6,000 copies of

TABLE 1. Sequences of the preamplification primers

Virus Primer Sequence (5�–3�)

InfA Forward CAAGACCAATCCTGTCACCTCT
Reverse ATCGATGGCGCATGCAACTGGCAAG

InfB Forward ATGTCGCTGTTTGGAGACACAATTG
Reverse GCATCTTTTGTTTTTTATCCATTC

InfA/H5N1 Forward TGCATGGGTCTCATATACAACA
Reverse TCCATAGCCTTAGCTGTAGTGC

RSVA Forward TCCCATAATATACAAGTATGATCTCAA
Reverse AACCCAGTGAATTTATGATTAGCA

RSVB Forward TGTGGTATGCTATTAATCACTGAAGA
Reverse GGAGCCACTTCTCCCATCTC

PIV-1 Forward TTCTGGAGATGTCCCGTAGG
Reverse TCCTGTTGTCGTTGATGTCATA

PIV-2 Forward TGGGGATAATACAACAATCTGC
Reverse AGAAAGCAAGTCTCAGTTCAGC

PIV-3 Forward TCAATCTCAACAACAAGATTTAAGAA
Reverse GACACCCAGTTGTGTTGCAG

PIV-4 Forward TACAGGCCACATCAATGCAG
Reverse GCATGTTCTGCATCTCTGGA

Rhinovirus Forward GCCTGCGTGGCTGCC
Forward CCTGCGTGGCGGCC
Reverse GAAACACGGACACCCAAAGTAGT

Cor-229E Forward CGCAGCCGGTGGAAAAGACAGCCTAA
Reverse AGCATAGCAGCTGTAGACGGCAC

AAGC

Cor-OC43 Forward AAGAGCTCAACCCAAGCAAA
Reverse ATACCATCGTGGCAGCAGTT

Cor-NL63 Forward GGCTGCGTTACTTTGGCTTTAAAGAAC
TTAGGTTTTG

Reverse GACGCTCCAACGAGGTTTCTTCAACTG

hMPV Forward CAAAGAGGCAAGAAAAACAATGG
Reverse GCCTGGCTCTTCTGACTGTGGTCTC

Adenovirus Forward GCCCATGCGCTGGACATGACTTTTGAG
GTGGATCCCATGGA

Forward GACATGACTTTTGAGGTGGATCCCA
TGGA

Reverse TTATGTGGTGGCGTTGCCGGC
Reverse AAGAAGCAAGAGGCTTCTTATGTGGTG

GCGTTACCGGC

EMC (IAC) Forward ACATGTAACCGCCCCCATT
Reverse TCCACGCACGCACTACTATG
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target DNA (27). We made some modifications to the MLPA
technology to obtain the sensitivity required for the effective
detection of infectious pathogens. An RT step was introduced
for the conversion of RNA into DNA. This was followed by a
PCR to amplify the target DNA, which was then present at
levels above the detection level of MLPA. Subsequently, an

MLPA reaction was performed and comprised a probe hybrid-
ization step, a probe ligation step, and a probe amplification
step. A schematic representation of the RespiFinder assay is
shown in Fig. 1.

An IAC is included in the assay to discriminate between
samples with true-negative results and samples with false-neg-

TABLE 2. Target genes and sequences of virus specific regions of the MLPA probes

Virus Gene MLPA
oligonucleotide Sequence of virus-specific regions of MLPA probe (5�–3�)

InfA Matrix protein gene (M1) Synthetic CCATGCACGCTCACCGTGCCCAGTGAGCGAGG
Long ACTGCAGCGTAGACGCTTTGTCCAAAATGCCCTCAATG

GGAATG

InfB Matrix protein gene (M1) Synthetic GACAGAAGATGGAGAAGGCAAAGCAGA
Long ACTAGCAGAAAAATTACACTGTTGGTTCGGTGGGAA

AGAA

InfA H5N1 Matrix protein gene (M1) Synthetic CIGTIACTACIGAAGTGGCTTTTGGCCTA
Long GTGTGTGCCACTTGTGAGCAGATTGCAGATTCACAGCA

