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Increasing diversity among influenza H5N1 viruses has resulted in the need for sensitive and specific
diagnostic assays, fully validated for the detection of HS viruses belonging to all hemagglutinin (HA) clades,
particularly the recently circulating HSN1 viruses of clade 2. In this report, the development and validation of
areal-time, one-step TagMan reverse transcription-PCR (RT-PCR) assay specific for the detection of influenza
A HS5 viruses from clades 1, 1, 2, and 3 is described. The real-time assay for H5 virus was shown to be highly
sensitive, detecting H5 virus levels of <1 PFU from each of the HA clades. Specificity of the HS RT-PCR for
influenza A H5 viruses was demonstrated by using influenza A viruses of different subtypes, clinical samples
containing influenza A viruses HIN1, H3N2, and H5N1, influenza B viruses, and other respiratory viruses. The
usefulness of the inclusion of a distinguishable assay positive control and of confirmatory assays for the
laboratory diagnosis and verification of HS virus infections was demonstrated. A real-time RT-PCR pyrose-
quencing assay, a restriction enzyme digestion assay, and direct sequencing of the H5 real-time RT-PCR
amplicon were validated for the confirmation of H5 detection by the diagnostic real-time assay. The H5
real-time assay was applied to diagnostic testing for suspected cases of influenza A virus HS infection in the
United Kingdom. Influenza A HS viruses were not detected in the cases analyzed; however, influenza A H3N2
virus was detected in 57% of the suspected cases of H5. The H5 TagMan real-time RT-PCR and confirmatory

assays will be useful tools for the laboratory surveillance and rapid diagnosis of HS infections in humans.

Since 1997, avian influenza A H5N1 viruses have been trans-
mitted directly from birds to humans multiple times (http:/www
who.int/csr/disease/avian_influenza/en/). Influenza H5SN1 viruses
have continued to evolve with increasing virulence and an ex-
panding host range. In addition to terrestrial poultry and wild
birds, HS infections have been recorded for domestic cats, tigers,
leopards, dogs, and viverrids as well as humans (15, 25, 27, 29).
Furthermore, H5N1 viruses have spread geographically, with out-
breaks reported in many countries. Phylogenetic analyses have
indicated that the Z genotype has become dominant (17) and that
the virus has evolved into at least two distinct clades, termed
clades 1 and 2 (33). Human infections with highly pathogenic
influenza H5N1 viruses from all the hemagglutinin (HA) clades
have been associated with severe, often fatal disease. Clade 1
HS5NI1 viruses have been isolated from both humans and birds in
Vietnam, Thailand, and Cambodia, but only from birds in Laos
and Malaysia. Until July 2005, the more diverse clade 2 viruses
were isolated only from birds in China, Indonesia, Japan, and
South Korea. Subsequently, HSN1 clade 2 viruses have since been
isolated from both birds and humans in Indonesia, China, Turkey,
Egypt, Iraq, and Azerbaijan and from birds in many countries in
Asia, Africa, and Europe, including Russia, Mongolia, Romania,
Nigeria, Iran, Italy, Laos, and Malaysia (http://www.who.int/csr
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/disease/avian_influenza/timeline.pdf). Additionally, six sub-
clades of HS clade 2 viruses have been distinguished, three of
which (subclades 1, 2, and 3) also differ in geographical distri-
bution (http://www.who.int/csr/disease/avian_influenza/guidelines
/recommendationvaccine.pdf). Human infections could occur
outside of regions where H5N1 virus infections in birds have been
detected, for example, in travelers returning from these areas. In
such a situation, where the probability of H5N1 infection in hu-
mans is extremely low, it is imperative that further laboratory
confirmation of HSN1 diagnosis, for instance by rapid nucleotide
sequencing, is performed after a positive result. In this report, we
describe the development and validation of a real-time, one-step
reverse transcription-PCR (RT-PCR) assay specific for the detec-
tion of influenza A H5 viruses from clades 1, 1’, 2, and 3, together
with the inclusion of a distinguishable assay positive control, and
rapid confirmatory assays, which can be performed in various
clinical and reference laboratories, for the verification of HS virus
infections. The HS5 real-time diagnostic RT-PCR assay described
here has been disseminated to laboratories participating in the
United Kingdom National H5 Laboratory Network. National di-
agnostic testing is supported by the provision of quality assured,
quantitated positive control material and national standard oper-
ating procedures, training programs, and proficiency testing to
enable reliable surveillance and rapid diagnosis of HS infections
in humans.

MATERIALS AND METHODS

Virus stocks. The viruses analyzed in this study are shown in Table 1. The
influenza viruses A/Turkey/Turkey/1/2005, A/Chicken/Turkiye/Av05-2006, and
A/Q-CageBird/England/1219/2005 were provided by the Veterinary Laboratory
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TABLE 1. Viruses analyzed in this study

