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Influenza A virus surveillance studies of wild bird populations are essential to improving our understanding
of the role of wild birds in the ecology of low-pathogenic avian influenza viruses and their potential contribution
to the spread of H5N1 highly pathogenic avian influenza viruses. Whereas the primary results of such
surveillance programs have been communicated extensively, practical considerations and technical implemen-
tation options generally receive little attention. In the present study, the data obtained from 39,490 samples
were used to compare the impacts of variables such as the sampling procedure, storage and transport
conditions, and the choice of molecular and classical diagnostic tests on the outcome of the results. Molecular
diagnostic tests allowed estimation of the virus load in samples, which has implications for the ability to isolate
virus. Virus isolation in embryonated eggs was more sensitive than virus isolation in cell cultures. Storage and
transport conditions had less of an impact on diagnostics by the use of molecular tests than by the use of
classical approaches. These findings indicate that molecular diagnostic tests are more sensitive and more
reliable than classical tests. In addition, molecular diagnostic tests facilitated analyses in real time and allowed
the discrimination of H5 influenza viruses with low and high pathogenicities without the need for virus
isolation. Critical assessment of the methods used in large surveillance studies like this will facilitate com-
parison of the results between studies. Moreover, the lessons learned from current large-scale influenza A virus
surveillance activities could be valuable for other pathogen surveillance programs in the future.

Highly pathogenic avian influenza (HPAI) viruses constitute
a continuous concern from public health, veterinary, and wild-
life perspectives. Whereas aquatic wild birds serve as the main
reservoir for low-pathogenic avian influenza (LPAI) viruses,
the emergence of HPAI viruses is primarily the result of large-
scale poultry husbandry (1, 16, 23, 39). Outbreaks of HPAI
predominantly occur in poultry and are restricted to influenza
A viruses of the H5 and H7 subtypes. The last decade has seen
a marked increase in outbreaks of HPAI in poultry around the
world. While most HPAI outbreaks have been controlled rel-
atively quickly, the H5N1 HPAI virus has continuously been
circulating in poultry since 1997 (7, 10). The H5N1 HPAI virus
is also unusual in the unprecedented scale and geographical
spread of the outbreak that it has caused; its transmission to a
wide variety of mammalian species, including humans; and the
introductions of H5N1 HPAI virus in wild birds (5, 22, 28, 40).
These recent introductions of H5N1 HPAI virus in wild birds
and the subsequent spread of the virus throughout Asia, the
Middle East, Africa, and Europe have put a focus on the role
of wild birds in the geographical spread of the H5N1 HPAI
virus (29). Large-scale surveillance programs have been imple-
mented in several parts of the world to determine the role of
wild birds in the spread of the H5N1 HPAI virus and to serve

as a sentinel system for the introduction of the H5N1 HPAI
virus into new geographical regions (4, 14, 21, 30, 36). Whereas
the primary results of these surveillance programs have been
communicated extensively (2, 6, 9, 14, 15, 17, 18, 27, 30, 31, 32),
the practical considerations and technical implementation of
large-scale influenza A virus surveillance techniques into var-
ious field and laboratory settings have received little attention.
Here, the results of long-term avian influenza surveillance
studies of wild birds were analyzed (24, 26) to determine the
effects of sample collection procedures, sample storage condi-
tions, and screening methods for the detection of influenza A
viruses in samples obtained from wild bird samples on test
results and virus isolation rates.

MATERIALS AND METHODS

Specimens. Wild birds were trapped by expert ornithologists. Cloacal and/or
oropharyngeal swab specimens were collected with sterile cotton swabs and
stored in 1 ml transport medium consisting of Hanks balanced salt solution
containing 0.5% lactalbumin, 10% glycerol, 200 U/ml penicillin, 200 �g/ml strep-
tomycin, 100 U/ml polymyxin B sulfate, 250 �g/ml gentamicin, and 50 U/ml
nystatin (ICN, The Netherlands).

Storage conditions. The samples were stored at 4°C for less than 2 weeks,
including the time required for molecular testing and virus isolation. The samples
were stored at �80°C if freezers with such a capability were available near the
sampling site and at �20°C if rapid transport or storage at �80°C was not
possible. Frozen samples were stored at �80°C in the laboratory upon arrival and
were thawed once for analysis.