RSVA Major nucleocapsid protein gene (N) Synthetic GGCTCTTAGCAAAGTCAAGTTGAATGATACACTC
Long AACAAAGATCAACTTCTGTCATCCAGCAAATACACCAT

CCAACGGA

RSVB Major nucleocapsid protein gene (N) Synthetic GTCCAGGTTAGGAAGGGAAGACACTATAAAGATACTT
Long AAAGATGCTGGATATCATGTTAAAGCTAATGGAGTAG

ATATAACAA

PIV-1 Hemagglutinn-neuraminidase gene (HN) Synthetic CAGGATGTGTTAGACTACCTTCATTATCAATTGGT
Long GATGCAATATATGCGTATTCATCAAACTTAATCACTCA

AGGATGTGC

PIV-2 Hemagglutinn-neuraminidase gene (HN) Synthetic CAGGACTATGAAAACCATTTACCTAAGTGATGG
Long AATCAATCGCAAAAGCTGTTCAGTCACTGCTATACCAG

GAGGTTGT

PIV-3 Hemagglutinn-neuraminidase gene (HN) Synthetic CCATCTGTTGGACCAGGGATATACTACAAA
Long GGCAAAATAATATTTCTCGGGTATGGAGGTCTTGAACA

TCCAA

PIV-4 Hemagglutinn-neuraminidase gene (HN) Synthetic GATTATACATTAACTATTAATCCAAGATCTGGCTGG
GATG

Long ACATCAAGATCAGAGCTTATAGAGCATTATCCAGAGAT
TTGC

Rhinovirus 5� untranslated region polyprotein gene (PP) Synthetic GACAIGGTGTGAAGAGCCCCGTGTGCTIIIITTGAITC
CTCC

Long GGCCCCTGAATGTGGCTAACCTTAACCC

Cor-229E Nucleocapsid protein gene (NP) Synthetic CCCAGAGACCTTGACCACAACTTTGGAAGT
Long GCAGGTGTTGTGGCCAATGGTGTTAAAGCTAAAGGC

TATC

Cor-OC43 Nucleocapsid protein gene (NP) Synthetic CTATTGCACCAGGAGTCCCAGCTACTGAA
Long GCTAAGGGGTACTGGTACAGACACAACAGACGTTCTTT

TAAAAC

Cor-NL63 Nucleocapsid protein gene (NP) Synthetic CCAGTCGAAGTCACCTAGTTCTTCTGGTA
Long CTTCCACTCCTAAGAAACCTAATAAGCCTCTTTCTCAAC

CCAGGGCT

hMPV Nucleocapsid protein gene (NP) Synthetic GCTCATGCATCCCACAAAATCAGAGGCCTTCAGCA
CCAG

Long ACACACCAATAATTTTATTATGTGTAGGTGCCTTAATAT
TCACTAAACTAGCATCAA

Adenovirus Hexon gene (H) Synthetic GAAGTTTTCGACGTGGTCCGAGTGCACCAGCCGCA
CCGC

Synthetic GAAGTTTTCGACGTGGTCAGTGTGCATCAGCCACA
CCGC

Long GGCGTCATCGAGGCCGTCTACCTGCGCACACCGTTCTC

EMC (IAC) Polyprotein gene (PP) Synthetic GCAGTCAGGTGAAGCACCCAGACTTGCCTCCTTGT
Long GAGAGGCCGCACCTTGGTAGTAAATAGACACATGGCC

GAGT
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ative results due to PCR failure. This added up to a total of 16
probes. The total lengths of the probes varied from 157 to 492
nucleotides. The sizes of the probes of the related viruses were
clustered. Four clusters are distinguished: an influenza virus
cluster of about 400 nucleotides, a PIV cluster of about 300
nucleotides, an RSV cluster of about 250 nucleotides, and a
coronavirus cluster of about 170 nucleotides. An overview of
all probes is presented in Fig. 2.