Virus and panel Influenza A subtype(s) (S(:Li(}:((jse))a
Specificity panel A
A/HongKong/483/1997 H5N1 3
A/HongKong/213/2003 H5N1 1’
A/Vietnam/1194/2003 H5N1 1
A/Vietnam/1203/2003 H5N1 1
A/Vietnam/1204/2003 H5N1 1
A/Indonesia/5/2005 H5N1 2(1)
A/Indonesia/6/2005 H5N1 2(1)
A/Turkey/Turkey/1/2005 H5N1 2(2)
A/Chicken/Turkiye Av05/2006 H5N1 2(2)
A/Q-cage bird/England/1219/2005 H5N1 2(3)
NIBRG12 (A/HongKong/213/2003)" H5N1 1
NIBRG14 (A/Vietnam/1194/2003) HS5N1 1
NIBRG23 (A/Turkey/Turkey/1/2005) H5N1 2(2)
Specificity panel B
A/Taiwan/1/1986 HIN1
A/Duck/Germany/1215/1973 H2N3
A/Moscow/10/1999 H3N2
A/Duck/Czechoslovakia/1956 HA4N6
A/Duck/Singapore-Q/F119-3/97 H5N3 3
A/Teal/HongKong/312/1997 H6N1
A/AfricanStarling/Q-England/983/1979 H7N1
A/Turkey/Ontario/6118/1968 H8N4
A/HongKong/1073/1999 HON2
A/Turkey/Italy/1076/1967 H10N7
A/Duck/England/1/1956 H1IN6
A/Duck/Albany/1976 H12N5
A/Gull/Maryland//704/1077 H13N6
A/Mallard/Gurjev/263/1982 H14N5
A/Duck/Australia/341/1983 HI5N8
Specificity panel C
Influenza B/Panama/45/1990
Influenza C/Taylor/1/1947
Adenoviruses 1, 2, 3, and 7
Human coronaviruses 229E, NL63, and OC43
Human metapneumovirus
Rhinoviruses 16, 72, and 87
Respiratory syncytial virus A (Long strain)
Respiratory syncytial virus B (N2 strain)
Specificity panel D
N/T swab samples 2001-2006° HIN1/HIN2/H3N2/B/Neg
Simulated HS5 clinical samples? H5N1/H5N3 1and3

“ Shown are results for the H5 HA clade; clade 2 subclades are shown in brackets.

® NIBRG indicates reverse genetics-derived virus.

¢ A total of 300 respiratory samples (mainly N/T swab samples) were taken from National Influenza Surveillance Program (14).
4 Serum, sputum, combined N/T swab, and fecal samples (total 24) spiked with NIBRG14 (A/Vietnam/1194/2003) or A/Duck/Singapore-Q/F119-3/97 viruses.

Agency, Weybridge, United Kingdom. Human H5N1 isolates were kindly pro-
vided by the World Health Organization Collaborating Centre for Reference and
Research on Influenza, Mill Hill, London, United Kingdom, and the National
Institute for Biological Standards and Controls, Potters Bar, Hertfordshire,
United Kingdom. The genetically modified HSN1 viruses (NIBRG12, NIBRG14,
and NIBRG23) generated by reverse genetics (23) were also provided by the
National Institute for Biological Standards and Controls. The H5N3 isolate
A/Duck/Singapore-Q/F119-3/1997 was kindly provided by the Director of Pri-
mary Production, Veterinary Laboratory Branch, Central Veterinary Laboratory,
Singapore. A/Duck/Singapore-Q/F119-3/1997 is also known as A/Duck/Malaysia/
F119-3/1997 (19).

Virus culture. All influenza viruses in Table 1 were grown in the allantoic
cavities of embryonated hen’s eggs for 1 to 3 days at 35 to 39°C. High-pathoge-
nicity influenza H5SN1 viruses were cultivated in a DEFRA containment level 4
(CLA) facility. Genetically modified influenza H5N1 viruses were cultivated in a
CL3 laboratory. Influenza A viruses H1 to H4, H5N3, and H6 to H15 and

influenza B and C viruses were propagated in CL2 laboratories. Infected allan-
toic fluids were harvested, and viral titers were determined by HA with turkey
erythrocytes by using standard methods. Virus containing allantoic fluids were
then stored at —80°C until required. Other respiratory viruses in Table 1 were
obtained from the archive of the Respiratory Virus Unit, Health Protection
Agency (HPA), Colindale, London, United Kingdom.

Specificity panel preparation. Specificity panels were prepared to determine
the cross-reactivity of the H5 RT-PCR assay with other influenza A viruses
(Table 1). Specificity panel A contained cultured avian and human influenza A
HSNI1 viruses diluted in viral transport medium (VIM). Specificity panel B
contained egg-grown influenza A viruses of different subtypes (H1 to H15)
diluted in VTM. Specificity panel C was prepared by spiking pooled respiratory
clinical samples (combined nose and throat [N/T] swabs) that had previously
tested negative for influenza A viruses H1 and H3, influenza B viruses, and
respiratory syncytial virus A (RSVA) and RSVB by RT-PCR (28) with human
influenza B and C viruses and other respiratory viruses listed in Table 1. For
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panel D, 300 combined N/T swab samples from patients presenting with influ-
enza and influenza-like illness were analyzed. The samples were collected by a
subset of the practitioners in the Birmingham Unit of the Royal College of
General Practitioners Network during the influenza seasons of 2000 through
2006 (12).

Determination of sensitivity of HS RT-PCR assays. (i) Titration of virus
infectivity. Infectivity assays were performed as previously described by using
Madin-Darby canine kidney cells (11). Tenfold dilutions (10~" to 107'?) of
influenza A viruses representative of H5 HA clades (clade 1, NIBRG14 [A/Viet-
nam/1194/2004]; clade 2, NIBRG23 [A/Turkey/Turkey/1/2005]; and clade 3,
A/Duck/Singapore-Q/F119-3/1997) were prepared in VIM. Aliquots of each
virus dilution (100 pl) were analyzed by the infectivity assay.

(ii) RT-PCR. Freshly prepared aliquots of each virus dilution were subjected
to nucleic acid extraction, and RT-PCR was performed with the H5 TagMan
real-time assay to determine the sensitivity of the assay and the amplification
efficiency of the RT-PCR.

(iii) Spiked clinical material. Tenfold dilution series (10~' to 107'2) of
NIBRG14 and A/Duck/Singapore-Q/F119-3/1997 H5 viruses were also spiked in
clinical material as previously described. Viral RNA was purified from aliquots
of each dilution and amplified with the H5 real-time RT-PCR to determine the
end point of detection. The NIBRG14 and A/Duck/Singapore-Q/F119-3/1997
viruses were also spiked at three different concentrations (1072 104, and 10~°)
into N/T swab, sputum, and human serum samples that previously tested nega-
tive for influenza and RSV viruses by multiplex RT-PCR (28). Nucleic acid was
extracted from these spiked samples, and the detection of H5 viral RNA was
performed with the H5 TagMan real-time RT-PCR assay.