RNA isolation and virus detection. RNA was isolated by using a MagnaPure
LC system with a MagnaPure LC total nucleic acid isolation kit (Roche Diag-
nostics, Almere, The Netherlands), and influenza A virus was detected by a
generic real-time reverse transcriptase PCR (RRT-PCR) assay targeting the

* Corresponding author. Mailing address: Department of Virol-
ogy, Erasmus Medical Center Rotterdam, P.O. Box 2040, Rotter-
dam 3000 CA, The Netherlands. Phone: 31-10-7044150. Fax: 31-10-
7044760. E-mail: v.munster@erasmusmc.nl.

� Published ahead of print on 24 December 2008.

666



matrix (M) gene (M RRT-PCR). Amplification and detection were performed
on an ABI 7700 machine with a TaqMan EZ RT-PCR core reagents kit (Applied
Biosystems, Nieuwerkerk aan den IJssel, The Netherlands) and 20 �l of eluate in
an end volume of 50 �l. M RRT-PCR-positive samples were subsequently used
for the detection of H5 influenza A viruses by using a RRT-PCR targeting the
H5 gene (H5 RRT-PCR). H5 gene-positive samples were subsequently charac-
terized further by nucleotide sequencing of the hemagglutinin (HA) region
spanning the cleavage site. RRT-PCR primers and probes were designed on the
basis of sequence information obtained from publicly available nucleotide se-
quences (www.ncbi.nlm.nih.gov). RRT-PCR primer and probe combinations
were designed with the software package Primer Express (version 2.0; Applied
Biosystems).

Oligonucleotides RF1073 (5�-AAG-ACC-AAT-CCT-GTC-ACC-TCT-GA-3�)
and RF1074 (5�-CAA-AGC-GTC-TAC-GCT-GCA-GTC-C-3�) and the double
dye-labeled probe RF1293 (5�–6-carboxyfluorescein–TTT-GTG-TTC-ACG-CTC-A
CC-GTG-CC–6-carboxytetramethylrhodamine–3�) were designed for the detection
of the M gene segment of influenza A virus. The primers were taken from Ward et
al. (38), but the probe sequence was adjusted for proper detection of avian influenza
A viruses. Oligonucleotides RF1151 (5�-GGA-ACT-TAC-CAA-ATA-CTG-
TCA-ATT-TAT-TCA-3�) and RF1152 (5�-CCA-TAA-AGA-TAG-ACC-AGC-T
AC-CAT-GA-3�) and the double dye-labeled probe RF1153 (5�–6-carboxyflu
orescein–TTG-CCA-GTG-CTA-GGG-AAC-TCG-CCA-C–6-carboxytetramet
hylrhodamine–3�) were designed for the detection of the H5 gene segment of the
LPAI and the HPAI viruses.

Virus isolation and characterization. All M RRT-PCR-positive samples (cycle
threshold [CT] value, �40) were used for virus isolation. For isolation of influ-
enza A virus from M RRT-PCR-positive samples, the original specimen was
briefly centrifuged and 100 �l was inoculated into the allantoic cavity of 11-day-
old embryonated hens’ eggs. The allantoic fluid was harvested after 2 days, and
influenza A virus was detected by a hemagglutination assay with turkey erythro-
cytes (41). When no influenza A virus was detected upon the initial virus isolation
attempt, an aliquot of the allantoic fluid was inoculated blindly in the allantoic
cavity of a second embryonated egg. The HA subtypes of the virus isolates were
characterized by a hemagglutination inhibition assay with turkey erythrocytes
and subtype-specific hyperimmune rabbit antisera raised against all 16 HA sub-
types (12). The neuraminidase (NA) subtypes of the virus isolates were deter-
mined by RT-PCR and sequencing with primers specific for the noncoding
regions of NA, as described previously (24).

Viruses and cells. Influenza virus A/Common Teal/Netherlands/10/00 (H1N1),
A/Mallard/Netherlands/3/99 (H5N2), and A/Mallard/Netherlands/12/00 (H7N3)
were obtained from cloacal swab specimens from migratory ducks and were
subsequently passaged twice in embryonated hens’ eggs (24).