MLPA probes. An MLPA probe consists of one short syn-
thetic oligonucleotide and one phage M13-derived, long oligo-
nucleotide probe (27). Each oligonucleotide contains a target-
specific hybridizing part and one universal priming site. In
addition, the long oligonucleotide probe contains a stuffer se-
quence to facilitate size-based separation. The most conserved
region within each viral family was selected to design the two
hybridizing parts of the MLPA probe.

The adenovirus group is a very large and heterogeneous
group, including 51 different serotypes divided into six subgen-
era. To cover all six subgenera with one MLPA probe, we
combined one long oligonucleotide probe with two synthetic
oligonucleotides. This MLPA probe was tested with 15 differ-
ent adenovirus serotypes covering the six subgenera. Included
were serotypes 2, 4, 5, and 7, which are generally more often
associated with RTIs (25), and serotypes 8, 9, 12, 19, 30, 31, 35,
37, 40, 48, and 49. All 15 serotypes could be detected by use of
this probe (data not shown).

Specificity. To asses the specificity of the primers and the
probes, all PCR primers and MLPA probes were tested in
either a monoplex or a multiplex MLPA reaction with different
samples. No cross-reactivity among the 15 viral probes and the
IAC probe was observed when they were tested with culture
samples of individual viruses. In addition, clinical samples
which tested positive for other pathogens by routine diagnostic
analysis by pathogen-specific PCR assays were analyzed by the
RespiFinder assay. These samples contained enterovirus, echo-
virus, coxsackievirus, and herpes simplex virus type 1, as well as
the bacterial pathogens Mycoplasma pneumoniae, Chlamydia

pneumoniae, Legionella pneumophila, Bordetella pertussis, Staphy-
lococcus warneri, Staphylococcus intermedius, Staphylococcus hae-
molyticus, Staphylococcus epidermidis, Enterococcus faecalis,
Pseudomonas spp., Haemophilus influenzae, Haemophilus parain-
fluenzae, and Streptococcus spp. No sample showed any cross-
reactivity with the RespiFinder assay probes (data not shown).

Internal control. The use of an IAC allows discrimination
between a true-negative result and a false-negative result due
to a PCR/MLPA failure. However, since the MLPA reaction
uses only two primers in the final PCR, the amplification of any
respiratory virus-specific MLPA probe competes with the am-
plification of the IAC MLPA probe. Figure 3 shows the results
of the RespiFinder assay with fivefold serial dilutions of a
PIV-1 culture, all of which were spiked with an equal amount
of IAC. Only a weak IAC signal was detected in the presence
of the highest PIV-1 concentration. As the PIV-1 concentra-
tion decreased, the IAC signal increased. This demonstrates
competition between simultaneously amplified MLPA probes.

Analytical sensitivity: RNA transcripts and serial virus di-
lutions. First, to determine the analytical sensitivity of the
RespiFinder assay, serial dilutions of viral RNA transcripts of
all RNA viruses and serial dilutions of a plasmid with the
adenovirus target sequence were analyzed by the RespiFinder
assay, and the reactions were analyzed on a LI-COR 4300
DNA analyzer. The limit of detection of the 15 viral RNA
transcripts did not vary significantly, and for each viral probe
an analytical detection limit of 10 to 20 copies was determined.

Second, the sensitivity of the RespiFinder assay was com-
pared to that of the monoplex real-time PCR. Nucleic acid
preparations from fivefold serial dilutions of culture superna-
tants of 13 viruses (no InfA H5N1 or adenovirus cultures were
available) were tested. The results are shown in Table 3. In the
monoplex real-time PCR, 20 �l of an RNA or a DNA sample
was used, whereas 10 �l of an RNA or a DNA sample was used
in the preamplification step of the RespiFinder assay. The
results indicate that the sensitivity of the RespiFinder assay
was comparable to that of the monoplex real-time RT-PCR.

Validation with respiratory specimens. To validate the per-
formance of the RespiFinder assay with clinical samples, 110
nasal lavage fluid specimens from patients with symptoms of
RTIs were analyzed retrospectively. All clinical samples were
analyzed by capillary electrophoresis on a MegaBACE DNA

FIG. 2. Overview of the RespiFinder probes and their length. nt,
nucleotides.