HS5 positive control material. Aliquots of 600 pl of influenza A H5N3 A/Duck/
Singapore-Q/F119-3/1997 virus (2.5 X 10® PFU/ml) mixed with 200 ul guani-
dinium isothiocyanate lysis buffer (Severn Biotech Ltd., Worcester, United King-
dom) were prepared and stored at —80°C until use. The control material was
validated with the H5 TaqMan real-time RT-PCR assay and quality assured
(Conformité Européenne marked) following standard stability and stress testing
(http://www.hpa.org.uk/srmd/div_esl_qcu/products.htm).

Clinical samples. Respiratory samples (N/T swabs, sputum, and nasopharyn-
geal aspirates) from returning travelers who were suspected to have avian HS
influenza infections according to the HPA case definition (http://www.hpa.org
.uk/infections/topics_az/influenza/avian/case_definition.htm) presenting to hos-
pitals in England with influenza-like illnesses were sent directly to HPA for
primary H5 diagnostic testing. Patient samples (150 pl) were aliquoted into 840
wl guanidinium thiocyanate (GSCN) and Triton X-100 containing lysis buffer
(Roche Diagnostics, Mannheim, Germany) in a CL3 laboratory prior to viral
RNA extraction at CL2. Viral RNA or cDNA was analyzed in parallel, following
a diagnostic algorithm for analyzing samples from patients suspected of H5
infection, by using the H5 TaqgMan real-time RT-PCR assay, a multiplex RT-
PCR for the detection of influenza A H1 and H3, influenza B, and RSVA and
RSVB viruses (28), and a pan-influenza A RT-PCR targeting the matrix gene of
all influenza A viruses (11). The H5 positive control virus was processed in the
same way as the clinical specimens.

In addition, five respiratory samples (nasopharyngeal and lung) collected dur-
ing an H5SN1 human outbreak in Europe during 2006 were kindly provided by the
WHO Collaborating Centre for Reference and Research on Influenza, Mill Hill,
London, United Kingdom. Patient samples (100 ul) were aliquoted into lysis
buffer, as described above, in a CL4 laboratory prior to viral RNA extraction at
CL2. Viral RNA was then analyzed using the H5 TagMan real-time RT-PCR
assay.

Nucleic acid extraction and RT. The choice of extraction technique depended
on the location of analysis (CL2, CL3, or CL4 laboratory), urgency of sample
processing, and logistic factors, e.g., the number of samples to be analyzed.

The automated MagNAPure nucleic acid isolation system with a total nucleic
acid isolation kit (Roche Diagnostics) was used to purify viral RNA from aliquots
(150 pl) of samples in specificity panels B, C, and D. MagNAPure-purified
nucleic acids were eluted in a final volume of 100 wl. Viral RNA was extracted
from samples (150 pl) in specificity panel A and from respiratory secretions
taken from suspected H5 patients by using 840 wl GSCN lysis buffer and 10 pl
silica suspension (Severn Biotech Ltd.) as previously described and eluted in 30
pl nuclease-free water (4, 28).

Dilution series of A/Duck/Singapore-Q/F119-3/1997 H5 virus prepared in du-
plicate in N/T swab clinical material or VITM were also extracted in parallel by
the GSCN-silica method (150 pl) and with a QIAGEN viral RNA extraction kit
(140 wl) (QIAGEN Ltd., West Sussex, United Kingdom). Viral RNA purified
with a QIAGEN kit was eluted in a final volume of 60 pl.

RT of viral RNA to cDNA for use in two-step RT-PCR assays was performed
as previously described (11, 28).
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H5 TagMan real-time one-step RT-PCR assay. Conserved target regions of
the HA of influenza A HS5 viruses were identified following alignment of all
human A H5NI and representative avian H5 virus HA nucleotide sequences
publicly available from the Los Alamos influenza sequence database (19). HA-
specific influenza virus H5 primers and a minor groove binder probe were
designed for the H5 TaqMan real-time assay by using Primer Express software
(Applied Biosystems, Cheshire, United Kingdom). Optimal primer and probe
concentration and amplification conditions were determined. Final conditions
for a 50-ul reaction mixture used 25 pl 2X QuantiTect probe RT-PCR master
mix containing 6-carboxy-X-rhodamine as a passive reference (QIAGEN Quan-
tiTect probe RT-PCR kit), 900 nM each primer (H5Forward [5" GCCGAATG
ATGCMATMAAYT 3'] and H5Reverse [5" CGCACCCATTGGAGTTTGAC
3']), 200 nM TagMan minor groove binder probe (H5probe [5' 6-carboxyfluores
cein-CATTGCTCCAGAAWAT-MGBNFQ 3']), 0.5 ul QuantiTect RT mix
(QIAGEN QuantiTect probe RT-PCR kit), and 2 ul viral RNA template. The
determination of the sensitivity of the H5 real-time RT-PCR assay was per-
formed using the above protocol and also using the following 50-ul reaction
mixture: 25 pl 2X RT-PCR mix (SuperScript III Platinum one-step quantitative
RT-PCR kit; Invitrogen, Paisley, Scotland), 900 nM each primer (H5Forward
and H5Reverse), 200 nM TaqgMan minor groove binder probe (H5probe), 8 ul
SuperScript III RT/Platinum Tag mix, 1 pl 6-carboxy-X-rhodamine reference
dye, and 2 pl viral RNA template. All samples and controls were tested in
duplicate. The PCR thermal profile consisted of an initial RT step of 50°C for 30
min, followed by 15 min at 95°C, and 40 cycles of 15 s at 94°C and 60 s at 60°C.
Amplification, detection, and data analysis were performed on an ABI Prism
7000 real-time thermal cycler, with “FAM no quencher” selected as the detector.
The baseline was set to where no fluorescence emissions were detectable and five
cycles before the start of amplification was detected. Since cycle threshold (Cy)
values greater than 38.00 were observed to approach the sensitivity limits of the
real-time detection system, C; values of less than 38.00 were considered positive
detections by amplification of the target template.