Madin-Darby canine kidney (MDCK) cells were cultured in Eagle minimal
essential medium (Lonza, Heerhugowaard, The Netherlands) supplemented
with 10% fetal calf serum (FCS), 100 IU/ml penicillin, 100 mg/ml streptomycin,
1.5 mg/ml sodium bicarbonate, 2 mM glutamine, 10 mM HEPES, and nones-
sential amino acids. CCL-141 (duck embryo) cells were cultured in minimal
essential medium with Hank’s salts supplemented with 10% FCS, 100 IU/ml
penicillin, 100 �g/ml streptomycin, 1 mM sodium pyruvate, 2 mM glutamine, and
nonessential amino acids. CCL-169 (goose embryonic kidney) cells were cultured
in Ham’s F-12 medium (Gibco) supplemented with 10% FCS, 100 IU/ml peni-
cillin, 100 �g/ml streptomycin, and 2 mM glutamine. Duck embryo fibroblast
(DEF) and chicken embryo fibroblast (CEF) cells were cultured in Dulbecco
minimal essential medium supplemented with 100 IU/ml penicillin, 100 mg/ml
streptomycin, 2 mM glutamine, 1 mM sodium pyruvate, and nonessential amino
acids.

Infections and titrations. The sensitivity of detection and propagation of avian
influenza A viruses in different cell lines was performed by inoculation of
MDCK, CCL-141, CCL-169, DEF, and CEF cells with 100 �l of serially diluted
virus stocks in infection medium. For each cell line used, the effect of trypsin on
cell viability was tested by incubation with the infection media containing differ-
ent concentrations of trypsin and observing the cultures for signs of toxicity. The
highest concentration of trypsin at which cells showed a normal morphology was
used in each infection medium. After incubation, the cells were washed once with
phosphate-buffered saline and cultured in infection medium. For the infection
media for CCL-141 and CCL-169, the 10% FCS in the initial cell culture medium
was replaced by 3% FCS and 1 �g/ml trypsin (Cambrex) was added; for the
infection media for DEF and CEF cells, the 10% FCS in the initial cell culture
medium was replaced by 4% bovine serum albumin and 1 �g/ml trypsin (Cam-
brex) was added. Supernatants were harvested after 5 days, and influenza A virus
was detected by the hemagglutination assay (41). To evaluate MDCK cells for
use for primary virus isolation attempts, the MDCK cells were inoculated with
100 �l of the original material positive for the M gene by RRT-PCR in 1 ml

MDCK infection medium (Eagle minimal essential medium supplemented with
4% bovine serum albumin [Gibco], 100 IU/ml penicillin, 100 �g/ml streptomycin,
1.5 mg/ml sodium bicarbonate, 2 mM glutamine, 10 mM HEPES, nonessential
amino acids, and 20 �g/ml trypsin [Cambrex]) and incubated for 1 h. The cells
were subsequently washed once with phosphate-buffered saline and cultured in
infection medium. The cells were checked daily for cytopathic effects by micros-
copy. The supernatants were harvested after 5 days, and influenza A virus was
detected by the hemagglutination assay. When no influenza A virus was detected
upon the initial virus isolation attempt, the supernatant was passaged once more
in MDCK cells.

Viruses were titrated by endpoint dilution in MDCK cells, as described pre-
viously (8). In short, 10-fold serial dilutions were used to inoculate MDCK cells.
Three days after inoculation, the supernatants of the infected cell cultures were
tested by hemagglutination assay as an indicator of infection. Infectious titers
were calculated from five replicates by the Spearman method of Karber (19).

RESULTS

Analyses of wild bird surveillance. From a total of 39,490
samples collected from wild birds from 1998 to 2006, 1,483
influenza A virus-positive samples (3.8%) were detected by the
M RRT-PCR. The use of the M RRT-PCR allowed the anal-
ysis of the distribution of the CT values among these samples
(Fig. 1A). The CT value is the first real-time amplification cycle
in which target gene amplification is detectable, and a small CT

value indicates a high number of virus genome copies and thus
virus particles in the sample, whereas a large CT value indicates
a small amount of virus. The cutoff for negative samples was
set at a CT value of 40 on the basis of the findings for multiple
amplification curves. For the wild bird samples, the CT values
ranged from 15 to 40, and a CT value of 34 had the highest rate
of occurrence (9.4%).

