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Wild waterfowl are the natural reservoir of all influenza A viruses, and these viruses are usually nonpatho-
genic in these birds. However, since late 2002, H5N1 outbreaks in Asia have resulted in mortality among
waterfowl in recreational parks, domestic flocks, and wild migratory birds. The evolutionary stasis between
influenza virus and its natural host may have been disrupted, prompting us to ask whether waterfowl are
resistant to HSN1 influenza virus disease and whether they can still act as a reservoir for these viruses. To
better understand the biology of H5N1 viruses in ducks and attempt to answer this question, we inoculated
juvenile mallards with 23 different H5N1 influenza viruses isolated in Asia between 2003 and 2004. All virus
isolates replicated efficiently in inoculated ducks, and 22 were transmitted to susceptible contacts. Viruses
replicated to higher levels in the trachea than in the cloaca of both inoculated and contact birds, suggesting
that the digestive tract is not the main site of HSN1 influenza virus replication in ducks and that the fecal-oral
route may no longer be the main transmission path. The virus isolates’ pathogenicities varied from completely
nonpathogenic to highly lethal and were positively correlated with tracheal virus titers. Nevertheless, the eight
virus isolates that were nonpathogenic in ducks replicated and transmitted efficiently to naive contacts,
suggesting that highly pathogenic H5N1 viruses causing minimal signs of disease in ducks can propagate
silently and efficiently among domestic and wild ducks in Asia and that they represent a serious threat to

human and veterinary public health.

Wild aquatic birds, including ducks, are the natural reservoir
of influenza type A viruses and play an important role in the
viruses’ ecology and propagation. Virus representatives of all
16 hemagglutinin (HA) and all 9 neuraminidase (NA) subtypes
have been isolated from waterfowl. From this reservoir, influ-
enza A viruses can occasionally be transmitted to other avian
and mammalian hosts, including humans, and can cause out-
breaks of severe disease. Influenza viruses in wild aquatic birds
have long been in a state of evolutionary equilibrium (stasis),
and infected hosts usually show no signs of disease (27). Most
avian influenza viruses replicate preferentially in the gastroin-
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testinal tract of wild ducks, are excreted at high levels in feces,
and are transmitted through the fecal-oral route (15, 29).
Since their emergence in Hong Kong in 1997, highly patho-
genic H5N1 influenza viruses have repeatedly caused serious
outbreaks among poultry farms and markets in the territory
(10, 22, 23). These outbreaks resulted in the repeated slaughter
of poultry in Hong Kong to contain the spread of these viruses.
These zoonotic agents also pose a significant threat to human
health, because they have repeatedly shown their potential to
transmit directly from birds to humans (5, 12, 18, 25, 26).
Between late 2003 and early 2005 H5N1 avian influenza spread
in an unprecedented fashion across 10 Asian countries, result-
ing in 53 human fatalities in Thailand, Vietnam, and Cambo-
dia, and the death and slaughter of more than 150 million
birds, as reported by the World Health Organization (http:
/www.who.int/csr/disease/avian_influenza/en/). Despite nu-
merous efforts at containment, H5N1 influenza viruses and
their precursors still circulate among poultry and wild birds in
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TABLE 1. H5NI1 influenza viruses characterized in this study

Virus Abbreviation® Date isolated Source
A/Pheasant/Hong Kong/NT123/03 A/Ph/HK/NT123/03 3/03 Retail poultry market, Hong Kong
A/Silky chicken/Hong Kong/YU17/03 A/S.Ck/HK/YU17/03 1/03 Retail poultry market, Hong Kong
A/Chicken/Hong Kong/AP111/03 A/Ck/HK/AP111/03 4/03 Retail poultry market, Hong Kong
A/Chicken/Hong Kong/SSP94/03 A/Ck/HK/SSP94/03 2/03 Retail poultry market, Hong Kong
A/Chicken/Hong Kong/WF27/03 A/Ck/HK/WF27/03 1/03 Retail poultry market, Hong Kong
A/Pigeon/Hong Kong/WF32/03 A/Pigeon/HK/WF32/03 1/03 Retail poultry market, Hong Kong
A/Chicken/Hong Kong/YU250/03 A/Ck/HK/YU250/03 3/03 Retail poultry market, Hong Kong
A/Chicken/Hong Kong/YU46/03 A/Ck/HK/YU46/03 1/03 Retail poultry market, Hong Kong
A/Chicken/Hong Kong/SSP171/03 A/Ck/HK/SSP171/03 3/03 Retail poultry market, Hong Kong
A/Silky chicken/Hong Kong/SSP7/03 A/S.Ck/HK/SSP7/03 1/03 Retail poultry market, Hong Kong
A/Chicken/Hong Kong/NT71/03 A/Ck/HK/NT71/03 2/03 Retail poultry market, Hong Kong
A/Mallard/Vietnam/16D/03 A/Mal/VN/16D/03 1/03 Mallard duck, Vietnam
A/Chicken/Vietnam/C58/04 A/CKk/VN/C58/04 1/04 Chicken, Vietnam
A/Chicken/Vietnam/48C/04 A/Ck/VN/48C/04 1/04 Chicken, Vietnam
A/Duck/Vietnam/40D/04 A/DK/VN/40D/04 1/04 Duck, Vietnam
A/Vietnam/1203/04 A/VN/1203/04 1/04 Human patient, Vietnam
A/Vietnam/3046/04 A/VN/3046/04 1/04 Human patient, Vietnam
A/Chicken/Vietnam/133/04 A/Ck/133/04 7/04 Chicken, Vietnam
A/Peregrine Falcon/Hong Kong/D0028L/04 A/Falcon/HK/D0028L/04 1/04 Dead wild bird, Hong Kong
A/Duck/Thailand/71.1/04 A/Dk/Thai/71.1/04 2/04 Duck, Thailand
A/Thailand/1(Kan-1)/04 A/Thai/1(Kan-1)/04 2/04 Human patient, Thailand
A/Chicken/Anhui-Chaohu/85/04 A/Ck/AH/85/04 7/04 Chicken, China
A/Chicken/Pangkal Pinang/BPPV3/04 A/Ck/PP/BPPV3/04 1/04 Chicken, Indonesia

“ Abbreviations: Ph, pheasant; HK, Hong Kong; S.Ck, silky chicken; Dk, duck; VN, Vietnam; Thai, Thailand.

