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Abstract

Three multiplex hemi-nested RT-PCR assays were developed to detect simultaneously 12 RNA respiratory viruses: influenza viruses A,
B and C, human respiratory syncytial virus (hRSV), human metapneumovirus (hMPV), parainfluenza virus types 1–4 (PIV-1, -2, -3 and -4),
h RT-PCR
a and 0.001
T vely tested
i 89/91) that
w lso detected
a mi-nested
R pectrum of
r
©

K an coron-
a

1

m
p
p
(
h
e

b
c
1

lture,
and
nic
ific.

mples
log-
,

d by
have
ds for

997;
es
ays

loped

0
d

uman coronavirus OC43 and 229E (HCoV) and rhinovirus (hRV). An internal amplification control was included in one of the
ssays. The RT-PCR multiplex 1 and the hemi-nested multiplex 1 detected 1 and 0.1 TCID50 of RSV A, respectively, and 0.01
CID50 of influenza virus A/H3N2, respectively. Two hundred and three nasal aspirates from hospitalised children were retrospecti

n comparison with two conventional methods: direct immunofluorescence assay and viral isolation technique. Almost all samples (
ere positive by immunofluorescence assay and/or viral isolation technique were detected by the multiplex assay. This method a
n additional 85 viruses and 33 co-infections. The overall sensitivity (98%), rapidity and enhanced efficiency of these multiplex he
T-PCR assays suggest that they would be a significant improvement over conventional methods for the detection of a broad s

espiratory viruses.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Human respiratory tract infections are caused by nu-
erous viruses, including influenza viruses A, B and C,
arainfluenza viruses 1–4 (PIV-1, -2, -3 and -4), human res-
iratory syncytial virus (hRSV), human metapneumovirus
hMPV), human coronaviruses OC43 and 229E (HCoV),
uman rhinoviruses (hRV), adenoviruses and some human
nteroviruses (hEV).

The direct diagnosis of such viral respiratory infections is
ased on the use of conventional methods such as isolation by
ell culture and antigenic detection (Gardner and McQuillin,
968). Even though these methods are effective and often

∗ Corresponding author. Tel.: +33 2 31 27 25 54; fax: +33 2 31 27 25 57.
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complementary, they have some disadvantages. Cell cu
often considered to be the gold standard, is delicate
sometimes too slow for it to be useful for diagnosis. Antige
detection is sometimes insufficiently sensitive or spec
Even when these methods are combined, some sa
remain negative even though there is clinical or epidemio
ical evidence of viral respiratory infection (Freymuth et al.
1995).

The detection of respiratory viruses can be improve
using molecular biology techniques. Numerous studies
developed and evaluated PCR- or RT-PCR-based metho
the detection and typing of respiratory viruses (Donofrio et
al., 1992; Eugene-Ruellan et al., 1998; Freymuth et al., 1
Gilbert et al., 1996). Given the number of respiratory virus
and the fact that clinical and virological results are not alw
the same, multiplex RT-PCR methods have been deve
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with the aim of providing a tool capable of detecting an in-
creasingly complete panel of viruses (Aguilar et al., 2000;
Coiras et al., 2003, 2004; Echevarria et al., 1998; Fan et al.,
1998; Grondahl et al., 1999; Osiowy, 1998; Templeton et al.,
2004).

Here, we describe the development and evaluation of three
multiplex RT-PCR methods for the detection of RNA viruses
involved in respiratory diseases.

2. Materials and methods

2.1. Respiratory specimens and virus strains

This retrospective study tested 203 nasal aspirates from
children hospitalised in paediatric units of the University
Hospital of Caen and Flers Hospital between October 2002
and March 2003. Each nasal aspirate was collected in 4 ml of
viral transport medium (Eugene-Ruellan et al., 1998) and a
2 ml aliquot was frozen at−80◦C. Two groups of specimens,
positive and negative, were assessed.

The first group included 111 specimens positive for a res-
piratory virus, selected by chronological order. Ninety-one
contained viruses detected by conventional methods: direct
fluorescence assay and viral isolation technique. The number
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For viral isolation, embryonic lung fibroblasts (MRC5)
were cultured in 25-cm2 flasks. They were then inoculated
with 0.25 ml of each sample, incubated at 35–36◦C and ob-
served for cytopathology during 4 weeks. Ad, hRSV and
some hRV strains are likely to replicate in this cellular type.
When samples were negative in immunofluorescence as-
say, we also attempted to isolate them using HuH7 cells
(Nakabayashi et al., 1977) that had been grown in 48-well
tissue culture plates, as described previously (Vabret et al.,
2001). After 4 days of incubation, cultures were examined
for cytopathogenic effects and the cells were scraped and
tested by immunofluorescence assay. When immunofluores-
cence assay was negative but the culture was positive, PCR
specific for hRV (Savolainen et al., 2002), HcoV 229E and
HcoV OC43 (Vabret et al., 2001) were carried out using cul-
ture supernatants.