Virus isolation. The correlation between the CT value of a
positive sample and the ability to isolate virus in embryonated
hens’ eggs was determined. Three different outcomes of the
virus isolation attempts were possible: virus isolation in the
first attempt, virus isolation upon blind passage, and no virus
isolation after two attempts. Statistically significant differences
in CT values were observed between samples that were positive
upon the first isolation attempt (mean CT value, 28.5; 95%
confidence interval [CI], 28.0 to 29.0), samples positive only
upon the second isolation attempt (mean CT value, 29.8; 95%
CI, 28.7 to 30.9), and samples that remained negative after two
isolation attempts (mean CT value, 32.1; 95% CI, 31.8 to 32.3),
indicating that there was a correlation between the viral RNA
copy numbers and the ability to isolate virus from samples (Fig.
1B). In total, 482 influenza A virus isolates were obtained from
1,483 M RRT-PCR-positive samples (32.5%). A total of 417
of the avian influenza A viruses were obtained after the first
attempt to isolate virus (87%), whereas the remaining 65
(13%) were obtained only after blind passage. There were only
marginal differences between the percentages of the HA and
the NA subtypes of the virus isolates obtained after the first
and the second virus isolation attempts. Of the HA and NA
subtypes with the lowest likelihood of being isolated in the first
attempt (H2, H5, N9), �65% were still obtained during the
first isolation attempt (Fig. 2).

Detection of H5 subtype of influenza A virus in original
samples. From 2005 onwards, the wild bird surveillance was
performed in real time in order to serve as an early-warning
system for the potential introduction of H5N1 HPAI virus in
wild birds. M RRT-PCR analyses were performed within 1
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week from the time that the samples were obtained from the
birds, and positive samples were immediately analyzed by H5
RRT-PCR. H5 RRT-PCR-positive samples were further char-
acterized by performing sequence analysis with the original
sample without prior virus isolation. In 2005, 38 of 663 influ-
enza A virus-positive samples (5.7%) were of the H5 subtype
(determined by the H5 RRT-PCR); in 2006, 44 of 469 (9.4%)
were of the H5 subtype; and in 2007, 3 of 503 (0.6%) were of
the H5 subtype. Although virus could be isolated in embryo-
nated hens’ eggs from only 25% of the H5 subtype-positive
samples, all 85 H5 influenza A virus-positive samples could be
characterized by sequencing of the region of HA spanning the
cleavage site. All samples positive for the H5 subtype were of
the low-pathogenic genotype. Comparison of the H5 RRT-
PCR CT values with the M RRT-PCR CT values revealed that

the latter were about 4 CT value units lower (mean CT value for
M RRT-PCR, 28.19 [95% CI, 27.39 to 29.00]; mean CT value
for H5 RRT-PCR, 32.42 [95% CI, 31.48 to 33.37]). Compari-
son of the CT values obtained by the M RRT-PCR and the
H5 RRT-PCR for serially diluted A/Mallard/Netherlands/3/99
(H5N2) virus also showed that the M RRT-PCR was more
sensitive, but only by approximately 2.5 CT value units (Fig. 3).
This suggests that the H5 RRT-PCR primers were better
matched for influenza virus A/Mallard/Netherlands/3/99 than
for some of the field strains. Therefore, the variability of the
target sequences for each of the M RRT-PCR and H5 RRT-
PCR primers and probes was analyzed by using sequences
obtained from the influenza A virus isolates during the surveil-
lance studies. Entropy plots generated from 87 M gene se-
quences revealed that the target sequences of the primers and
probes were highly conserved, whereas for 64 H5 LPAI virus
sequences, much more variation in the target sequences of the
primers and probe used for the H5 RRT-PCR was observed
(Fig. 4).