Asia (3, 4, 11, 13, 14, 28, 31) and remain a threat to both
veterinary and human public health.

Previous research had consistently demonstrated that ducks
infected with highly pathogenic avian influenza viruses of the
HS and H7 subtypes (either naturally or experimentally inoc-
ulated) developed very mild or no disease signs (1, 6, 11, 16, 19,
22). In fact, highly pathogenic avian influenza (HPAI) viruses
in waterfowl tended to behave like low-pathogenic avian influ-
enza viruses in other avian species, despite having multiple
basic amino acids at the HA cleavage site, a universal trait of
HPALI viruses. However, recent events indicate that the long-
standing equilibrium between influenza viruses and aquatic
birds may have been disrupted. During the 1999-2000 H7
avian influenza outbreak in Italy, mortality was observed in two
domestic geese and two Muscovy ducks (2). In December of
2002, new H5N1 outbreaks in two Hong Kong parks caused the
deaths of many resident avian species, including waterfowl (7,
24). These were the first reported incidents of influenza virus-
caused mortality among aquatic birds since 1961. During the
Asian H5N1 outbreak of 2003-2005, domestic ducks were
among the species affected by the epidemic, although they
were not as dramatically affected as the more susceptible host,
the chicken (http://www.fao.org/ag/againfo/subjects/en/health
/diseases-cards/avian_update.html). These recent develop-
ments prompted us to ask whether waterfowl such as ducks can
still act as asymptomatic carriers of influenza virus when in-
fected with highly pathogenic HSNI.

Here we report the characterization of 23 avian and human
HS5N1 virus isolates collected in Hong Kong, mainland China,
Indonesia, Thailand, and Vietnam during outbreak investiga-
tions performed in 2003 and 2004. These viruses were com-
pared by antigenic analysis and then assessed for their poten-
tial to replicate, transmit, and be pathogenic in mallards. Our
findings showed that the H5N1 virus isolates tested replicated
and transmitted efficiently in ducks. Additionally, the virus

isolates exhibited different pathogenic potentials in ducks,
ranging from the complete absence of clinical disease to severe
neurological dysfunction and death. Tracheal virus titers were
found to be consistently higher than cloacal virus titers in
mallards, and they were positively correlated with virus patho-
genicity in this avian model.

MATERIALS AND METHODS

Viruses. All influenza viruses used in this study were isolates sent to the St.
Jude Children’s Research Hospital Influenza Repository by collaborators at the
University of Hong Kong as part of the World Health Organization Global
Influenza Program and by scientists in China, Indonesia, Vietnam, and Thailand
(Table 1). Stock viruses were grown in 10-day-old embryonated chicken eggs for
36 to 48 h at 35°C. The allantoic fluid was then harvested, and aliquots were
stored at —80°C until use. Virus titer was determined by calculating the 50% egg
infectious dose (EIDs,) per ml of virus stock, using the method of Reed and
Muench (21). The lower limit of virus titer quantitation was 10" EIDs, per ml.
All experimental work with the H5N1 viruses, including animal studies, was
performed in a biosafety level 3+ laboratory approved for use by the U.S.
Department of Agriculture and the U.S. Centers for Disease Control and Pre-
vention.

Antigenic analysis. The antigenic characteristics of the H5 influenza viruses
were compared by the hemagglutination inhibition (HI) assay with a panel of
polyclonal antisera and monoclonal antibodies to the H5 HA, as previously
described (24).

Animal studies. All animal experiments were approved by the Animal Care
and Use Committee of St. Jude Children’s Research Hospital and performed in
compliance with relevant institutional policies, the Association for the Accredi-
tation of Laboratory Animal Care guidelines, the National Institutes of Health
regulations, and local, state, and federal laws.

Duck infection and transmission studies. Two 4- to 6-week-old mallards (4nas
platyrhynchos) were each inoculated with 10° to 107 EIDs, of virus in a 1-ml
volume via the natural route, as described previously (24). Briefly, a 0.5-ml
volume of the inoculum was applied via the cloaca, 0.2 ml was applied via the
trachea, and the remaining 0.3 ml was dripped into the throat, nares, and eyes
(0.1 ml in each). One or two uninfected ducks were placed in the cage with the
inoculated birds within 1 hour of inoculation and shared food and drinking water
with them. Birds were weighed and observed daily for signs of morbidity or
mortality over a period of 14 days. Birds that could not eat or drink on their own
due to severe disease signs were euthanized, and their deaths were recorded on
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the following day of observation. Tracheal and cloacal swabs were collected from
all ducks 3 and 5 days after inoculation, and influenza virus was detected by virus
isolation in 10-day-old chicken embryos as previously described (14, 24). Positive
samples were subjected to virus titer determination by calculating the EIDs,
using the method of Reed and Muench (21), which had a lower limit of quan-
titation of 10! EIDs,/ml. Swab samples with detectable influenza virus but whose
titers were below the limit of quantitation were reported as having a virus titer
of <10' EIDsy/ml.