2.3. RNA preparation

RNA was extracted from 140�l of each sample, using a
commercial reagent (QIAamp viral RNA mini kit®, Qiagen).
Whenever possible, the extracts were tested immediately af-
ter extraction. If this was not possible, they were divided into
aliquots and kept frozen at−80◦C. Each aliquot was used
only once to avoid the loss of viral genomic material during
repetitive freezing and thawing.
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f samples has been limited, according to the repres
iveness of the most frequent viruses in respiratory dise
his group comprised 30 samples positive for hRSV, 20

nfluenza A virus, 10 for influenza B virus, 15 for hRV
or PIV-1, 3 for PIV-2, 10 PIV-3 and 2 for HCoV OC4
wenty samples positive for hMPV detected by a spe
CR (Freymuth et al., 2003a, b) were included in this grou
o influenza C virus, HCoV 229E, or PIV-4 were identifi
uring the period of study. The negative group include
andomly selected clinical specimens not found to con
ny viruses according to conventional methods.

The following reference strains were used as p
ive controls to determine the sensitivity and specifi
f our methods: hRV-31, ATCC VR-506; influenza
irus: C/Paris/145/91; influenza A virus: A/H3N2/Pana
007/99; influenza B virus: B/Victoria/1987; hRSV A (ATC
R-26); hMPV Canada/S29; HCoV OC43 (ATCC VR-75
CoV 229E (ATCC VR-740); PIV-1 Sendaı̈ 431.E72; PIV
◦: Lyon/26632/97; PIV-4: Lyon/154/01.

.2. Isolation and identification of viruses by
mmunofluorescence assay and viral isolation technique

Immonofluorescence assay was used to detect vi
s previously described (Freymuth et al., 1987), us-

ng fluorescein-conjugated monoclonal antibodies dire
gainst influenza viruses A and B, hRSV, PIV-1, -2,
nd adenovirus (Ad) (IMAGEN©; Dako Diagnostics). Slid
ere examined under a microscope using a hemi-quanti
ethod.
.4. Multiplex RT-PCR

Three multiplex RT-PCR methods, targeting 12 resp
ory viruses, were developed (Fig. 1). Each multiplex metho
etected four viruses: influenza viruses A, B, hMPV (A
) and hRSV (A and B) for multiplex 1; PIV-1, -2, -3 and -4
nd B) for multiplex 2; hRV, influenza C virus, HCoV OC
nd 229E for multiplex 3. An internal control was includ

n multiplex 2 to check the extraction step and the pres
f inhibitors of the RT-PCR assay. This control consiste
lyceraldehyde-3-phosphate dehydrogenase (GAPDH)
hich is normally transcribed in nasal mucosis cells. T
ene was amplified with specific primers (Table 1).

Primers targeted specifically the haemagglutinin
aminidase genes of PIV-1, -2 (Echevarria et al., 1998) and
3 (Karron et al., 1994), the phosphoprotein gene of VIP-4
nd -4B (Aguilar et al., 2000), the nucleocapsid gene of hRS
ub-groups A and B (Cane and Pringle, 1991; Freymuth
l., 1995), the matrix protein genes of influenza viruses A
(Donofrio et al., 1992), the matrix protein gene of hMP

this study), the haemagglutinin-esterase gene of influ
virus (Zhang and Evans, 1991), the M gene of OC43 an

29E (Vabret et al., 2001) and the VP4/VP2 and hyperva
ble region in the 5′-non-coding region of hRV (Savolainen
t al., 2002). The sequences of the primers, as wel

heir annealing temperatures and amplicon sizes are giv
able 1.

Positive controls were included in each multiplex
CR. These consisted of four RNAs extracted from vi
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Fig. 1. Procedure and results of the multiplex RT-PCR and hemi-nested PCR.

infected cells and mixed together. For example, the multiplex
1 positive control was a mixture of influenza A and B RNA,
hRSV RNA and hMPV RNA. As a negative control, H2O
was used instead of nucleic acid.

Each multiplex RT-PCR was a single-step combined RT-
PCR amplification, performed using the one-step RT-PCR
kit from QIAGEN. The reaction mixture contained 5�l of
5× RT-PCR buffer (2.5 mM MgCl2), 0.4 mM dATP, dGTP,
dCTP and dTTP, 0.5�M of each of the 8 primers (10 primers
in the multiplex 2 for the negative group) and 1�l of enzyme
mix. A 2.5�l aliquot of RNA extract was added to give a
final volume of 25�l. The cycling conditions for the three
RT-PCRs were: an initial cycle at 50◦C for 30 min and 94◦C
for 15 min; followed by 40 cycles at 94◦C for 30 s, 55◦C
(58◦C for multiplex 3) for 30 s and 72◦C for 1 min; and a
final incubation at 72◦C for 10 min.

The Q-solution provided in the kit was used for multi-
plexes 1 and 3 (3�l/reaction). Our preliminary assays showed
that Q-solution was not necessary in multiplex 2. Multiplex
RT-PCR products were visualised after electrophoresis on an
ethidium bromide-stained 2% agarose gel.