FIG. 3. Detection of the IAC in spiked serial virus dilutions on a
2.5% agarose gel. RespiFinder assay analysis was performed with five-
fold serial dilutions of the supernatant of a PIV-1 culture. Lanes: 1,
undiluted; 2, diluted 51; 3, diluted 52; 4, diluted 53; 5, diluted 54; 6,
diluted 55; 7, diluted 56; 8, blank. Each dilution except the blank was
spiked with the IAC.
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analysis system or an ABI 3100 genetic analyzer. Typical re-
sults of this RespiFinder assay screening and analyses by cap-
illary electrophoresis are shown in Fig. 4. The results of the
validation assay are shown in Tables 4 and 5. The RespiFinder
assay identified the same virus as that identified by cell culture
in 37 of 39 samples (94.9%). The two aberrant results were for
samples in which an untypeable influenza virus was detected by
cell culture and an InfA was detected by RespiFinder assay and
a sample in which PIV-3 was detected by cell culture and
hMPV was detected by the RespiFinder assay. The eight ade-
novirus infections detected were caused by adenovirus type 2
(subgenera C) and adenovirus types 3 and 7 (subgenera B). By
cell culture, 71 clinical samples were found to be negative. In
22 (31%) of these culture-negative samples, a virus was iden-
tified by the RespiFinder assay. These included nine rhinovirus
infections, five RSVA infections, one RSVB infection, two
hMPV infections, two InfA infections, one PIV-3 infection,
one adenovirus infection, and a rhinovirus and PIV-1 coinfec-
tion. In addition, one Cor-NL63 infection and two Cor-OC43
infections were detected by the RespiFinder assay. The coro-

naviruses were not included in the cell culture screening.
Therefore, the coronavirus results of the RespiFinder assay are
reported but were not used in the validation of RespiFinder
assay. In total, five coinfections were detected by RespiFinder
assay. These involved three coinfections of rhinovirus with
PIV-1, PIV-3, and hMPV, respectively, and two coinfections of
RSVA with adenovirus and RSVB, respectively. No coinfec-
tion was detected by cell culture. Overall, the RespiFinder
assay detected 66 (60%) viruses in the 110 samples. All viruses
involved in the coinfections were counted individually, and the
three coronavirus infections were not included. Cell culture
detected 39 (35.5%) viruses. This is an increase in diagnostic
yield of 24.5%. With two samples, no signal was observed by

TABLE 3. Sensitivity of RespiFinder assay compared to that of
monoplex real-time RT-PCRa

Virus

Highest viral dilution detected by:

RespiFinder
assay

Real-time
RT-PCR

RSVA 4 4
RSVB 5 5
InfA 6 6
InfB 7 7
Rhino 7 7
Cor-OC43 6 5
Cor-229E 5 6
Cor-NL63 6 6
PIV-1 6 7
PIV-2 7 7
PIV-3 6 6
PIV-4 6 7
hMPV 5 4

a Fivefold serial dilutions of all indicated viruses were analyzed.

FIG. 4. Results of the RespiFinder assay with two clinical samples which were analyzed by capillary electrophoresis. Sample 1 represents a clinical
sample with a rhinovirus (Rhino) infection. The electropherogram shows a signal at the position of the rhinovirus probe and the IAC. Sample 2 represents
a clinical sample with no viral infection. Only the IAC signal was detected in the electropherograms. Contr, internal amplification control.