Assessing virulence of H5N1 viruses in ducks. The intravenous pathogenicity
index (IVPT)—the mean score per bird per observation over a 10-day period—is
routinely used to determine the virulence of influenza virus isolates in domestic
poultry such as chickens. Isolates are considered to be highly pathogenic if they
cause more than 75% mortality within 10 days. The IVPI test procedures were
followed (30) with a couple of modifications: juvenile ducks were used instead of
chickens, and the infectious dose was normalized. Groups of 8 to 10 4-week-old
ducks were inoculated intravenously with 107 EIDs,, of infectious virus in a 0.1-ml
volume. The birds were observed for clinical signs of disease every 24 h over a
10-day period. During each observation, each duck was scored as follows: 0 if
healthy, 1 if mildly sick, 2 if severely sick, and 3 if dead. An IVPI can range from
0.0 for nonpathogenic isolates to 3.0 for the most highly pathogenic isolates
(causing the death of all infected birds within 24 h).

Statistical analysis of virus titers. To maximize statistical power, we combined
data presented in a previous paper (24) with the data we collected during our
recent transmission studies on cloacal and tracheal virus shedding in mallards.
We were able to combine these data because both studies had been performed
in closely matched study populations (the ducks were all 4- to 6-week-old mal-
lards raised in isolation) and used identical experimental procedures (inocula-
tion, housing of birds, and virus titer quantitation). Every duck infected, either by
direct inoculation or by contact with an infected bird, was considered an indi-
vidual study subject. Analyses were conducted separately for virus titers in
inoculated ducks and contact ducks, because the route of infection was biolog-
ically different (inoculation or transmission) and directly affected the virus titers.
For example, virus titers in contact ducks peaked later than they did in inoculated
ducks. Virus titers were tested for normality using the Shapiro-Wilk W test and
graphic depiction. The frequency distributions of cloacal and tracheal virus titers
were not distributed normally on the natural or the logarithmic (log,,) scale;
therefore, nonparametric statistical methods were used for the analyses. The
statistical analysis of virus titers was performed using the logarithmic scale, and
for this purpose, swab samples positive for influenza virus but with a titer of <10'
EIDso/ml were assigned a value of 10°° EIDsy/ml (the halfway point between
zero and the lower limit of quantitation), while swab samples negative for
influenza virus were assigned a value of 10° EIDsy/ml (the smallest possible
positive value on a log,, scale). A univariate analysis of association with virus
titers in inoculated or contact ducks was performed on factors such as pathoge-
nicity group classification, development of neurological symptoms, and year of
isolation by using the Kruskal-Wallis equality-of-population test and the Mann-
Whitney U test. We compared paired samples such as cloacal and tracheal virus
titers in ducks by using the Wilcoxon matched-pairs signed-rank test. We ana-
lyzed all data by using Small Stata statistical software (version 9.0; StataCorp,
College Station, TX).

RESULTS

Antigenic analysis. The antigenic characteristics of virus
samples isolated in 2003 and 2004 from Hong Kong, Vietnam,
and Thailand were compared using HI testing against a panel
of polyclonal postinfection antisera and monoclonal antibodies
specific to the HS HA (see Table S1 in the supplemental
material). All the virus isolates tested cross-reacted poorly with
the reference antiserum raised against the HA of A/Tern/
SA/61 (HSN3) and with the antiserum raised against the HA of
a recent human isolate, A/HK/213/03. The virus isolates had
diverse reactivity patterns; no specific reactivity pattern corre-
lated with pathogenicity in mallards. Most of the Hong Kong
virus isolates failed to react against the A/HK/156(483)/97
(H5N1) antiserum, a result similar to what we observed when
we tested isolates from 2002 (24). Some of the Hong Kong
poultry market isolates from 2003 (A/Ck/HK/NT71/03, A/Ck/
HK/WF27/03, and A/Ck/HK/SSP171/03) had very low or non-
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existent titers against all the polyclonal antiserum and the
monoclonal antibodies tested. Interestingly, the three virus
isolates obtained in 2004 from Vietnam and Thailand (A/VN/
1203/04, A/Ck/VN/C58/04, and A/Dk/Thai/71.1/04) and one
isolate obtained from a wild bird in Hong Kong (A/Falcon/
HK/D0028L/04) had very similar antigenic reactivity patterns,
a finding clearly different from all the virus isolates originating
in Hong Kong poultry markets. The differences in reactivity
patterns observed with these virus isolates indicate that these
viruses are antigenically distinguishable from each other. This
fact is evidence of considerable antigenic drift in the HA of
recent H5N1 viruses.

Pathogenicity of HSN1 viruses in mallards. To determine
whether waterfowl are resistant to HSN1 influenza virus dis-
ease and can act as asymptomatic carriers of the virus, we
compared the pathogenicity in mallards following infection by
the natural route with 23 H5N1 virus isolates obtained in 2003
and 2004 from Hong Kong (12 samples), Vietnam (7 samples),
Thailand (2 samples), China (1 sample), and Indonesia (1
sample). Ducks were susceptible to infection with all the HSN1
isolates tested, and virus was isolated from all experimentally
infected ducks at 3 days postinoculation (dpi) (Table 2). Ducks
were observed for 14 days to compare the morbidity and mor-
tality caused by the different virus isolates. The H5SN1-infected
ducks showed a continuum of disease signs (none to acute
neurological symptoms and death). On the basis of these ob-
servations, the virus isolates were classified into two groups,
according to their pathogenic potential in mallards after infec-
tion via the natural route. Infection with the virus isolates in
the low-pathogenicity group did not cause mortality in either
inoculated or contact birds. In contrast, infection with virus
isolates in the high-pathogenicity group caused death to at
least one duck (Table 3). This classification of virus isolates
into low- or high-pathogenicity groups was used for the subse-
quent descriptions and analyses.