Cloacal and pharyngeal excretion of avian influenza viruses.
Experimental studies with the H5N1 HPAI virus have shown
that these viruses are excreted predominantly via the respira-
tory tract rather than via the intestinal tract (3, 20, 35). To
increase the chance of detection of H5N1 HPAI viruses in wild
birds, the sampling efforts in many surveillance studies have
changed from cloacal sampling to cloacal plus oropharyngeal
sampling. In the present study, we had 1,964 paired cloacal and
oropharyngeal swab specimens obtained from migratory mal-
lards (Anas platyrhynchos). The rate of influenza A virus de-
tection in the cloacal samples was significantly higher than the
rate of detection in the oropharyngeal samples: 8.0% (158 of
1,964) in cloacal samples and 3.7% (73 of 1964) in oropharyn-
geal samples (McNemar’s test, P � 0.001). The majority of
birds with positive oropharyngeal swabs also had positive clo-
acal swabs (56%). The rate of virus detection in the cloaca and
the pharynx combined (9.6%) was higher than the rate of
detection of virus in samples obtained from the cloaca only.
The CT values for the samples obtained from the cloaca (mean
CT value, 32.5; 95% CI, 31.8 to 33.1) were significantly lower
than for those obtained from the respiratory tract (mean CT

value, 35.5; 95% CI, 34.9 to 36.1; one-way analysis of variance,
P � 0.001). Virus could be isolated from only 2 of 73 (2.7%) of
the M RRT-PCR-positive samples obtained from the pharynx
and from 19 of 158 (12%) of the M RRT-PCR-positive sam-
ples obtained from the cloaca in a single virus isolation at-
tempt.

Virus stability under different storage conditions. The effect
of different cold-chain conditions on the virus isolation rate
was determined for the samples obtained from the wild bird
surveillance studies. M RRT-PCR-positive samples obtained
from mallards that had CT values ranging from 25 to 35 and
that were stored at either 4°C (207 samples), �20°C (262
samples), or �80°C (222 samples) until analysis were selected.
Among the M RRT-PCR-positive samples, virus could be iso-
lated from 39% of the samples stored at �80°C, 20% of the
samples stored at �20°C, and 17% of the samples stored at
4°C. A significant difference was observed between the ability
to isolate virus and the CT value for each of the three storage
temperatures (Table 1).

The effect of different cold-chain conditions was also assessed

FIG. 1. CT values and virus isolation. (A) Distribution of CT values
for 1,483 M RRT-PCR-positive samples obtained from 39,490 wild
migratory birds during wild bird surveillance studies. (B) Correlation
between CT value and virus isolation results. Group I, all samples from
which an influenza A virus was isolated during the first virus isolation
attempt; group II, samples from which an influenza A virus was iso-
lated only after blind passaging; negative, no influenza A virus was
isolated after two isolation attempts. Isolation attempts were per-
formed with embryonated hens’ eggs. Each dot represents the CT value
for an individual bird sample. The 95% CI is represented by the red
error bars for each of the three groups.
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experimentally. Tenfold serial dilutions of A/Mallard/Nether-
lands/10/00 (H1N1), A/Mallard/Netherlands/3/99 (H5N2), and
A/Mallard/Netherlands/12/00 (H7N3) were made in transport
medium containing feces and 10-fold serial dilutions of A/Mal-
lard/Netherlands/3/99 (H5N2) were made in transport media
without feces, and the samples were stored under different
temperature conditions. The integrity of the RNA, as deter-
mined by the CT value, was maintained for up to 3 weeks in
samples stored at 4°C and up to 3 months in samples stored at
�20°C and �80°C (Fig. 5A). Analyses could not be completed
for samples stored at 4°C from 4 weeks onwards due to the
outgrowth of bacteria and fungi. No differences in RNA sta-

FIG. 2. Likelihood of positive results during the first virus isolation attempt for 482 influenza A virus isolates obtained during wild bird
surveillance studies. Blue bars, HA subtypes 1 to 16 (of note, HA subtypes 14 and 15 were not detected in this study); dotted line above the blue
bars, the median (0.870) of the likelihood of positive results during the first virus isolation attempt for HA; red bars, NA subtypes 1 to 9; dotted
line above the red bars, median (0.840) of the likelihood of positive results during the first virus isolation attempt for NA. The numbers above the
bars indicate the numbers of viruses with a particular HA or NA subtype that were isolated during the first attempt.