TABLE 4. Analysis of concordant results between RespiFinder
assay and cell culture for 110 clinical samplesa

Cell culture
and

RespiFinder
assay result

No. (%)
of samples Remarks

Adenovirus 8 Including serotypes 2, 3, and 7
hMPV 2
InfA 4
PIV-1 1
PIV-3 4 1 CIb with rhinovirus detected

by RespiFinder assay
Rhinovirus 5 1 CI with hMPV detected by

RespiFinder assay
RSV 13 7 RSVA (1 CI with

adenovirus), 5 RSVB, and 1
CI of RSVA � RSVB
detected by RespiFinder
assay

Negative 45
Total 82 (74.5)

a The results were considered consistent if the virus identified by cell culture
was the same virus as that identified by the RespiFinder assay. Additional viruses
identified by the RespiFinder assay are indicated. An RSV-positive result by cell
culture was considered consistent with the RespiFinder assay result if either
RSVA or RSVB was identified by the RespiFinder assay.

b CI, coinfection.
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the RespiFinder assay in the initial screening. Upon retesting,
one sample again failed to show any signal.

In addition, 34 clinical samples which were routinely tested
by the RSV-specific ICA were retrospectively analyzed by the
RespiFinder assay (Table 6). Among the 15 samples RSV
positive by the RSV-specific ICA, 12 samples were also RSV
positive by the RespiFinder assay. The RespiFinder assay de-
tected InfA in a sample which scored weakly positive by the
RSV-specific ICA. The other two samples positive by the RSV-
specific ICA were negative and failed to amplify the internal
control in the RespiFinder assay. Retesting of the last sample
again showed no amplification of the internal control. Three
(15.8%) of the 19 samples which tested negative by ICA were
also negative by the RespiFinder assay. In six (31.6%) samples,
an RSV infection was detected by the RespiFinder assay, and
these comprised four RSVA infections and two RSVB infec-
tions. In the remaining 10 (52.6%) samples, additional virus
infections were detected by the RespiFinder assay. These in-
cluded four InfA infections, four rhinovirus infections, one
Cor-OC43 infection, and a Cor-OC43 and Cor-NL63 coinfec-
tion.

The sensitivity and specificity of the RespiFinder assay were
assessed in relation to the results of cell culture and ICA
(Table 7). In agreement with the cell culture results, the Re-
spiFinder assay identified 10 samples with adenovirus infec-
tions (9.1%), 6 with hMPV infections (5.5%), 7 with InfA
infections (6.4%), 2 with PIV-1 infections (1.8%), 5 with PIV-3
infections (4.5%), 16 with rhinovirus infections (14.5%), and
19 with RSV infections (17.3%). In addition, the RespiFinder
assay detected 27 additional positive samples, including 2 pos-
itive for adenovirus, 4 for hMPV, 2 for InfA, 1 for PIV-1, 1 for
PIV-3, 11 for rhinovirus, and 6 for RSV. One sample with a
false-negative result for PIV-3 was observed by the Respi-
Finder assay. Compared with the results of ICA, the Respi-
Finder assay detected 18 samples positive for RSV (52.9%),
corresponding to a specificity of 82.4% and a sensitivity of

80%. Six additional RSV-positive samples were observed by
the RespiFinder assay. The results for three samples which
scored RSV positive by ICA were not confirmed by the
RespiFinder assay.

DISCUSSION

The number of possible viral agents involved in RTIs is high,
and new viruses are still emerging. In recent years, five new
viruses, including human bocavirus (1), the SARS coronavirus
(4), hMPV (31), and coronaviruses NL63 (32) and HKU1 (36),
were identified to play a role in RTIs. Although the gold
standard for the laboratory detection of respiratory viruses is
viral culture, monitoring of this increasing number of respira-
tory viruses solely by viral culture is not possible for practical
reasons. PCR is a fast and sensitive alternative. However, the
use of conventional PCR techniques is not practical in a study
for the detection of a broad spectrum of pathogens due to the
handling time and the high reagent costs (19).

Here we present a new multiparameter test that is based on
the MLPA technology and that is able to detect 15 respiratory
viruses simultaneously. In order to obtain the required sensi-
tivity, the MLPA technology was adapted by incorporating a
preamplification step. This preamplification step involves an
RT step and a 30-cycle target amplification step. Due to the
introduction of the preamplification step, the hybridization
time in the MLPA reaction could be reduced to 1 h, while the
original MLPA protocol required a hybridization time of 16 h.
As a result, the whole RespiFinder assay could be completed
within a working day.