Eight of 23 (34.8%) H5N1 virus isolates were classified as
having low pathogenic potential in mallards. Infection with the
eight virus isolates induced very limited morbidity in both
inoculated and contact birds. The ducks were active, eating and
drinking normally, and continued to gain weight during the
course of the study (Fig. 1). One contact bird exposed to
A/Ck/PP/BPPV3/04 developed some mild signs of disease,
such as ruffled feathers and mild depression for about 3 days,
but it continued to gain weight, and the duck recovered com-
pletely by the end of the experiment. The most commonly
observed sign of infection, if any, was the development of
cloudy eyes in some ducks at 4 to 5 dpi (Table 3). No mortality
was observed in ducks exposed to these virus isolates (Fig. 2).

Fifteen of 23 (65.2%) HS5N1 virus isolates were classified as
having high pathogenic potential in ducks. However, even
among these 15 isolates, there were considerable differences in
pathogenic potential. Five of these isolates caused mortality
only in experimentally inoculated ducks and not in contact
ducks (Table 3). Ducks inoculated with any of these five iso-
lates showed initial signs of disease, such as weight loss, cloudy
eyes, and depression starting at 3 dpi (Fig. 1 and Table 3). For
three virus isolates, one of two inoculated birds developed
more severe neurological dysfunction (such as ataxia and tor-
ticollis) and ultimately died at 6 to 10 dpi (Fig. 2 and Table 3).
However, the surviving inoculated ducks regained energy and
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TABLE 2. Replication of HSN1/03 and -04 influenza viruses in mallards

Detection of H5N1 virus at different times after inoculation”

Day 3 postinoculation
Pathogenicity in ducks and strain

Day 5 postinoculation

Inoculated ducks

Contact ducks

Inoculated ducks Contact ducks

Trachea Cloaca Trachea Cloaca Trachea Cloaca Trachea Cloaca
Low-pathogenicity group
A/Ck/HK/NT71/03 2/2 (2.6) 2/2(<1) 2/2(<1) 12 (<1) 0/2 0/2 2/2 (<1) 0/2
A/Ck/HK/AP111/03 2/2(5.9) 2/2(<1) 0/2 0/2 1/2 (1.0) 0/2 2/2 (4.2) 1/2 (1.0)
A/Ck/HK/YU250/03 2/2(3.2) 2/2(<1) 0/2 0/2 0/2 0/2 0/2 0/2
A/Falcon/HK/D0028L/04 2/2(5.2) 2/2(<1) 0/2 0/2 2/2(<1) 0/2 12 (<1) 0/2
A/Ck/AH/85/04 2/2 (4.0) 2/2 (2.8) 2/2 (1.0) 1/2 (1.0) 2/2 (1.0) 2/2 (<1) 2/2(2.3) 0/2
A/Ck/PP/BPPV3/04 2/2(3.5) 2/2 (2.5) 2/2 (1.0) 1/2 (1.0) 12 (<1) 1/2 (1.0) 2/2(3.5) 2/2(2.3)
A/VN/3046/04 2/2(2.5) 2/2 (1.0) 2/2 (1.0) 0/2 2/2 (1.0) 2/2 (<1) 2/2(3.3) 2/2(<1)
A/Thai/1(Kan-1)/04 2/2(5.5) 2/2(2.3) 2/2 (1.0) 2/2 (<1) 2/2(<1) 12 (<1) 1/2 (2.5) 2/2(<1)
High-pathogenicity group

A/Ph/HK/NT123/03 2/2 (<1) 0/2 2/2(<1) 12 (<1) 2/2(<1) 0/2 2/2 (4.0) 172 (<1)
A/Ck/HK/SSP94/03 2/2(3.2) 0/2 12 (<1) 02 2/2 (2.5) 0/2 2/2 (<1) 12 (<1)
A/Ck/HK/WF27/03 2/2 (5.0) 1/2 (3.0) 2/2 (1.0) 12 (<1) 2/2 (3.4) 1/2 (1.0) 2/2 (3.8) 12 (<1)
A/CKk/VN/133/04 2/2 (4.8) 2/2 (2.5) 1/1 (3.8) 1/1 (2.3) 12 (<1) 12 (<1) 1/1 (3.8) 1/1 (1.0)
A/Ck/VN/48C/04 2/2(3.3) 2/2 (3.5) 2/2(3.5) 2/2(2.3) 1/2 (1.0) 1/2 (1.0) 2/2 (3.5) 2/2 (1.0)
A/Dk/VN/40D/04 2/2 (4.3) 2/2 (1.0) 02 0/2 1/1° (2.8) 01> 2/2(3.3) 12 (<1)
A/Pigeon/HK/WF32/03 2/2 (4.6) 2/2(<1) 2/2 (3.0) 2/2 (<1) 1/1° (3.25) 0/1° 1/1% (1.0) 1/1° (<1)
A/S.Ck/HK/YU17/03 2/2 (4.6) 12 (<1) 2/2 (5.0) 2/2 (2.5) 1/1° (3.29) 01> >t b
A/Ck/HK/YU46/03 2/2 (4.4) 2/2(<1) 2/2(<1) 2/2 (<1) 1/1% (2.0) 11 (<1) 1/1% (2.8) 1/1° (<1)
A/CKk/HK/SSP171/03 2/2 (3.0) 2/2(<1) 2/2(<1) 2/2 (<1) b —* 2/2 (<1) 2/2 (1.7)
A/S.Ck/HK/SSP7/03 2/2(5.4) 2/2(<1) 2/2 (4.2) 2/2 (2.9) - —b 2/2 (4.6) 2/2(2.7)
A/Mal/VN/16D/03 2/2 (4.3) 2/2 (1.0) 1/1 (3.5) 1/1 (2.5) 1/1° (<1 1/1° (2.5) —° —
A/Ck/VN/C58/04 2/2 (<1) 172 (<1) 0/2 0/2 1/2 (2.25) 172 (<1) 2/2 (4.0) 12 (<1)
A/VN/1203/04 2/2(3.8) 2/2 (<1) 2/2(<1) 2/2 (<1) 2/2 (4.9) 2/2(<1) 2/2(2.9) 2/2(<1)
A/Dk/Thai/71.1/04 1/1% (1.0) 1/1% (2.0) 1/1° (2.5) 0/1° —+ —b 1/1% 4.3) 0/1°