2.5. Hemi-nested multiplex PCR

The products of multiplex RT-PCRs 1 and 2 were sub-
jected to hemi-nested multiplex PCR. The principle is to am-
plify part of one or several DNA fragments resulting from
RT-PCR. For each virus, an internal primer was designed
and used together with the corresponding anti-sense primer
used for RT-PCR (Table 1).

For hemi-nested multiplex PCR 1, the reaction mix-
ture contained: 10% buffer (Applied Biosystems, Roche®),
0.2 mM dNTPs, 0.4�M each “hemi-nested” primer (MIA3,
MIB3, hMPV3 and VRSi), 0.2�M each of the following
primers: P1 Cane, MIA2, MIB1 and hMPV2, 0.625U of
Amplitaq®DNA polymerase (Applied Biosystems, Roche®)
and 25�l water q.s.p. We added 0.5�l of each multiplex RT-
PCR 1 product to this mixture. For hemi-nested multiplex
PCR 2, the reaction mixture contained: 10% buffer (Applied
Biosystems, Roche®), 0.2 mM dNTPs, 1�M each hemi-
nested primer (PiS1i, Para2i, Para3i, Pi4i), 0.2�M each fol-
lowing primers: PIS1−, PIP2−, Para3–1, PIP4+, 0.625U of
Amplitaq® DNA polymerase (Applied Biosystems, Roche®)
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Table 1
Primers used for multiplex RT-PCR and hemi-nested PCR

Virus Primers Sequence (5′ → 3′) Gene Amplicon
size (bp)

Melting
temp (◦C)

Authors

Primers multiplex 2
RT-PCR hRSV vrs P1 GGA ACA AGT TGT TGA

GGT TTA TGA ATA TGC
Nucleocapsid 279 pb 60 Cane and Pringle (1991)

vrs P2 TTC TGC TGT CAA GTC
TAG TAC ACT GTA GT

55

Influenza A virus mia 1 CAG AGA CTT GAA GAT
GTC TTT GCT GG

Matrix protein 212 68 Donofrio et al. (1992)

mia 2 GCT CTG TCC ATG TTA
TTT G

68

Influenza B virus mib 1 AAA ATT ACA CTG TTG
GTT CGG TG

Matrix protein 362 70 Donofrio et al. (1992)

mib 2 AGC GTT CCT AGT TTT
ACT TG

72

hMPV hmpv 1 CCC TTT GTT TCA GGC
CAA

Matrix protein 416 54 This study

hmpv 2 GCA GCT TCA ACA GTA
GCT G

58

Hemi-nested hRSV vrs i GGT GTA CCT CTG TAC
TCT C

Nucleocapsid 180 58 This study

Influenza A virus mia 3 CTC TGA CTA AGG GGA
TTT TG

Matrix protein 130 58 This study

Influenza B virus mib 3 CAT GAA ARC TCA CAC
ATC T

Matrix protein 260 53 This study

hMPV hmpv 3 AGG CCA ACA CAC CAC
CAG

Matrix protein 410 58 This study

Primers multiplex 2
RT-PCR Parainfluenza virus 1 PIS1+ CCG GTA ATT TCT CAT

ACC TAT G
Hemagglutinin- 317 pb 48 Echevarria et al. (1998)

PIS1− CCT TGG AGC GGA GTT
GTT AAG

Neuraminidase 51

Parainfluenza virus 2 PIP2+ AAC AAT CTG CTG
CAGCAT TT

Hemagglutinin- 507 56 Echevarria et al. (1998)

PIP2− ATG TCA GAC AAT GGG
CAA AT

Neuraminidase 56

Parainfluenza virus 3 Para3.1 CTC GAG GTT GTC AGG
ATA TAG

Hemagglutinin- 189 46 Karron et al. (1994)

Para3.2 CTT TGG GAG TTG AAC
ACA GTT

Neuraminidase 48

Parainfluenza virus 4 PIP4+ CTG AAC GGT TGC ATT
CAG GT

Phosphoprotein 451 60 Aguilar et al. (2000)

PIP4− TTG CAT CAA GAA TGA
GTC CT

56

Internal control GAPDH1 TCA TCC ATG ACA ACT
TTG GTA TCG TG

GAPDH 564 59 Gueudin et al. (2003)

GAPDH2 CTC TTC CTC TTG TGC
TCT TG

60

Hemi-nested Parainfluenza virus 1 PiS1i AGC TGC AGG AAC AAG
GGG

Hemagglutinin-N 261 58 This study

Parainfluenza virus 2 Para2i CTA GCT GAA CTG AGA
CTT G

Hemagglutinin-N 340 56 This study

Parainfluenza virus 3 Para3i GCT AGA GAA CAT GAC
TTC C

Hemagglutinin-N 145 56 This study

Parainfluenza virus 4 Pi4i GTC TGA TCC CAT AAG
CAG C

Phosphoprotein 390 58 This study

Primers multiplex 3
RT-PCR hRV SRHI1 GCA TCI GGY ARY TTC

CAC CAC CAN CC
VP4/VP2/5’NC 549 62 Savolainen et al. (2002)