Confirmatory strategies. The strategies for the diagnosis and confirmation of
HS5 virus infection were shown in Fig. 1. Confirmatory strategies were based on
nucleotide differences between H5 clade 1, 2, and 3 viruses identified following
the alignment of HA sequences. The phylogenetic tree was constructed using
publicly available H5S HA sequences, representing clades 1, 1’, 2, and 3, with
sequences (nucleotide positions 181 to 1273) aligned by ClustalW (16).

(i) H5 real-time RT-PCR restriction enzyme digestion confirmation analysis.
For confirmation of the amplification of wild-type (WT) H5 viral RNA and
differentiation from H5 positive control amplicons, the digestion of real-time
RT-PCR products with two restriction enzymes was performed. The enzyme
Msel recognizes and cuts the sequence TTAA present at nucleotide positions
792 to 795 in the HA of the positive control virus A/Duck/Singapore-Q/F119-3/
1997. The sequence TCGA (nucleotides 840 to 844) observed in HA sequences
of clade 1 and 2 H5 viruses, but absent in A/Duck/Singapore-Q/F119-3/1997, is
recognized and cleaved by the restriction enzyme Taq“I. Fifteen microliters of
the H5 TagMan real-time RT-PCR mix containing the 151-bp PCR product
amplified from the HA1 portion of the influenza A H5 HA was added to 0.5 .l
of the restriction enzymes Msel (5 U) or Taq"I (10 U) (New England Biolabs,
Beverly, MA) for a minimum of 60 min at 37°C or 60°C, respectively, in 50 mM
NaCl-10 mM Tris-HCI-10 mM MgCl,—1 mM dithiothreitol-100 wg/ml bovine
serum albumin [pH 7.9] for Msel digestion or 100 mM NaCl-50 mM Tris-
HCI-10 mM MgCl,-1 mM dithiothreitol-100 pg/ml bovine serum albumin [pH
7.9] for Taq*I digestion. The products of enzyme digestion were visualized by
ethidium bromide staining following electrophoresis on a 3% molecular screen-
ing agarose gel (Roche Diagnostics).

(ii) Pyrosequencing confirmation analysis. For confirmation of the detection
of WT H5 viral RNA by differentiation from HS5 positive control amplicons, and
analysis of HS WT sequence, a pyrosequencing assay was performed. By using
PSQ assay design software (Biotage, Uppsala, Sweden), PCR primers (H5pyroF1
[5" biotin-ACA GAG CAG GTT GAC ACA ATA AT-3'] and H5pyroR2 [5'-
CGT GTT TCA CTT CTT CAT AGT C-3']) were designed to amplify a 274-bp
region (113 to 386 bp) of the HA1 portion of the influenza HS virus HA molecule
and sequence a 5-bp region (232 to 236 bp) within the PCR amplicon by using the
sequencing primer H5pyroS1 (5'-TCC AGC TAC ACT ACA AT-3"). RT of viral
RNA to cDNA for use in the pyrosequencing PCR was performed as previously
described (11, 28).

Optimal primer concentrations were determined for a 50-pl real-time PCR
containing 25 pl 2X QuantiTect SYBR green master mix (QIAGEN), 200 nM
biotinylated forward primer, 200 nM of reverse primer, and 5 ul cDNA template.
Cycling conditions used were 50°C for 2 min, followed by 10 min at 95°C and 40
cycles of 15 s at 94°C and 60 s at 60°C. Amplification and detection were
performed using an ABI Prism 7000 real-time thermocycler.
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FIG. 1. Diagram of H5 RT-PCR strategy and confirmatory assays for diagnosis and verification of H5SN1 infection as described in this report.
The lengths of the horizontal lines are proportional to the nucleotide differences (%) between sequences as indicated by the scale. The detection
of HS viral RNA by the TagMan HS real-time RT-PCR assay is confirmed by PCR restriction enzyme digest or direct sequencing of the real-time
amplicon or by pyrosequencing RT-PCR of a 5-nucleotide discriminatory region of the HS HA gene.
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Pyrosequencing was performed according to the manufacturer’s protocol
(Biotage). In brief, 40 pl of biotinylated PCR product was immobilized onto
streptavidin Sepharose High Performance (Amersham Biosciences, Bucking-
hamshire, United Kingdom) in binding buffer (10 mM Tris-HCI [pH 7.6], 2 M
NaCl, 1 mM EDTA, and 0.1% Tween 20) and vigorously shaken for 10 min at
room temperature. Sequencing primer (440 nM) in annealing buffer (20 mM
Tris-acetate [pH 7.6] and 2 mM MgAc,) was incubated at 80°C for 2 min and
then allowed to cool slowly to RT. Single-stranded DNA template was obtained
by using the PyroMark vacuum prep workstation (Biotage). Immobilized PCR
product was initially washed in 70% ethanol and then incubated in 0.2 M NaOH.
A final wash in 10 mM Tris-acetate, pH 7.6, was carried out before annealing
single-stranded DNA to the sequencing primer.

Sequencing was performed using an automated PSQ PyroMark ID instrument
(Biotage). Substrate and enzyme were dispensed, followed by the sequential
addition of nucleotides, in the order CTCTC. Sequence results were obtained in
the form of pyrograms and analyzed using IdentiFire software (Biotage).