“ Number shedding/number sampled (virus titer, log,, EIDsy/ml). Virus titer is the average of positive samples

> Ducks died.

started gaining weight at approximately 7 dpi. Cloudy eyes
were the most widespread sign of disease in contact ducks
exposed to ducks infected with these five pathogenic isolates.
Ducks inoculated with A/Ck/VN/133/04 developed disease
signs but ultimately recovered. In contrast, a contact duck
placed in the same cage died from the exposure, without de-
veloping severe neurological symptoms. Nine of the 15 H5N1
virus isolates classified as having high pathogenic potential in
mallards were able to induce mortality not only among inocu-
lated ducks but also in contact birds. Both inoculated and
contact ducks showed rapid and persistent weight loss, as well
as cloudy eyes (Fig. 1 and Table 3). Neurological dysfunction,
such as head twitching, ataxia, tremors, severe torticollis, and
loss of balance, was common at 4 to 5 dpi, and the ducks died
soon after. Ducks that were unable to eat or drink on their own
due to the severity of their neurological symptoms were eutha-
nized. Infection with virus isolates A/Ck/HK/YU46/03, A/S.Ck/
HK/YU17/03, and A/Dk/Thai/71.1/04 resulted in the most dra-
matic disease progression, as both inoculated and contact
ducks died as early as 3 dpi (Fig. 2). Both A/Ck/HK/YU46/03
and A/Dk/Thai/71.1/04 were also able to induce neurological
dysfunction in ducks starting at 2 dpi. Infection with six of the
virus isolates in the high-pathogenicity group caused the deaths
of the two inoculated and the two contact ducks.

In addition to determining the pathogenicity of H5SN1 virus
isolates in mallards after infection by the natural route, IVPI
scores were determined for six virus isolates from the low-
pathogenicity group and for four isolates from the high-patho-

genicity group. The IVPI scores are listed in Table 3. The IVPI
scores ranged from 0.39 to 2.96. Interestingly, only two of six
virus isolates from the low-pathogenicity group had IVPI
scores below 1.0, which would classify them as being nonpatho-
genic in mallards by this procedure. Of the other four virus
isolates from the low-pathogenicity group tested, three had
IVPI scores between 1.7 and 2.0 and one isolate (A/VN/3046/
04) had a score over 2.0. Although these four isolates had IVPI
scores that would classify them as intermediate or highly
pathogenic, they did not cause any severe morbidity or mor-
tality in mallards following infection by the natural route. The
four virus isolates from the high pathogenicity group that were
tested had IVPI scores above 2.3. These four isolates all caused
severe morbidity and mortality in mallards following infection
by the natural route.

Transmission and replication of H5SN1 viruses in mallards.
Table 2 summarizes the transmission and replication potential
of all 23 different HSN1 isolates newly characterized in this
study. All isolates tested were found to replicate in inoculated
ducks. Additionally, only A/Ck/HK/YU250/03 was not trans-
mitted from the experimentally infected ducks to the suscep-
tible contact ducks, and A/Falcon/HK/D0028L/04 was trans-
mitted to only one of two susceptible birds. All the other virus
isolates transmitted efficiently, resulting in the infection of
both contact ducks within a 5-day period. Both A/Ck/HK/
YU250/03 and A/Falcon/HK/D0028L/04 were virus isolates
classified in the low-pathogenicity group.

Most of the viruses had replicated to high titers by 3 dpi in
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FIG. 1. Weight loss of mallards infected with H5N1 influenza vi-
ruses isolates. Inoculated ducks were infected with 10° to 107 EIDs, of
virus and housed with contact ducks within 1 hour of inoculation,
sharing food and water. Ducks were weighed daily for 10 days. Virus
isolates were grouped based on their pathogenic potential in ducks as
causing no mortality among either inoculated or contact ducks (I),
causing death among inoculated ducks only (II), and causing death in
both inoculated and contact ducks (IIT). Data points and error bars
represent the averages and ranges of weight loss caused by virus iso-
lates in each pathogenic group in inoculated ducks (A) and contact
ducks (B).

the inoculated ducks, and titers were consistently higher in the
tracheal swab, except for A/Dk/Thai/71.1/04 and A/Ck/VN/
C58/04, which replicated to low titers both in the trachea and
the cloaca (=10* EIDs,/ml). At 5 dpi, many experimentally
infected ducks had no detectable virus or very low virus titers
(=10"' EIDsy/ml) in their cloacal swabs, except for those in-
fected with A/Mal/VN/16D/03 (10> EIDs,/ml). Mallards in-
oculated with virus isolates from the low-pathogenicity group
had very low virus titers in their tracheal swabs at 5 dpi (=10"
EIDsy/ml). In contrast, virus isolates from the high-pathoge-
nicity group still replicated to high titers in the trachea of
surviving ducks at 5 dpi.