SRHI2 GGG ACC AAC TAC TTT
GGG TGT CCG TGT

65

HCoV 229E MD1 TGG CCC CAT TAA AAA
TGT GT

Gene M 573 60 Vabret et al. (2001)
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Table 1 (Continued)

Virus Primers Sequence (5′ → 3′) Gene Amplicon
size (bp)

Melting
temp (◦C)

Authors

MD3 CCT GAA CAC CTG AAG
CCA AT

60

HCoV OC43 MF1 GGC TTA TGT GGC CCC
TTA CT

Gene M 335 58 Vabret et al. (2001)

MF3 GGC AAA TCT GCC CAA
GAA TA

58

Influenza C virus CHAA ACA CTT CCA ACC CAA
TTT GG

Hemagglutinin-esterase 485 58 Zhang and Evans (1991)

CHAD CCT GAC AGC AAC TCC
CTC AT

62

Hemi-nested hRV Nestrhi1 ATG GGN GCW CAN GTN
TCH ANH CA

VP4/VP2/5′NC 450 53 This study

HCoV 229E MD2i CCG TAT CAA CAC TCG
TTA TGT GG

Gene M 230 54 This study

HCoV OC43 MF2i CTC CAA AAA CTT CCA
GTT C

Gene M 170 54 This study

Influenza C virus MICi GAG GAT GTG GCA ACT
ACT

Haemagglutinin-E 391 54 This study

and 25�l water q.s.p. We added 0.5�l of each multiplex RT-
PCR 2 product to this mixture. The cycling conditions for
hemi-nested PCRs 1 and 2 were: 94◦C for 5 min; followed
by 40 cycles of 94◦C for 10 s, 55◦C for 10 s, 72◦C for 30 s;
and a final incubation at 72◦C for 10 min. Hemi-nested PCR
products were visualised after electrophoresis on an ethidium
bromide-stained 2% agarose gel.

2.6. Hemi-nested mono-specific PCRs

When a multiplex RT-PCR 3 product was thought to be a
virus (due to its size), a specific hemi-nested PCR was carried
out to confirm the virus identity. The hemi-nested PCR mix-
tures were similar for all four viruses (HCoV OC43 and 229E,
hRV and influenza C virus): 10% buffer (Applied Biosystems,
Roche®), 0.2 mM dNTPs, 1�M of each primer (Table 1),
0.625U of Amplitaq® DNA polymerase (Applied Biosys-
tems, Roche®) and 25�l water q.s.p. We added 0.5�l of each
multiplex RT-PCR 3 product to this mixture. Cycling condi-
tions were: 94◦C for 5 min; followed by 40 cycles of 94◦C
for 10 s, 58◦C for 10 s, 72◦C for 30 s; and a final incubation
at 72◦C for 10 min. Hemi-nested PCR products were visu-
alized after electrophoresis on an ethidium–bromide stained
2% agarose gel.

3

3
R

and
i
T using
B

site. These primers were designed to optimise amplification
(G + C content, melting temperature and length) and to be
usable in identical amplification conditions, to amplify frag-
ments of sizes sufficiently different to allow them to be distin-
guished on a gel and to avoid the formation of primer–dimers
whenever possible (Elnifro et al., 2000). A second fragment
is frequently visible in the hemi-nested PCR assays. It corre-
sponds to an additive amplification of the RT-PCR fragment,
because of the persistence of RT-PCR primers in the RT-PCR
products.

The presence of several pairs of primers in a PCR in-
creases the probabilities of mispairing and obtaining non-
specific amplification products, in particular the formation of
primer–dimers. The Oligo6 software can theoretically detect
such interactions. In practice, this is one of the major difficul-
ties encountered when designing multiplex PCRs. The use of
Q-solution, supplied in the one-step RT-PCR QIAGEN©kit,
reduced this phenomenon. Q-solution was included in multi-
plex RT-PCR strategies 1 and 3; preliminary studies showed
that it was not necessary in multiplex RT-PCR 2. This solu-
tion reduces the number of non-specific reactions, but in some
cases it can affect the hybridisation of primers and thus reduce
amplification efficacy. A range of Q-solution concentrations
were used to determine the concentration that reduced non-
specific reactions maximally without affecting sensitivity: a
concentration of 3�l/reaction mix was found to be optimal.

first
b (in-
fl 3)
w CR
s inal
p was
l no-
s two
m with
. Results

.1. Development and optimisation of the multiplex
T-PCRs

The primers used for RT-PCR have been described
ndividually evaluated in the original publications (Table 1).
he primers used for hemi-nested PCR were designed
LAST (http://www.ncbi.nlm.nih.gov/) and the PROLIGO
The analytical sensitivity of the method was assessed
y testing successive dilutions of various viral strains
uenza virus A, hRSV A, PIV-3, hRV and HCoV OC4
ith multiplex RT-PCRs 1, 2 and 3 and classical RT-P
pecific for each virus tested (as described in the orig
ublications). For influenza A virus and hRSV, the signal

ost at the same dilution in multiplex RT-PCR 1 and mo
pecific RT-PCR, showing that the sensitivity of these
ethods was identical. Similar results were obtained

http://www.ncbi.nlm.nih.gov/
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Table 2
Analytical sensitivity of the multiplex RT-PCR versus mono-specific RT-
PCR