FIG. 3. Correlation between M RRT-PCR CT values and H5 RRT-
PCR CT values. Black symbols, samples from the wild bird surveillance
studies; red symbols, samples from a serially diluted virus stock of
A/Mallard/Netherlands/3/99 (H5N2). Regression lines are shown for
each series.

FIG. 4. Entropy plots for oligonucleotide-annealing sites of the
primers and probes of the M and H5 RRT-PCR assays. Nucleotide
(nt) sequences from influenza A viruses isolated during the wild bird
surveillance studies were aligned, and entropy was calculated for each
nucleotide position of each oligonucleotide. Oligonucleotide positions
are given in the 5� to 3� direction, with position 1 being the extreme 5�
nucleotide. (A) Analysis of 87 M gene sequences with primer RF1073,
probe RF1293, and primer RF1074, shown from left to right, respec-
tively. (B) Analysis of 64 H5 LPAI virus gene sequences with primer
RF1151, probe RF1153, and primer RF1152, shown from left to right,
respectively. The degree of heterogeneity (entropy) was defined as
described elsewhere (33, 34).
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bility were observed between samples with and without duck
feces, and no differences were observed between the three
influenza A virus isolates tested (data not shown). Virus was
isolated from all samples independently of the virus dilution,
the storage temperature, and the duration of storage. How-
ever, a blind passage was required for virus isolation from the
samples stored for 21 days at 4°C.

In addition, the effect of freeze-thaw cycles on virus viability

and RNA integrity was determined. Whereas the CT value of
all samples remained relatively stable regardless of the number
of freeze-thaw cycles, a decrease in the virus titers was ob-
served with each freeze-thaw cycle (Fig. 5B). The decrease in
the virus titer was more pronounced in samples with low virus
titers (data not shown). A single freeze-thaw cycle of samples
stored at �80°C resulted in an �4-fold decrease in virus titers,
and a freeze-thaw cycle performed at �20°C resulted in an
�10-fold decrease in virus titers.

Comparison of virus isolation techniques. In order to com-
pare virus isolation in cell lines with virus isolation in embry-
onated hens’ eggs, the ability of avian influenza A viruses to
replicate in a variety of cell lines, CCL-169, CCL-141, MDCK,
DEF, and CEF cells, was tested. Three serially diluted avian
influenza A viruses of different subtypes were used for inocu-
lation of the different cell lines, and the highest dilution that
resulted in influenza A virus detection was recorded as an
indicator of the relative sensitivities of these cells for the de-
tection of avian influenza A viruses. MDCK cells were the
most sensitive cell line for the isolation of avian influenza A
viruses; for each of the three virus subtypes, the highest dilu-
tion that yielded positive results was 10- to 100-fold higher in
MDCK cells than in the other four cell types (data not shown).

Next, virus isolation in embryonated hens’ eggs was com-
pared to virus isolation in MDCK cells by the use of wild bird
specimens. Twenty-five samples positive by the M RRT-PCR
(CT values, 23 to 32; HA subtypes 1 to 7) and 80 negative by
the M RRT-PCR samples were used. Influenza A viruses were
isolated in embryonated hens’ eggs for 23 of the 25 M RRT-
PCR-positive samples, whereas with the MDCK cells, only 5 of
25 influenza A viruses were isolated. No influenza A viruses
were obtained from the samples negative by the M RRT-PCR
(data not shown). Virus isolation by inoculation of embryo-
nated hens’ eggs was thus more sensitive than virus isolation in
MDCK cells and in cells of the other cell lines.

DISCUSSION

Previously, we reported the results of large-scale influenza A
virus surveillance studies of wild birds (24). An evaluation of
the methods used for these high-throughput influenza A sur-
veillance studies is described here. The use of RRT-PCR al-
lowed the quantification of the viral loads in the original sam-
ples. The CT values for influenza A virus-infected wild birds in
the surveillance studies ranged from 15 to 40. There was a
direct relation between the viral load in a sample and the
ability to isolate virus from that sample. In general, virus iso-
lates were obtained more frequently from samples with low CT

TABLE 1. Relation between different storage temperature conditions and the ability to isolate influenza A viruses from M
RRT-PCR-positive samples