Virus titers in contact ducks infected by 3 dpi were low; most
of the tracheal and cloacal swabs harbored titers of <10'
EIDsy/ml. Virus replication increased over time in contact
birds, and virus titers were much higher in tracheal swabs at 5
dpi. However, certain virus isolates from the high-pathogenic-
ity group replicated to high levels (>10° EIDsy/ml) in the
tracheas of contact birds as early as 3 dpi. As for inoculated
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birds, the virus titers in cloacal swabs remained low at both 3
and 5 dpi.

Comparison of H5N1 infection in mallards and Pekin
ducks. Most of our experimental work in ducks was performed
in mallards. However, to establish the comparability of the
mallard model to Pekin ducks, a waterfowl species heavily used
in agriculture in Asia, we performed some infection, transmis-
sion, and pathogenicity studies in this species as well. These
studies were performed following the same experimental pro-
cedures used for mallards and matching the birds for age (4 to
6 weeks old). Four isolates from the low-pathogenicity group
[A/Ck/AH/85/04, A/Ck/PP/BPPV3/04, A/VN/3046/04, and
A/Thai/1(Kan-1)/04] and five isolates from the high-pathoge-
nicity group (A/Ck/VN/133/04, A/Ck/VN/48C/04, A/S.Ck/HK/
SSP7/03, A/Mal/VN/16D/03, and A/Dk/Thai/71.1/04) were
used to inoculate Pekin ducks via the natural route.

All tested isolates replicated efficiently in the inoculated
ducks, and all isolates, except A/Thai/1(Kan-1)/04, were trans-
mitted to susceptible contacts. As in mallards, tracheal virus
titers were higher than cloacal virus titers, in both inoculated
and contact ducks (see Table S2 in the supplemental material).
At 3 dpi, tracheal titers in contact Pekin ducks exposed to
low-pathogenicity isolates were higher than in mallards ex-
posed to the same isolates: the range of cloacal titers of contact
Pekin ducks was 10'® to 10°? EIDs,/ml, compared to 10!
EIDsy/ml in contact mallards.

The classification of the nine virus isolates based on patho-
genic potential following infection by the natural route was the
same in both duck species. The four virus isolates found to be
of low pathogenicity in mallards did not cause any severe
morbidity or mortality in inoculated or contact Pekin ducks. In
fact, most inoculated and contact ducks exhibited no disease
signs at all. The only exception was one contact Pekin duck
exposed to ducks infected with A/Ck/PP/BPPV3/04, which de-
veloped cloudy eyes after 8 days of observation. The five virus
isolates found to be of high pathogenicity in mallards caused
severe disease and death in Pekin ducks as well. Disease pro-
gression in Pekin ducks infected with A/Ck/VN/133/04 and
A/Ck/VN48C/04 was somewhat more rapid than for mallards.
One Pekin duck inoculated with A/Ck/VN/48C/04 died as early
as 3 dpi, and all the contact ducks were dead by 5 dpi. As with
mallards, Pekin ducks exposed to Ck/HK/YU17/03, A/Mal/
VN/16D/03, and A/Dk/Thai/71.1/04 exhibited severe disease
and rapid mortality. Only one contact Pekin duck exposed to
Ck/HK/YU17/03 remained alive at 5 dpi.

We calculated the IVPI scores for two viruses, A/Ck/VN/
C58/04 and A/VN/1203/04, in Pekin ducks. The IVPI scores for
A/Ck/VN/C58/04 and A/VN/1203/04 in Pekin ducks were 2.95
and 2.85, respectively, compared to 2.36 and 2.32, respectively,
in mallards. Although the IVPI scores of these virus isolates
were higher in Pekin ducks than in mallards, the two isolates
were classified as being highly pathogenic in both duck species.

Analysis of H5N1 virus shedding in mallard ducks. Previous
research has shown that most avian influenza viruses replicate
preferentially in the gastrointestinal tract of ducks and are
excreted at high levels in feces (15, 29). As a result, viruses
were characteristically transmitted among susceptible birds via
the fecal-oral route. However, our recent laboratory studies
suggest that ducks infected with the latest HSN1 virus isolates
from Asia shed virus more persistently from the trachea than
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TABLE 3. Pathogenic potential of HSN1/03 and -04 influenza viruses in mallards