(ii) Cycle sequencing confirmation analysis. PCR products (amplified by the
H5 TagMan real-time RT-PCR assay from reference H5 viruses) were se-
quenced by automated nucleotide cycle sequencing. PCR products were first
purified using a QIAquick PCR purification kit (QIAGEN Ltd.) and then se-
quenced using a Beckman Coulter CEQ 2000 capillary sequencer and CEQ 2000
dye terminator cycle sequencing quick-start kit (Beckman Coulter, Fullerton,
CA). Nucleotide sequences were compared by BLAST analysis using the influ-
enza sequence database (19) and GenBank sequence database (2).

RESULTS

H5 TagMan real-time RT-PCR assay. The amplification ef-
ficiency of the real-time H5 RT-PCR assay was determined by
using a 10-fold dilution series of NIBRG14, NIBRG23, and
A/Duck/Singapore-Q/F119-3/1997 viruses. Standard curves
were generated with duplicate samples over a template dilu-
tion range of 5 to 6 logs by using obtained C, values of less
than or equal to 36.00, with a difference between replicates of
<0.5 C; values. By using the C-slope method (3, 18) and slope
values of —3.36 with NIBRGI14 viral RNA, —3.35 with
NIBRG23, and —3.28 for A/Duck/Singapore-Q/F119-3/1997,
the amplification efficiency values of the RT-PCRs were cal-
culated to be 98, 99, and 101%, respectively.

Sensitivity. The sensitivity of the H5-specific TagMan real-
time RT-PCR for the detection of influenza HS viruses was
determined on at least five separate occasions by using 10-fold
dilutions (10~" to 10~'?) of three influenza H5 viruses repre-
sentative of clade 1 (NIBRG14), clade 2 (NIBRG23), and
clade 3 (A/Duck/Singapore-Q/F119-3/1997). An analysis of 1
PFU of virus reliably and reproducibly generated C, values of
34.00 = 0.28.

By using the QuantiTect probe RT-PCR Kkit, the real-time
HS5 RT-PCR assay detected <1 PFU of NIBRG14 and
A/Duck/Singapore-Q/F119-3/1997 viruses belonging to HA
clade 1 and clade 3, respectively, and 1 to 10 PFU of the clade
2 HS virus NIBRG23. When SuperScript III Platinum one-step
RT-PCR master mix was used, the HS assay detected <1 PFU
of the HS viruses analyzed from clade 1, 2, or 3.

The sensitivity of the real-time H5 assay using cultured H5
viruses spiked into clinical material was also determined on
five separate occasions. When NIBRG14 or A/Duck/Singa-
pore-Q/F119-3/1997 viruses were diluted in either VIM or
clinical N/T material, the end point of detection observed was
<1 PFU of each virus. NIBRG14 and A/Duck/Singapore-Q/
F119-3/1997 viruses were also spiked at three different concen-
trations into influenza virus- and RSV-negative N/T swab, spu-
tum, and human serum samples with 1.6 X 10, 1.6 X 10 and
1.6 PFU of virus analyzed, respectively. Influenza A HS viral
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RNA was detected (C, < 38.00) with the H5 TagMan real-
time RT-PCR assay in all of the N/T swab, serum, and sputum
samples spiked with the A/Duck/Singapore-Q/F119-3/1997 or
NIBRG14 HS5 viruses, at all of the virus concentrations ana-
lyzed, with the C values obtained with HS viruses spiked at the
same concentration in different simulated clinical sample types
differing by C; values of 0.08 to 1.10.

The applicability of two different widely used extraction pro-
cedures for the purification of viral RNA for use in the H5
TagMan real-time assay was then determined. Serial dilutions
of A/Duck/Singapore-Q/F119-3/1997 virus prepared in VIM
or negative N/T swab clinical material were extracted in par-
allel by a GSCN-silica method (4, 28) and a commercial viral
RNA purification kit (QIAGEN Ltd.), and purified RNA was
analyzed in duplicate with the HS real-time assay on 10 sepa-
rate occasions. Using either method, <1 PFU of A/Duck/
Singapore-Q/F119-3/1997 virus was reliably detected in the
dilutions prepared in VIM (data not shown). Moreover, no
difference was observed in the sensitivity of detection of viral
RNA purified by either extraction method from A/Duck/Sin-
gapore-Q/F119-3/1997 virus spiked in N/T swab clinical mate-
rial (data not shown).

Specificity. The H5 TagMan real-time RT-PCR assay was
tested for the ability to detect human and avian influenza HS
viruses from different H5 HA clades and subclades (specificity
panel A) (Table 1). Amplification was observed with the HS
RT-PCR assay when influenza HS viruses of avian or human
origin (from the H5 HA clades 1, 1', 2, or 3 [33]) were ana-
lyzed. The HS real-time RT-PCR assay was also tested for
cross-reactivity with RNA prepared from influenza A virus
isolates of subtypes H1 to H15 (specificity panel B), influenza
B and C viruses, and other cultured respiratory viruses (spec-
ificity panel C) and clinical samples (combined N/T swabs)
containing human influenza virus H1 or H3 or influenza B
viruses (specificity panel D). No detectable amplification
(C4 < 38.00) was observed with viral RNA purified from in-
fluenza A virus subtypes H1 to H15, with the exception of the
HS5N3 virus A/Duck/Singapore-Q/F119-3/1997. No detectable
amplification (C; < 38.00) was observed following analysis of
the respiratory viruses in specificity panel C or the clinical
samples containing human influenza H1 or H3 or influenza B
viruses (specificity panel D) by the H5 real-time RT-PCR as-
say, indicating the specificity of the H5S RT-PCR assay for
influenza H5 viruses (data not shown).