Detection threshold

Specific RT-PCR Multiplex

Influenza A virus 10−4 10−4

hRSV A 10−4 10−4

Parainfluenzavirus 3 10−2 10−3

Rhinovirus 10−3 10−3

HCoV OC43 10−3 10−4

hRV. However, the multiplex method was found to be more
sensitive than the mono-specific method for the detection
of PIV-3 and HCoV OC43 (Table 2). The analytical sensi-
tivity of the method was also assessed by quantifying two
prototype strains (influenza virus A/H3N2 and hRSV A) by
TCID50 and RT-PCR. The RT-PCR multiplex 1 and the hemi-
nested multiplex 1 detected 1 and 0.1 TCID50 of RSV A,
respectively, and 0.01 and 0.001 TCID50 of influenza virus
A/H3N2, respectively.

The ability of the multiplex methods to detect several
viruses in the same extract was assessed by testing com-
binations of four viral strains prepared from culture su-
pernatants. Each multiplex assay simultaneously detected
all four viruses: four distinct bands of the expected sizes
(Table 1) were visible on the electrophoresis gels (Fig. 1).
However, we noted that HCoV 229E and hRV amplicons
were too similar in size to be distinguished accurately (re-
spectively, 573 and 549 bp). A hemi-nested PCR is therefore
indispensable to distinguish between these two viruses.

The analytical specificity of the method was checked by
including the following in each multiplex RT-PCR: an ap-
propriate positive control, a control associating a strain of
Chlamydia pneumoniae, a strain ofMycoplasmapneumoniae
and a strain of adenovirus (Ad2). No non-specific amplifica-
tion products were observed (data not shown).
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0.69 to 1 for influenza B virus; 0.88 to 1 for hRSV, 0.2 to 1
for PIV-1, 0.4 to 1 for PIV-2, 0.70 to 1 for PIV-3 and 0.33 to
1 for HCoV OC43). The multiplex method detected hRV in
13 of the 15 samples positive for this virus. The two others,
in which hRV was detected by culture in MRC5 cells, were
not confirmed; moreover, one hMPV was detected in one of
these two samples and one PIV-4 in the other. All the samples
positive for hMPV was confirmed by the multiplex method,
giving a sensitivity of 100% compared to the specific RT-PCR
that detected the virus in the previous study.

Nearly all of the viruses (100/109) were detected during
the first stage of the multiplex reaction, i.e., before the hemi-
nested step. In the other nine cases, the virus was only de-
tected at the hemi-nested step: 7 hRSV and 2 PIV-2. Six of
the seven negative results for hRSV and the two PIV-2 corre-
sponded to samples that were positive according to the cul-
ture method but negative according to immunofluorescence
assay (Table 3), showing that the viral load in the samples
was probably low. The viruses that were only detected dur-
ing the second step of the multiplex PCR were all confirmed
by mono-specific hemi-nested PCR.

In addition to the 89 viruses detected by the conventional
methods and the 20 hMPV detected by RT-PCR, the mul-
tiplex method detected 27 further viruses, consisting of 26
co-infections (26/111 or 23.4% of aspirates): 25 co-infections
associating two viruses and one co-infection associating three
v 7
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.2. Evaluation of the multiplex RT-PCRs using clinical
amples

The multiplex methods were assessed on 203 sample
ositive and 92 negative nasal aspirates) collected from
ren hospitalised in the Caen University Hospital or F
ospital between October 2002 and March 2003.
The 111 positive samples included 91 viruses dete

y the classical immunofluorescence assay and cell cu
ethods, and 20 hMPV strains detected by an RT-PCR.

89/91) of the viruses detected by conventional methods
lso detected by the multiplex method (Table 3).

All the samples positive for hRSV (30), influenza A vi
20), influenza B virus (10), PIV-1 (1), PIV-2 (3), PIV-3 (1
nd HCoV OC43 (2) were detected by the multiplex met

n comparison with the conventional methods, the neg
redictive value and sensitivity of the multiplex method

he detection of these viruses were 100% (with a confid
nterval of 0.83 to 1 with a 5% risk for influenza A viru
iruses (hMPV, hRSV and hRV) (Table 4). Among these 2
iruses, 17 could potentially be detected by the usual
ulture and/or immunofluorescence assay: 15 hRV, 1 h
nd 1 HCoV OC43. Fifteen of the 26 (57.6%) co-infecti

nvolved an hRV.
In the negative group, the multiplex assays identifie

iruses in 49 of the 92 samples, i.e., in 53% of them. Fo
wo of these 58 viruses could theoretically be detecte
he conventional methods: 26 hRV, 7 hRSV, 3 PIV-3, 2 P
, 2 influenza A virus, 2 influenza B virus. The 16 oth
ere: 14 hMPV and 2 PIV-4 (Table 5). Furthermore, seve
o-infections were detected by the multiplex method, w
s equivalent to 8% of the extracts tested (7/92) and 12
he viruses detected (7/58). All these co-infections invo
n hRV. Two of them involved three viruses: PIV-1, hRV a
MPV in one case, and hRSV, hRV and hMPV in the o
Table 5).