Temp (°C) No. of samples positive
by RRT-PCR

No. (%) of samples from
which virus was isolated

Mean CT value (95% CI)
P valuea

Negative samples Positive samples

�80 222 87 (39.2) 31.8 (31.4–32.3) 29.6 (29.0–30.2) �0.001
�20 262 53 (20.2) 29.8 (29.4–30.2) 28.7 (28.0–29.4) 0.019
�4 207 36 (17.4) 31.5 (31.1–31.9) 29.9 (29.0–30.8) 0.001

a P value of the difference between the mean CT values for M RRT-PCR-positive samples that were positive or negative upon virus isolation attempts for three
different storage temperatures (one-way analysis of variance).

FIG. 5. Virus stability under different storage conditions. (A) Sta-
bility of influenza virus A/Mallard/Netherlands/3/99 (H5N2) stored at
different temperatures. Three 10-fold serial dilutions of virus were
tested. Blue dotted lines (�), samples stored at 4°C; red lines (�),
samples stored at �20°C; and black lines (�), samples stored at
�80°C. (B) Impact of multiple freeze-thaw cycles on virus viability and
integrity of the RNA of influenza virus A/Mallard/Netherlands/3/99
(H5N2). Blue and red lines, samples stored at �80°C and �20°C,
respectively; solid and dotted lines, CT values (right axis) and virus
titers (left axis), respectively. TCID50, 50% tissue culture infective
dose.
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values. A single cutoff CT value, above which virus isolation
attempts were generally negative, could not be obtained. How-
ever, when a CT value of 37 was used as the cutoff, only 3.5%
of the virus isolates would have been missed in these studies.
For practical reasons, it may desirable to set such a cutoff CT

value for virus isolation, but this would need to be done by
each laboratory and for each RRT-PCR method individually.

The collection of cloacal and oropharyngeal samples from
the same birds allowed the assessment of the role of the re-
spiratory tract as the site of replication of avian influenza A
viruses and as targets for surveillance studies. Numerous M
RRT-PCR-positive oropharyngeal samples were obtained, in-
dicating that LPAI viruses replicate in the respiratory tracts of
wild birds, in addition to their intestinal tracts. However, the
low frequency of detection of LPAI virus in oropharyngeal
samples, the fact that most birds with positive oropharyngeal
swabs also had positive cloacal swabs, and the significantly
lower virus load in the oropharyngeal samples may suggest that
the respiratory tract plays a limited role in the replication,
transmission, and ecology of avian influenza A viruses. Our
results are in agreement with recently published data from a
wild bird surveillance study performed in Sweden (11). How-
ever, the exact contribution of LPAI virus replication in the
respiratory tracts of wild birds to the transmission and ecology
of avian influenza A viruses in this natural reservoir remains to
be elucidated. The implementation of oropharyngeal sample
collection from mallards in influenza A virus surveillance stud-
ies seems to be useful primarily for the surveillance of H5N1
HPAI viruses (3, 13, 20), while the added value for the sur-
veillance of LPAI viruses appears to be limited.

Comparison of the classical method of virus isolation in
embryonated hens’ eggs with virus detection by molecular
diagnostic approaches indicated that the actual prevalence
of influenza A virus is underestimated by the use of virus
isolation methods. Even with samples stored and transported
under optimal conditions (�80°C) for a minimal period of
time, virus could be isolated from only 40% of the influenza A
virus-positive samples. No differences in the ability to isolate
influenza A viruses of different HA and NA subtypes in em-
bryonated hens’ eggs were observed. Surveillance studies that
rely on virus isolation as the method of choice therefore do not
appear to be biased toward the detection of particular avian
influenza A virus subtypes that are more easily isolated in eggs.
Virus isolation by inoculation of embryonated hens’ eggs was
more sensitive than virus isolation in five different cell lines and
thus remains the best choice for the collection of as many virus
isolates as possible. When the CT values for influenza A viruses
diluted in transport medium and those diluted in transport
medium containing duck feces were compared, no differences
were observed. This indicates that RRT-PCR inhibitors in
feces did not appear to affect the ability to detect influenza A
virus-positive samples by RRT-PCR.