Confirmatory strategies. (i) H5 real-time RT-PCR restric-
tion enzyme digestion confirmation analysis. For confirmation
of the amplification of WT HS5 viral RNA and differentiation of
WT from HS positive control amplicons, a restriction enzyme
digestion assay was developed based on nucleotide differences
at two sites in the sequence of the respective amplicons. Pos-
itive control amplicons were cut following digestion with the
enzyme Msel to yield two fragments of 69 and 82 bp (Fig. 2a).
Since the Msel recognition site is absent in the DNA sequence
of WT-derived PCR products, Msel did not digest these am-
plicons. The restriction enzyme Taq"I cuts PCR products am-
plified by the HS real-time assay from WT H5 HA clade 1 and
2 strains at one site, yielding two fragments of 21 and 130 bp,
whereas positive control amplicons were not digested by this
enzyme since the Taq®I restriction recognition site is absent
(Fig. 2a and b). The avian H5 HA clade 2 virus A/Turkey/
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FIG. 2. Restriction enzyme analysis of influenza A HS HA real-
time RT-PCR amplicons. (a) Msel and Taq“I digestion of HS WT
(clade 1 and 2) and positive control (clade 3) HA amplicons. In the
lane descriptions below, numbers in brackets after strain names refer
to H5 HA clades. Lanes 1 and 7, undigested A/Vietnam/1194/2004 (1);
lanes 2 and 8, undigested NIBRG23 (2); 3 and 9, undigested A/Duck/
Singapore-Q/F119-3/1997 (3); lane 4, Msel-digested A/Vietnam/1194/
2004 (1); lane 5, Msel-digested NIBRG23 (2); lane 6, Msel-digested
A/Duck/Singapore-Q/F119-3/1997 (3); lane 10; Taq“I-digested A/Viet-
nam/1194/2004 (1); lane 11, Taq“I-digested NIBRG23 (2); lane 12,
Taq“I-digested A/Duck/Singapore-Q/F119-3/1997 (3); lane M, DNA
molecular weight markers. (b) Taq“I digestion of HA RT-PCR ampli-
cons from WT HS5 (clade 2) and positive control (clade 3) viruses. Lane
1, undigested A/Indonesia/5/2005 (2); lane 2, Taq*I-digested A/Indo-
nesia/5/2005 (2); lane 3, undigested A/Indonesia/6/2005 (2); lane 4,
Taq*I-digested A/Indonesia/6/2005 (2); lane 5, undigested A/Turkey/
Turkey/1/2005 (2); lane 6, Taq*I-digested A/Turkey/Turkey/1/2005 (2);
lane 7, undigested A/Q-CageBird/England/1219/2005 (2); lane 8§,
Taq“I-digested A/Q-CageBird/England/1219/2005 (2); lane 9, undi-
gested NIBRG23 (2); lane 10, Taq“I-digested NIBRG23 (2); lane 11,
undigested A/Duck/Singapore-Q/F119-3/1997 (3); lane 12, Taq*I-di-
gested A/Duck/Singapore-Q/F119-3/1997 (3); lane M, DNA molecular
weight markers.

Turkey/1/2005 and the genetically modified A/Turkey/Turkey/
1/2005 virus (NIBRG23) real-time RT-PCR products were not
digested by the Msel or Taq“I restriction enzyme (Fig. 2a and
b). An analysis of the H5 HA sequence of A/Turkey/Turkey/
1/2005 indicated that a nucleotide substitution (C to T) at
position 799, in the region amplified by the HS real-time RT-
PCR assay, resulted in the loss of the Taq®I restriction site.
However, amplicons from the other clade 2 HS5 viruses ana-
lyzed retained the Taq®I restriction site and gave restriction
patterns characteristic of clade 2 viruses (Fig. 2b).

(ii) Pyrosequencing RT-PCR and sequence analysis. For
confirmation of the detection of WT HS viral RNA by differ-
entiation from HS5 positive control amplicons and analysis of
HS WT sequence, a pyrosequencing assay, which differentiates
between sequences from viruses belonging to HS HA clades 1,
2, and 3, was developed based on a 5-bp region (236 to 232 bp)
of HAI. Following the amplification of viral RNA by pyrose-
quencing real-time RT-PCR of the 274-bp fragment encom-
passing this region, pyrosequencing was performed and the
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FIG. 3. Pyrograms of raw data obtained from pyrosequencing a
5-nucleotide region of HA1 of the HA gene of HS5 viruses. The y axis
determines the luminescence intensity, with peak heights relative to
the number of each nucleotide. The order of enzyme (E), substrate (S),
and sequential nucleotide addition is indicated on the x axis. (a)
A/Vietnam/1194/2004 (clade 1) sequence CTCTC. (b) NIBRG23
(clade 2) sequence CTCTT. (c) A/Duck/Singapore-Q/F119-3/1997
(clade 3) sequence CCCTC.

resulting pyrograms were analyzed (Fig. 3). In the 5-nucleotide
region sequenced, clade 1 and 1’ viruses were shown to have
the nucleotide sequence CTCTC (Fig. 3a), whereas clade 2
viruses had the sequence CTCTT (Fig. 3b). The H5 positive
control A/Duck/Singapore-Q/F119-3/1997, representative of
clade 3 viruses, had the sequence CCCTC in this region (Fig. 3c).

(iii) Nucleotide sequencing analysis. The specificity of the
HS real-time RT-PCR assay was confirmed by direct sequenc-
ing of the H5 HA gene PCR amplicons of the WT (A/Vietnam/
1194/2004) and positive control (A/Duck/Singapore-Q/F119-3/
1997) viruses. BLAST analysis of the HA nucleotide sequences
of the PCR products confirmed that the amplicons were de-
rived from the WT or positive control viruses analyzed (data
not shown).