In the initial experiments, the RespiFinder assay products
were analyzed on 2.5% agarose gels. However, due to the
complexity of the RespiFinder assay, the resolution of the
agarose gel was insufficient to distinguish all products ampli-
fied by MLPA. The RespiFinder assay reactions were also
analyzed on a LabChip 90 system from Caliper LifeSciences.
The resolution of this system was also not sufficient for the

TABLE 6. Comparison of RespiFinder assay and RSV-specific ICA
results for 34 clinical samples

RSV-specific ICA
score (no. of

samples)

RespiFinder assay result (no. of samples)

RSV score Additional virus(es) detected

Positive (15) Positive (12) RSVA (6)
RSVB (5)
RSVB � rhinovirus (1)

Negative (2) InfA (1)
Negative (1)

Failurea (1)

Negative (19) Negative (13) Negative (3)
InfA (4)
Rhinovirus (4)
Cor-OC43 (1)
Cor-OC43 � Cor-NL63 (1)

Positive (6) RSVA (4)
RSVB (2)

a No IAC signal.

TABLE 5. Analysis of nonconsistent results between RespiFinder
assay and cell culturea

Cell culture result
(no. of samples)

RespiFinder
assay result

No. (%)
of samples

Untypeable inflenza virus (1) InfA 1

PIV-3 (1) hMPV 1

Negative (26) Rhinovirus 9
Cor-NL63 1
Cor-OC43 2
RSVA 5
RSVB 1
hMPV 2
InfA 2
Adenovirus 1
PIV-3 1
Rhinovirus � PIV-1 1
Failureb

Total 28 (25.5)

a The results were considered nonconsistent if the virus identified by cell
culture was not identified by the RespiFinder assay.

b No IAC signal.
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nonambiguous identification of all individual products ampli-
fied by MLPA. However, due to the clustering of probes of
more related viruses, use of the LabChip 90 system allowed the
detection of the individual probes for rhinovirus, adenovirus,
and hMPV and the four probe clusters for influenza virus, PIV,
RSV, and coronavirus. On high-resolution electrophoresis sys-
tems, such as the LI-COR 4300 DNA analyzer, the Mega-
BACE DNA analysis system, and the ABI 3100 genetic ana-
lyzer, all individual probes could be clearly distinguished.

Well-designed MLPA probes have the ability to discriminate
between single-nucleotide polymorphisms (27). The viral
MLPA probes require a more generic design, as viruses, espe-
cially RNA viruses, show a great deal of genetic variability.
Therefore, a major concern in the design of the MLPA probes
was the compatibility of virus-specific probes with as many
known viral sequences as possible, including those of the
serotypes common among humans. However, this generic de-
sign should not compromise the specificity of the probe. The
probes were positioned in well-conserved regions. No mis-
match within 5 nucleotides from the ligation site was tolerated.
With the adenovirus-specific probe two short synthetic oligo-
nucleotides were combined with one M13-derived long oligo-
nucleotide probe to enclose all 51 serotypes of the heteroge-
neous adenovirus group. No cross-reactivity was detected with
any of the probes.

The sensitivity and the specificity of the RespiFinder assay
were assessed by comparison of the results of the RespiFinder
assay to those of cell culture obtained with 110 clinical samples.
All samples were spiked with the IAC. The spiking was done
after addition of the lysis buffer in order to prevent degrada-
tion of the IAC. For one (1%) sample, the RespiFinder assay
failed to produce a result. The RespiFinder assay detected 27
(24.5%) viruses which were missed by cell culture. These in-
cluded 2 adenoviruses, 4 hMPVs, 2 InfAs, 1 PIV-1, 1 PIV-3, 11
rhinoviruses, and 6 RSVs. This increase in diagnostic yield is in
accordance with the findings of other studies that used molec-
ular methods (10, 23). One sample with a false-negative result
for PIV-3 was observed by the RespiFinder assay. Among the
eight adenoviruses detected, three were of different serotypes
(serotypes 2, 3, and 7) representing two different subgenera
(subgenera B and C). This illustrates the ability of the generic
adenovirus probe to detect different serotypes in clinical sam-
ples. The RespiFinder assay found an incidence of coinfection
of 7.8%, whereas cell culture did not detect any double infec-

tions. The percentage of mixed infections that we detected is in
agreement with the percentages detected in other studies,
which showed incidences of coinfections of 3.4% (34), 6.1%
(21), and 18.6% (3).