. Discussion

A wide range of viruses can cause respiratory infect
nd currently 20–30% of these aetiologies remain uni

ified in hospitalised children (Freymuth et al., 1987). This
ay be due to the lack of sensitivity of some of the de

ion methods and to the fact that some respiratory viruse
ot systematically sought (e.g., PIV-4, influenza C virus
CoV). The aim of this study was to develop rapid, sens
nd specific molecular methods for the detection of a l
anel of respiratory RNA viruses that are more powerful
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Table 3
Results obtained for the positive group with conventional and molecular methods

Viruses No. of
specimens
tested

DFA No. of
positive
on MRC5

No of
positive
on HuH7

hMPV
RT-PCR
positive

No. of specimens
positive with
RT-PCR multiplex
1

No. of specimens
positive with
hemi-nested PCR
multiplex 1

No. of specimens
positive with
RT-PCR multiplex
2

No. of specimens
positive with
hemi-nested PCR
multiplex 2

No. of specimens
positive with
RT-PCR multiplex
3

No. of specimens
positive with
specific
hemi-nested PCR

Influenza A virus 4 + − 4 4 − − −
5 ++ − 5 5 − − −
3 +++ − 3 3 − − −
8 − − 8 8 8 − − −

Influenza B virus 5 + − 5 5 − − 1hRV 1hRV
2 ++ − 2 2 − − −
3 − − 3 3 3 − − −

hMPV 20 − − − 20 20 20 − 2hRV 2hRV

hRSV 5 + 5 5 + 1hMPV 5 + 1hMPV − − −
7 ++ 7 6 + 2hMPV 7 + 2hMPV − − 1hRV 1hRV
2 +++ 2 2 2 − − −
3 + − 3 3 − − −
2 ++ − 2 2 − − −
4 +++ − 4 + 1hMPV 4 + 1hMPV − − 1hRV 1hRV
7 − 7 1 7 − − 5hRV 5hRV

PIV-1 1 − − 1 − − 1 1 −
1hRSV 1hRSV 1 3 1hRV 1hRV
PIV-2 3 − − 3
 0

0
5
)
5
3
–
6
3
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PIV−3 5 + − 1hMPV 1hMPV 5 5 2hRV + 1OC43 2hRV + 1OC43
2 ++ − − − 2 2 1hRV 1hRV
2 +++ − − − 2 2 −
1 − − 1 − − 1 1 1hRV 1hRV
8 − 8 2hMPV 2hMPV − − 8 8

hRV 5 − − 5 1hMPV 1hMPV − − 5 5
1 − 1 1hMPV 1hMPV − − − −
1 − 1 − − 1 PIV-4 1 PIV-4 − −

HCoV OC43 2 − − 2 − − − − 2 2

DFA+: low positive intensity; DFA++:medium positive intensity; DFA+++: strong positive intensity; (+): positive result; (−): negative result. Bold: detected only with multiplex method.
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Table 4
Co-infections in the positive group

Viruses detected with conventional methods
(except for hMPV) and multiplex RT-PCR

Viruses detected with
multiplex RT-PCR only

No. of co-infected specimens

hRSV + hRV 6
hRV + hMPV 4
PIV-3 + hRV 4
hRSV + hMPV 3
hMPV + hRV 2
Influenza B virus + hRV 1
hRSV + hMPV + hRV 1
PIV-3 + hMPV 1
PIV-3 + OC43 1
PIV-2 + hRV 1
PIV-2 + hRSV 1
hRV + PIV4 1

Total 26

Table 5
Viruses detected by multiplex RT-PCR in the negative group

Mono-infections

Influenza A virus 1
Influenza B virus 2
hMPV 12
hRSV 4
VIP-3 2
VIP-4 2
hRV 19

Co-infections
hRV + PIV-3 1
hRV + PIV-1 1
hRV + PIV-1 + hMPV 1
hRV + hRSV + hMPV 1
hRV + influenza A virus 1
hRV + hRSV 2

Total no. of positive samples 49

the classical immunofluorescence assay and culture methods.
During preliminary trials, we attempted to adapt the multi-
plex method to the detection of adenovirus, which cause fre-
quent respiratory tract infections (Freymuth, 2001). But this
affected the detection of other viruses, and we considered that
it was preferable to search for adenovirus in a multiplex PCR
assay including other DNA respiratory pathogens.

In this study, three multiplex methods for the detection of
12 respiratory viruses were developed and tested on 203 nasa
aspirates from hospitalised children. All the viruses initially
detected by the conventional methods were confirmed by the
multiplex method, with the exception of two hRV identified
after culture in MRC5 cells. It was not possible to check
this result by repeating the cell culture (insufficient sample
volume). The absence of inhibitors in the RT-PCR step was
confirmed by the internal control. Given the large genotypic
diversity of hRV, it is probable that the primers used here
were not adapted to some genotypes, even though they have
been shown to amplify over 60 serotypes (Savolainen et al.,
2002).