(iv) Diagnostic testing for influenza HS in returning travel-
ers. Returning travelers presenting to hospitals in England
with influenza-like illness, who were suspected to be harboring
avian HS virus according to the HPA avian HS virus infection
case definition, were managed according to the HPA HS al-
gorithm (http://www.hpa.org.uk/infections/topics_az/influenza
/avian/algorithm.htm). A total of 15 clinical specimens (nose
swabs, throat swabs, sputum samples, and nasopharyngeal as-
pirates) from seven suspected cases of avian HS5 virus infection
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that precisely matched the HPA HS influenza virus infection
case definition were analyzed between October 2004 and April
2006. Nucleic acid was analyzed directly with the HS TagMan
real-time RT-PCR in parallel with a two-step multiplex RT-
PCR for influenza A H1 and H3 viruses, influenza B viruses,
RSVA and RSVB and a pan-influenza A virus RT-PCR (11,
28). Influenza HS viral RNA was not detected in any of the
samples analyzed from the suspected HS cases. However, in-
fluenza AH3 viral RNA was detected in samples from four
patients by RT-PCR. Where serum was also collected from
these patients, serological testing confirmed that there was no
evidence of H5 infection (data not shown).

Respiratory samples collected during an H5SN1 human out-
break in Europe in 2006 were also analyzed. Of these five
samples, three had previously been demonstrated to contain
influenza A H5N1 viral RNA when tested by the WHO Col-
laborating Centre for Reference and Research on Influenza
(A. Hay, personal communication). Following analysis, a lung
sample and one of four nasopharyngeal specimens examined
were shown to contain influenza A HS viral RNA by the HS
TagMan real-time RT-PCR.

DISCUSSION

RT-PCR methods have been shown to be useful and the
diagnostic method of choice during outbreaks of HSN1 infec-
tions in Hong Kong and South East Asia (8, 30, 34). However,
a disadvantage of RT-PCR methodology is the inherent sen-
sitivity, with the potential for false-positive results due to car-
ryover contamination. In addition to following precautionary
anticontamination measures in the laboratory (5, 7, 31), the
reporting of false-positive results can be avoided by the use of
confirmatory tests, along with a distinguishable assay positive
control. By using the H5 TagMan real-time RT-PCR described
in this report, a reliable subtype-specific diagnostic result can
be generated within a few hours following specimen collection,
including verification of positive results.

In countries such as the United Kingdom, where H5N1
infections in birds are not endemic, diagnostic testing for H5
avian influenza is most likely to be performed on travelers
returning from HS5N1-affected regions or on potentially ex-
posed poultry workers. In both instances, there is a necessity
for the use of algorithms to provide robust differential diagno-
sis. For poultry workers, exposure to avian influenza A viruses
of subtypes other than HS5 should also be considered.

The HS5 real-time RT-PCR described in this report was de-
signed as a one-step, real-time assay to improve efficient pro-
cessing and reduce the risk of carryover contamination. The
HS assay was designed for use on a TagMan sequence detec-
tion platform (Applied Biosystems); however, the test will be
useful in a range of laboratories since the assay is transferable
to other real-time platforms, such as the Roche LightCycler,
Corbett Rotor-Gene, or Cepheid Smart Cycler, with little re-
optimization. Primers that fit the criteria for suitable real-time
PCR primers were selected from highly conserved regions of
the HA gene of HS influenza viruses, with the range limited by
the high rate of variation in the gene. In addition, the probe
sequence selection from a highly conserved region was aided
by the use of the minor groove binder at the 3’ end of the
probe, which increased the melting temperature of the probe,
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allowing the use of shorter probes. Despite the selection of
conserved regions, in order to ensure the amplification of tar-
get viral RNA from the HA gene of influenza viruses belonging
to all three H5 HA clades, three degenerate bases were incor-
porated into the forward primer and one was incorporated into
the probe sequence. The influenza A HS5N3 virus A/Duck/
Singapore-Q/F119-3/1997 was selected as the positive control
material for the real-time RT-PCR assay, since this strain is
representative of H5 clade 3 viruses, which have not been
detected since 1997, and can easily be distinguished genetically
from HS circulating viruses of clade 1 and clade 2. False-
positive results arising from the contamination of test samples
by the positive control can therefore be confirmed by se-
quence-dependent confirmatory assays. In addition, A/Duck/
Singapore-Q/F119-3/1997 virus has the advantage of being
apathogenic and can be easily cultured at CL2. While this is a
useful strategy, it does not discriminate from cross-contamina-
tion of WT from other specimens, so in the event of a positive
signal, it is important to reconfirm the result by reextraction at
a time of low prevalence.

The H5 TagMan real-time RT-PCR assay was shown to be
extremely sensitive for the detection of influenza A HS5 viruses,
detecting clade 1, 2, and 3 HS virus levels of 1 PFU or less by
using a QuantiTect Probe RT-PCR master mix (QIAGEN
Ltd.). Furthermore, when a different commercially available
one-step RT-PCR master mix was used (Superscript IIT Plat-
inum RT-PCR Kkit; Invitrogen), it was observed that the H5
real-time assay was 1 log more sensitive for the detection of
NIBRG23 (A/Turkey/Turkey/1/2005) clade 2 virus, detecting
<1 PFU of this virus. This was also seen with the A/Chicken/
Turkiye/Av05/2006 clade 2 virus, but not with the other clade
2 viruses analyzed from Table 1 (data not shown). An exami-
nation of the sequence of the HS assay target region of A/Tur-
key/Turkey/1/2005 and A/Chicken/Turkiye/Av05/2006 identi-
fied three mismatches relative to the primer and probe
sequences that were not present in the HA sequences of the
other clade 2 viruses analyzed or in those of clade 1, 1’, or
clade 3 HS viruses: nucleotide 16 in the forward primer (C to
A, degenerate in the primer), nucleotide 7 in the reverse
primer (C to T), and nucleotide 14 in the probe (T to A,
degenerate in the probe). Differences in the composition of the
two RT-PCR master mixes, including magnesium ion concen-
tration, reverse transcriptase, and polymerase enzymes, could
have resulted in a greater tolerance of the mismatches between
the target sequence and primers/probe. It is therefore essential
to use the Superscript III Platinum real-time master mix in this
HS RT-PCR assay to ensure optimum sensitivity of detection
of HS viruses belonging to all HS HA clades and subclades.