Compared to the results of a commercial ICA-based rapid
assay for RSV with 34 clinical samples, the RespiFinder assay
detected 18 (52.9%) RSV infections, corresponding to a spec-
ificity of 82.4% and a sensitivity of 80%. The results for two
RSV-positive samples were not confirmed. This included one
sample which scored weakly positive by the rapid assay for
RSV. The RespiFinder assay detected an InfA infection in this
sample. In addition, the RespiFinder assay detected six addi-
tional RSV-positive samples. Additional viruses were detected
in 52.6% of the ICA RSV-negative samples, including InfA,
rhinovirus, Cor-OC43, and Cor-NL63.

In conclusion, we have developed a new multiparameter
respiratory assay based on the MLPA technique for the detec-
tion of 15 respiratory viruses plus an ICA. The analytical sen-
sitivity of the RespiFinder assay matches the sensitivity of the
monoplex real-time RT-PCR. The validation with clinical sam-
ples shows that the RespiFinder assay gives an excellent overall
performance. The assay does not need specialized equipment
but makes use of the PCR and capillary electrophoresis sys-
tems generally available in molecular laboratories. The assay
can be performed within one working day and is suitable for
implementation in a diagnostic setting. Implementation of this
assay for routine diagnostics allows the fast analysis of samples
for a broad spectrum of pathogens at a reduced cost compared
to the costs of individual monoplex real-time RT-PCR assays.

At present, the full analytical power of the RespiFinder
assay can be used only when the results are analyzed on a
high-resolution system like a capillary electrophoresis system.
However, by adapting the design of the MLPA probes, it will
also be possible to identify most probes on LabChip systems,
like the Caliper LabChip 90 system, the Experion system (Bio-
Rad Laboratories, Hercules, CA), or the 2100 bioanalyzer
(Agilent Technologies, Foster City, CA). The MLPA technol-
ogy allows the highly complex analysis of up to 45 fragments.
This gives room for future expansion of the number of probes
in the RespiFinder assay. Recently, four bacterial probes, in-
cluding probes for Mycoplasma pneumoniae, Chlamydophila
pneumoniae, Legionella pneumophila, and Bordetella pertussis,
have been added to the RespiFinder assay. This allows the
detection in a clinical sample of 19 pathogens and one IAC in

TABLE 7. Sensitivity and specificity of RespiFinder assay compared with those of cell culture and an RSV-specific ICAa

Virus

No. of samples with the following CC or CC/ICA result and RF resultb:

Specificity (%) Sensitivity (%)CC� or CC�/ICA�
and RF�

CC� or CC�/ICA�
and RF�

CC� or CC�/ICA�
and RF�

CC� or CC�/ICA�
and RF�

Adenovirus 8 2 0 101 98.2 100
hMPV 2 4 0 105 96.4 100
InfA 5 2 0 104 98.2 100
PIV-1 1 1 0 109 99.1 100
PIV-3 4 1 1 105 99.1 80
Rhinovirus 5 11 0 95 90.1 100
RSV 13/12 6/6 0/2 92/13 94.6/81.8c 100/85.7c

a The RespiFinder assay results for coronaviruses were not validated.
b CC, cell culture; RF, RespiFinder assay; �, positive result; �, negative result.
c Data represent the results by cell culture/ICA.
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one reaction. In addition, for better implementation in a diag-
nostic setting, the RespiFinder assay protocol was recently
adapted by combining the probe ligation step and the probe
amplification step in a single reaction. As a result, the Respi-
Finder assay protocol consists at present of four steps, i.e.,
preamplification (one-step RT-PCR), probe hybridization,
probe ligation/amplification, and probe detection.
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