J. VIROL.

Clinical signs of infection

S « . . No. dead/
Pathogenicity in ducks® and strain IVPI Infection route total no. Cloudy eyes N eur olo §i cal
signs
Low-Pathogenicity Group
A/Ck/HK/NT71/03 ND*¢ Inoculated 0/2 2/2 02
Contact 0/2 12 0/2
A/Ck/HK/AP111/03 1.96 Inoculated 0/2 12 0/2
Contact 0/2 0/2 0/2
A/Ck/HK/YU250/03 ND Inoculated 0/2 0/2 0/2
Contact 0/2 0/2 0/2
A/Falcon/HK/D0028L/04 0.73 Inoculated 0/2 2/2 0/2
Contact 0/2 12 0/2
A/Ck/AH/85/04 1.76 Inoculated 0/2 0/2 0/2
Contact 0/2 0/2 0/2
A/Ck/PP/BPPV3/04 1.83 Inoculated 0/2 0/2 0/2
Contact 0/2 0/2 0/2
A/VN/3046/04 2.19 Inoculated 0/2 12 0/2
Contact 0/2 12 0/2
A/Thai/1(Kan-1)/04 0.39 Inoculated 0/2 0/2 0/2
Contact 0/2 12 0/2
High-Pathogenicity Group
A/Ph/HK/NT123/03 ND Inoculated 12 12 172
Contact 0/2 12 0/2
A/Ck/HK/SSP94/03 ND Inoculated 12 2/2 0/2
Contact 0/2 2/2 0/2
A/Ck/HK/WF27/03 ND Inoculated 12 12 172
Contact 0/2 2/2 0/2
A/Ck/VN/133/04 ND Inoculated 0/2 2/2 172
Contact 1/1 1/1 0/1
A/Ck/VN/48C/04 ND Inoculated 172 12 0/2
Contact 0/2 12 12
A/Dk/VN/40D/04 ND Inoculated 12 0/2 0/2
Contact 0/2 2/2 0/2
A/Pigeon/HK/WF32/03 ND Inoculated 2/2 2/2 2/2
Contact 2/2 2/2 2/2
A/S.Ck/HK/YU17/03 ND Inoculated 2/2 12 172
Contact 2/2 0/2 0/2
A/Ck/HK/YU46/03 ND Inoculated 2/2 12 2/2
Contact 2/2 12 12
A/Ck/HK/SSP171/03 ND Inoculated 2/2 0/2 0/2
Contact 2/2 12 12
A/S.Ck/HK/SSP7/03 ND Inoculated 2/2 0/2 0/2
Contact 2/2 12 2/2
A/Mal/VN/16D/03 2.96 Inoculated 172 12 2/2
Contact 1/1 0/2 0/1
A/Ck/VN/C58/04 2.36 Inoculated 172 2/2 172
Contact 1/2 0/2 0/2
A/VN/1203/04 2.32 Inoculated 172 2/2 172
Contact 1/2 2/2 12
A/Dk/Thai/71.1/04 2.87 Inoculated 2/2 12 172
Contact 2/2 0/2 12

¢ Pathogenicity groups were determined on the basis of lethality in both inoculated and contact ducks over a 14-day period following infection by the natural route.

Low, no lethality; high, lethality in either inoculated or contact ducks.

 Neurological signs included twitching head, ataxia, violent tremors, severe torticolitis, and loss of balance.

¢ ND, not determined.

from the cloaca. As described in Materials and Methods, we
performed a statistical analysis of cloacal and tracheal shed-
ding in experimentally infected ducks and contact ducks by
combining shedding data from a previous study (24) and the
current study. By combining these data, we obtained a study
population of 135 mallards—70 experimentally inoculated
ducks and 65 contact ducks infected with 35 different H5N1
virus isolates obtained from 1997 to 2004. The virus titer data
were markedly non-normally distributed, as most were skewed

toward low values. The measures of central tendency (median)
and dispersion (range) for both tracheal and cloacal shedding
data in the larger combined data set were as follows: at 3 dpi,
the median value for tracheal shedding was 10>° EIDs,/ml
(range, 10° to 10%° EIDs,/ml; 126 observations), and the me-
dian value for cloacal shedding was 10°° EIDs,/ml (range, 10°
to 10*7> EIDs,/ml; 126 observations). At 5 dpi, the median
value for tracheal shedding was 10°-° EIDs,/ml (range, 10° to
10> EIDs,/ml; 109 observations), and the median value for
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FIG. 2. Survival curve of mallards infected with different HSN1
influenza virus isolates. Ducks were observed for 14 days after inocu-
lation with 10° to 107 EIDs, of virus via the natural route. Ducks that
exhibited severe neurological signs were euthanized, and their deaths
were recorded on the following day of observation. Although survival
curves were generated for all 23 virus isolates, for clarity only repre-
sentative curves of a few isolates per pathogenicity group were in-
cluded on the graph. Classification is as follows: low pathogenicity,
A/Thai/l1(Kan-1)/04 and A/Ck/PP/BPPV3/04; high pathogenicity,
A/Dk/VN/40D/04, A/Ck/VN/48C/04, A/Dk/Thai/71.1/04, and A/VN/
1203/04.

cloacal shedding was 10° EIDs,/ml (range, 10° to 10*7° EIDs,/
ml; 111 observations).

Our analysis of the combined data set showed that virus
titers shed from the trachea were significantly higher than
those shed from the cloaca for inoculated and contact ducks at
both 3 and 5 dpi (P < 0.05, Wilcoxon matched-pairs signed-
rank test). At 3 dpi, experimentally inoculated ducks had a
median tracheal virus titer of 10> EIDs,/ml (range, 10° to
10%% EIDsy/ml; 64 observations) compared with a median
cloacal virus titer of 10%° EIDs,/ml (range, 10° to 10*7> EIDs/
ml; 63 observations). Similarly, contact ducks infected with
HS5N1 viruses by exposure to inoculated ducks had a median
tracheal virus titer of 10**> EIDs,/ml (range, 10° to 10°°
EIDsy/ml; 54 observations) compared with a median cloacal
virus titer of 10*° EIDs,/ml (range, 10° to 10*7> EIDs,/ml; 55
observations) at 5 dpi.