The detection of influenza A virus-positive samples by RRT-
PCR was insensitive to differences in storage conditions and
freeze-thaw cycles. This is likely explained by the fact that the
detection of influenza A viruses by RRT-PCR is based on
relatively small regions of the virus genome (�100 nucleotides
for both the M RRT-PCR and the H5 RRT-PCR), limiting the
impact of the partial degradation of viral RNA on detection by
RRT-PCR. Whereas we did not observe large differences in

the rates of detection of influenza A virus by RRT-PCR in
samples stored under different cold-chain conditions, there was
an effect of different storage conditions on the ability to isolate
virus from the RRT-PCR-positive samples. In general, the rate
of success of virus isolation from RRT-PCR-positive samples
stored at �80°C was twice as high that from samples stored
either at �20°C or at 4°C.

Comparison of the CT values obtained by the M RRT-PCR
and the H5 RRT-PCR revealed that the M RRT-PCR de-
tected influenza viruses three to four PCR amplification cycles
earlier. Under ideal PCR conditions, 3 CT value units corre-
sponds to an �10-fold differences in genome copy numbers.
We suspect that this difference in sensitivity between the two
RRT-PCR assays was due to the heterogeneity of the H5 gene
target sequences. The H5 RRT-PCR was specifically designed
for the detection of the various LPAI virus and H5 HPAI virus
lineages that are currently circulating, but the variability within
the different H5 strains is quite high and is much higher than
the variation in the M gene. Reinspection of publicly available
LPAI virus and H5 HPAI virus sequences indicated that it is
virtually impossible to obtain a higher degree of conservation
across all H5 virus HA sequences. Therefore, for more critical
studies, the use of two or more H5 RRT-PCR tests may be
desirable to limit the chance of missing positive samples.

The initial detection of H5 influenza A viruses in these
studies was based solely on the analyses of the original sample,
without prior culturing. By using the M RRT-PCR, a subse-
quent H5 RRT-PCR, and the final characterization of H5-
positive samples by sequencing the region spanning the cleav-
age site of the H5 gene segment, all 87 H5-positive samples
were successfully characterized as LPAI virus. The major ad-
vantages of the implementation of such molecular tests were
that high-level biocontainment conditions were not required
for the majority of the work and that the analysis times were
reduced. The speed of sample processing is crucial if surveil-
lance networks are used as early-warning and risk assessment
systems for the threat posed by H5N1 HPAI viruses from
migratory birds (25). On average, H5 RRT-PCR-positive sam-
ples were fully characterized within 3 days, and this processing
time could be reduced further if needed. The characterization
of viruses by the use of classical virus isolation methods would
certainly take considerably more time. In addition, if the anal-
yses for the H5 subtype had been performed by virus isolation
methods, 75% of the H5 viruses would not have been detected,
due to an inability to isolate the virus in the first place.

A variety of cold-chain solutions suit to fit particular regions
or purposes could be implemented without a loss of sensitivity
for the detection of avian influenza A viruses by RRT-PCR.
Expedition-like surveillance programs currently performed in
remote locations in Africa, Alaska, or Siberia are hampered by
the limited availability of dry shippers, liquid nitrogen, dry ice,
and cryopacks. By using the more easily maintainable cold
chains at 4°C or �20°C, the samples would still be sufficiently
preserved to characterize H5 viruses without the need for prior
culturing. Such a change to a more easily maintainable cold
chain would be recommendable over methods such as preser-
vation of the samples in ethanol (37), due to the ability to
isolate viruses from at least a proportion of the samples. Al-
though the focus of some of the surveillance efforts is solely to
detect H5N1 HPAI viruses in wild birds, it would be a missed
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opportunity if the complete characterization of influenza A
virus-positive samples were not attempted. The availability of
virus isolates is essential for the further characterization of
both H5N1 HPAI and LPAI viruses, for the assessment of the
biological properties of these viruses, and for the development
of vaccines and diagnostics. Whereas most surveillance studies
focus on communicating the results of the studies, limited
attention has been given to analyses of the methodologies
used. Without critical assessment of the methodologies used
within these surveillance studies, detailed comparison of the
results will be difficult. The lessons learned from the current
large-scale influenza A virus surveillance activities could also
be valuable for application to other pathogen surveillance pro-
grams in the future.
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