It is vital that diagnostic assays are highly sensitive for the
diagnosis of H5NI1 infection using different clinical sample
types. The pattern of replication of influenza H5N1 viruses in
the human respiratory tract is unclear, and it may be appro-
priate to analyze various clinical samples. Efficient replication
of H5N1 viruses has been demonstrated in cells in the lower
region of the respiratory tract, where the avian virus receptor
(SAa2,3Gal) is prevalent (26, 32), and more recently, the in-
fection of nasopharyngeal and oropharyngeal epithelial cells as
well as lung tissue has been demonstrated (22).The sensitivity
of the H5 real-time assay for different clinical sample types,
such as secretions from the upper respiratory tract and lower
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respiratory tract, was analyzed in this study first by using sim-
ulated respiratory clinical H5 samples due to the limited avail-
ability of HS clinical samples from human cases and also by
analysis of a small number of respiratory samples from suspect
HS cases during an HSN1 human outbreak in Europe in 2006.
The study demonstrated that the HS real-time RT-PCR assay
is suitable for analyzing both upper respiratory and lower re-
spiratory tract samples.

Serum samples spiked with HS viruses were also analyzed
since invasive H5N1 infection has been documented for mam-
mals and humans (9, 13, 14, 35). Previously reported RT-PCR
assays for the detection of HS viruses have been designed to
detect human and avian clade 3 viruses, human clade 1’ vi-
ruses, or clade 1 human, avian, and felid viruses from 1997,
2003, and 2004, respectively (20, 21, 24), and have not included
validation data on the detection of HS clade 2 viruses. It is
particularly important that the sensitivity and specificity for
clade 2 viruses are determined for any potentially useful diag-
nostic HS assay, since clade 2 viruses are becoming geograph-
ically more widespread and the predominant HS strain isolated
from humans and birds. The HS real-time RT-PCR described
here was shown to be specific for the detection of influenza A
HS viruses, amplifying viral RNA from viruses belonging to all
of the H5 HA clades and subclades identified since 1997.
Nonreactivity of the HS real-time RT-PCR assay with other
influenza A virus subtypes, influenza B and C viruses, and
noninfluenza respiratory viruses was demonstrated, confirming
the specificity of the assay for H5 viruses.

The majority of published assays for the detection of H5
viruses have relied on detection in a single assay (20, 24). In
contrast, in this report, the incorporation of a distinguishable
HS5-positive assay control and confirmatory assay options en-
able the verification of the integrity of positive results.

For diagnostic laboratories that do not have access to se-
quencing facilities, a simple restriction enzyme digest assay was
developed. The selection of the two restriction sites chosen was
based on differences in the HA sequence of the HS real-time
assay amplicons between clade 1, 1, and 2 viruses, compared
to the sequence from the clade 3 positive control PCR product.
Positive control amplicons have the Msel restriction site, which
is absent in amplicons from WT viruses. In contrast, the en-
zyme Taq®l digests PCR products from H5 clade 1 and 2
viruses, whereas positive control-derived amplicons are not
digested since the Taq®I site is absent. During the study, it was
observed that the Taq®I restriction site has been lost from a
subclade of HS5 clade 2 viruses, demonstrating the importance
of using at least two different enzymes for the confirmatory
analysis. Confirmation of the amplification of a clade 2
subclade 2 virus requires sequence analysis of the real-time
RT-PCR amplicon by traditional nucleotide sequencing or
confirmation with the RT-PCR pyrosequencing assay. The re-
striction digest assay is easy to perform, and the confirmatory
assay can be performed in 3.5 h. A confirmation of H5 diag-
nosis with the HS real-time RT-PCR can be also be achieved
by direct sequencing of the PCR amplicon, since the sequence
of the H5 amplicon generated by amplification from WT vi-
ruses is distinguishable from that of the HSN3-positive control
virus. Sequence confirmation can be achieved in 5 to 6 h
following diagnosis with the HS real-time RT-PCR assay.

Pyrosequencing of RT-PCR amplicons has previously been
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used to genotype viruses (1, 10), and although pyrosequencing
has been utilized to assess adamantane resistance among in-
fluenza A strains (6), there have been no reports to date of the
applicability of pyrosequencing to genotype influenza viruses.
The pyrosequencing RT-PCR was designed to amplify a region
of the HA gene that is distinguishable between HS5 viruses
belonging to the different HS HA clades. The results demon-
strated that the pyrosequencing assay was reproducible and
easy to interpret and that confirmation was achieved more
rapidly than with standard nucleotide cycle sequencing, with
results available 2.25 h after HS diagnosis with the real-time
RT-PCR assay.

The application of the HS real-time RT-PCR to the diagno-
sis of H5 infection in upper respiratory tract and lower respi-
ratory tract secretions from suspected cases presenting in the
United Kingdom was analyzed. Although no positive cases
were detected, the diagnosis of influenza A H3N2 virus infec-
tion in 57% of cases analyzed highlights the importance of
differential diagnosis for suspected avian influenza virus infec-
tion patients, particularly for travelers returning from regions
where seasonal influenza viruses may be circulating.

In the design of this HS real-time RT-PCR, an alignment of
conserved regions of influenza A HS viruses was made with
publicly available sequences. The restriction PCR digest and
pyrosequencing confirmatory assays were also designed based
on the viral HA gene sequences. Due to the high mutation
frequency of influenza viruses and the heterogeneity of the
circulating strains, it is theoretically possible that mutations in
the primer or probe regions or the regions used for confirma-
tion may occur and continual analysis of sequences from re-
cently circulating strains must be performed. The addition of
an internal control would further improve the assay as a diag-
nostic tool, as each sample would be checked for the quality of
the nucleic acid extraction.
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