The overall sensitivity of the multiplex method (RT-PCR
and hemi-nested PCR) was 98% compared to conventional
methods, but the non-nested multiplex RT-PCR had a sensi-
tivity of only 88%. In fact, seven hRSV and two PIV-2 were
not detected by the first step of the multiplex method; this was
undoubtedly due to a low viral load. It is also very likely that
the freezing and thawing steps altered the samples. The hemi-
nested multiplex PCR gave a sensitivity of 100% for these
two viruses. In an evaluation of the commercially available
multiplex RT-PCR (Hexaplex©, Prodesse), Hindiyeh et al.
found that hRSV were more difficult to detect (sensitivity
of 91%) than influenza A virus (98.6%), influenza B virus
(100%) and PIV1-3 (100%) (Hindiyeh et al., 2001). For the
other viruses (influenza A, B and C viruses, PIV-1, -3, hRV
and OC43) the first step of our method (RT-PCR) alone gave a
sensitivity equivalent to that obtained with the conventional
tools. A hemi-nested multiplex PCR 3 was not developed
due because of the persistence of non-specific amplification
products.

Several multiplex methods for the simultaneous detection
of several respiratory viruses have been published. Grondahl
et al. described a multiplex RT-PCR-hybridisation method
targeting nine microorganisms (hEV, influenza viruses A and
B, hRSV, PIV-1, -3, Ad,M. pneumoniaeandC. pneumo-
niae). They found that its sensitivity was low, particularly for
hRSV: 24 of the 140 hRSV detected by EIA were negative
( hod
i eded
9 t
a e,
H etec-
t nza
v
s good
s irus)
a t
a ios
e ere
lGrondahl et al., 1999). Puppe et al. assessed this met
n 2004 and confirmed that the sensitivity never exce
0% and was particularly low for PIV-3 (23%) (Puppe e
l., 2004). The multiplex RT-PCR-hybridisation techniqu
exaplex was described in 1998 by Fan et al. for the d

ion of seven respiratory viruses: hRSV A and B, influe
iruses A and B, PIV-1, -2 and -3 (Fan et al., 1998). Four
tudies have found that the Hexaplex©method had a
ensitivity (91–100% depending on the study and the v
nd was more efficient than conventional methods (Fan e
l., 1998; Hindiyeh et al., 2001; Kehl et al., 2001; Liol
t al., 2001). Two multiplex nested RT-PCR methods w
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developed by Coiras et al. for the detection of 14 respira-
tory viruses. The first one was able to detect six viruses (in-
fluenza viruses A, B and C, hRSV-A, -B and adenovirus)
more efficiently than conventional methods, and the method
detected 46 additional viruses, 34 of which were also de-
tected by individual RT-PCRs. The sensitivity and specificity
of the methods were, respectively, 100 and 87% (Coiras et
al., 2003). In 2004, the authors described a second multi-
plex RT-PCR, which detected eight other respiratory viruses:
PIV-1, -2, -3 and -4, HCoV OC43 and 229E, hRV and hEV.
All samples found to be positive by immunofluorescence as-
say and/or cell culture (40/201) were confirmed by multiplex
2, which also detected 63 additional viruses (Coiras et al.,
2004). Finally, in 2004, Templeton et al. described two real-
time multiplex RT-PCR methods for the detection of seven
respiratory viruses: influenza viruses A and B, hRSV, PIV-
1, -2, -3 and -4 (Templeton et al., 2004), and Syrmis et al.
an RT-PCR-hybridisation method for the detection of seven
viruses: influenza viruses A and B, Ad, PIV-1, -2, -3 and
hRSV (Syrmis et al., 2004).As well as being highly sensi-
tive, our multiplex methods can identify a large number of
viruses that are not detected by the conventional methods: 27
viruses among the 26 aspirates in the positive group and 58
viruses among the 49 aspirates in the negative group, which
is equivalent to 23.4 and 53.3% of samples, respectively. Ac-
cording to statistical rules, the selection of test samples does
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cell lines, such as MDCK, HeLa R or NCI-H292 cells, were
not used. This could explain the greater quantity of viruses
that were found using the multiplex RT-PCR assay in rela-
tion to the cell cultures. The detection of hRV is consider-
ably improved by the use of molecular biology techniques
(Savolainen et al., 2003; Coiras et al., 2004; Gilbert et al.,
1996). A retrospective study carried out in Caen between
1998 and 2000 revealed 211 hRV infections in hospitalised
children, 53% of which were identified by cell culture and
47% of which were identified only by RT-PCR (Guittet et
al., 2003). Nevertheless, it is important to point out that the
detection of hRV in nasal aspirates may be associated with
interpretation problems, given that this virus can persist for
2 weeks or longer after the acute phase (Jartti et al., 2004).
The multiplex RT-PCR1 was able to detect all the hMPV pre-
viously identified. Furthermore, a high proportion of hMPV
was found in the negative group: 14/92, i.e., 15% of samples
and nine others in the positive group. hMPV is responsible
for 5–7% of viral respiratory tract infections in hospitalised
children worldwide (Van Den Hoogen et al., 2004; Boivin et
al., 2003; Freymuth et al., 2003a, b). Until now hMPV was
not targeted by any multiplex protocol. Its clinical impact
and its prevalence fully justify its detection in routine diag-
nosis, alongside hRSV. Three type 4 PIV were detected by
this method: one in the positive group and two in the negative
group. It is very difficult to culture this serotype in vitro and
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ot allow the calculation of the positive predictive value
f the specificity of the multiplex method. Furthermore
elieved by other authors (Vabret et al., 2000), the speci
city of the method is difficult to interpret given that t
eference method itself has limits. There are several pos
xplanations why these samples were negative accord
onventional methods (a). The multiplex method can h
iven false positive result. Substantial precautions have

aken to prevent contaminations of reaction tubes with p
usly amplified products or target RNA or DNA from oth
pecimens, and the existence of false positives due to co
nants was ruled out by the absence of unexpected ban
he negative controls (b). The immunofluorescence ass
etect antigens is associated with sensitivity problems w

he viral load is low (Casiano-Colon et al., 2003), wherea
olecular methods are theoretically more sensitive (c). U

he cell culture method it is difficult to detect several viru
n a given sample, as the development of one virus can
r inhibit that of another (d). Conventional methods only

ect replicative viruses, which gives them a good diagn
alue. The hypothesis that the viruses detected unique
he multiplex method are non-replicative is probably tru
ome cases (e). The most consistent argument is that ce
ure methods are not adapted to all viruses, particular
RV, hMPV, PIV, hCoV and influenza virus C.

In this study, hRV that were detected uniquely by the m
iplex method (26 in the negative group and 15 in the
tive group) are likely to be serotypes that are difficult
mpossible to culture. However, only MRC5 and HuH7 c
ere used for viral isolation technique, and the traditio
mmunofluorescence assay has only been possible for a
hile, since the production of a first monoclonal anti-PI
ntibody. For these reasons PIV-4 is practically never so

n virology laboratories (Echevarria et al., 1998). But it has
een shown that it can cause bronchiolitis or pneumon
oung children and immunodepressed subjects and its p
ence appears to be higher than originally thought (Aguilar
t al., 2000; Lindquist et al., 1997). Three HCoV OC43 wer
etected by the multiplex PCR, two of which were posi
ith the cell culture method. The HCoV OC43, which
enerally considered to cause colds, have been des

o cause lower respiratory tract infections (pneumonia
ronchiolitis) in infants and the elderly (Vabret et al., 2003).
iven that few virology laboratories seek HCoV, it is pr
ble that their pathogenic role is underestimated (Vabret e
l., 1998). The influenza C virus is generally considered
ause non-severe influenza. However, its pathogenic p
ial is not well known and its frequency is undoubtedly hig
nderestimated, as shown by the presence of anti-influ
antibodies in a large proportion of the French popula

Manuguerra et al., 1992).
GAPDH, transcribed by nasal mucous cells and used

nternal control in the multiplex RT-PCR, has the advan
f being always present in the sample. This internal

rol was used in multiplex 2 only, as it caused disturba
n amplifications results of the other RT-PCR multiplex
ays and in the hemi-nested PCR multiplex 2. Theoretic
ince those RT-PCR multiplex assays used the same am
ation kit and the same extraction protocol, the amplifica
f GAPDH would be similar in the three RT-PCR assa
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A GAPDH amplification product was observed for all nasal
aspirates tested, indicating that no enzyme inhibitors were
present. However, it has never been validated for use as an
internal control in respiratory samples. The techniques de-
scribed by Coiras et al. include an internal control supplied
with the Promega©kit; once again no amplification inhibitors
were detected during clinical evaluations (Coiras et al., 2003,
2004). Syrmis et al. used an endogenous human retrovirus
(ERV-3) as an internal control and found that only 5 out of
396 samples tested were amplification negative (Syrmis et
al., 2004). Dingle et al. created a stable internal control based
on a modified RNA fragment of hepatitis Delta (Dingle et
al., 2004). Among the 324 respiratory samples tested, only
two cases of inhibition were detected. It is possible that the
dilution of samples in the transport medium overcomes the
effect of inhibitors (Syrmis et al., 2004).

The multiplex methods described in this study detected
numerous co-infections in the positive (23%) and negative
(8%) groups. The RT-PCR 1 and 2 described by Coiras et al.,
respectively, detected 4.5 and 21% of co-infections among
the positive samples (Coiras et al., 2003, 2004). The method
described by Templeton et al. detected 2.3% of co-infections
(Templeton et al., 2004). Of the four studies that have evalu-
ated the Hexaplex technique, only that byKehl et al. (2001)
reported cases of co-infection: 10% among the positive sam-
ples, none of which were confirmed by cell culture. The stud-
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underestimated the proportion of co-infections, either due to
lack of sensitivity (i.e., conventional methods) or because the
panel of viruses sought was too restricted. It is probable that
the use of a multiplex RT-PCR approach will give results that
are closer to reality and provide interesting information on
the existence of associated or successive infections, their role
and their clinical, prognostic and epidemiological effects.
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