Due to the differences in pathogenic potential exhibited by
the various virus isolates, we investigated whether there was an
association between pathogenic potential and viral shedding in
mallards. At 3 dpi, the experimentally inoculated ducks had
similar tracheal and cloacal virus titers, regardless of the virus
isolate’s pathogenic potential. In contrast, the contact ducks
had higher tracheal and cloacal virus titers when they were
exposed to highly pathogenic viruses (P < 0.05, Mann-Whitney
U test). This finding indicates that highly pathogenic viruses
replicated more efficiently in contact ducks following transmis-
sion than did low pathogenic viruses, despite the fact that all
the ducks had been exposed to similarly high titers of viruses
shed by the experimentally inoculated ducks (Fig. 3A). By 5
dpi, both the experimentally inoculated ducks and the contact
ducks had higher tracheal virus titers if they were infected with
highly pathogenic viruses (P < 0.05, Mann-Whitney U test and
K-sample test on equality of median). The difference in tra-
cheal virus titers was particularly large for contact ducks. In
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A Virus titers in inoculated ducks at 3 dpi
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FIG. 3. Tracheal and cloacal virus titers in mallards infected with
H5N1 influenza viruses. Inoculated ducks were infected with 10° to
10%3 EIDy, of virus and then housed with contact ducks within 1 hour
of inoculation, sharing food and water. Tracheal and cloacal swabs
were collected at 3 and 5 days postinoculation and tested for the
presence of influenza virus, and positive samples were subjected to
titer determinations for infectivity by calculating the EIDs,. The data
represented in this figure comprise virus titer data from this study and
data from previously published work (24). The study population com-
prised 135 mallards: 70 experimentally inoculated ducks and 65 contact
ducks infected with 35 different H5SN1 virus isolates obtained in Asia
from 1997 to 2004. Virus isolates were classified in two groups based
on their pathogenic potential in ducks: low pathogenicity and high
pathogenicity. Box plots represent the distribution of tracheal and
cloacal virus titers in each pathogenic group (low and high) in inocu-
lated ducks on day 3 postinfection (A) and in contact ducks on day 5
postinfection (B). Each box shows the median value of the data set
(black line and associated numerical value), the interquartile range
(upper and lower boundaries of the box), the 10th percentile and 90th
percentile (lower and upper error bars, respectively), and the size of
each group (n). *, P < 0.05 (Kruskal-Wallis equality-of-population
test).

contrast, both experimentally infected ducks and contact ducks
had low levels of cloacal virus titers at 5 dpi, regardless of the
virus isolate’s pathogenic potential (Fig. 3B). These results
indicate that, in addition to replicating more efficiently in con-
tact ducks following transmission, the highly pathogenic vi-
ruses replicated to higher titers in the trachea of both infected
and contact ducks than did the low pathogenic viruses. One of
the novel characteristics of the HSN1 virus found to be highly
pathogenic in ducks is their ability to induce neurological
symptoms in the afflicted birds. We analyzed our data to de-
termine if there was any significant association between the
development of neurological symptoms and virus shedding in
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ducks. Ducks that developed neurological symptoms within the
14 days of observation were found to have significantly higher
tracheal virus titers than ducks that did not develop these
symptoms (P < 0.05, Mann-Whitney U test and K-sample test
on equality of median). This was observed among both inocu-
lated and contact ducks. At 5 dpi, inoculated ducks that devel-
oped neurological symptoms had a median tracheal titer value
of 10*° EIDs,/ml (range, 10°° to 10*7> EIDs,/ml; 11 observa-
tions) compared to a median value of 10°> EIDs,/ml (range,
10° to 10°* EIDs,/ml; 44 observations) for inoculated birds
that did not develop such symptoms. Similarly, contact ducks
that developed neurological symptoms had a median tracheal
titer value of 10** EIDs,/ml (range, 10°° to 10*”> EIDs,/ml;
12 observations) compared to a median value of 10%7
EID;,/ml (range, 10° to 10°° EIDs,/ml; 42 observations) for
contact birds that did not develop such symptoms. Taken to-
gether, all these results indicate a significant association be-
tween tracheal virus titers and pathogenic potential of HSN1
viruses in ducks that was not observed with cloacal virus titers.

At 3 dpi, titers of virus in the trachea were higher in both
inoculated and contact ducks infected with virus isolates from
2002 to 2004 than they were in those infected with virus isolates
from 1997 to 2001 (P < 0.05, Mann-Whitney U test and K-
sample test on equality of median). Additionally, at 5 dpi,
cloacal virus titers were significantly lower in contact ducks
infected with viruses from 2002 to 2004 than they were in
contact ducks infected with virus isolates from 1997 to 2001 (P
< 0.05, Mann-Whitney U test and K-sample test on equality of
median). These results, illustrated in Fig. 4, suggest that tra-
cheal shedding may be the main route by which the more
recent H5N1 viruses are now transmitted. However, the asso-
ciation between the date of isolation and levels of virus titers
may be due to the fact that most viruses that have any patho-
genic potential in ducks emerged in 2002 and later.

DISCUSSION

Waterfowl, the natural reservoir of all influenza A viruses,
usually carry the infection with no sign of disease. We recently
reported the characterization of HSN1 virus isolates that were
pathogenic to ducks (7, 24), but published reports of patho-
genic influenza infection in ducks remain few. Most published
work emphasizes the ducks’ resistance to disease development
after they are experimentally infected with H5N1 influenza
virus (4, 19, 22). Until recently, we did not have enough data to
determine whether the recent appearance of virus isolates
pathogenic to ducks was an aberration of the evolutionary
stasis that exists between influenza viruses and their reservoir
or rather whether pathogenicity for ducks is a new character-
istic of the H5SN1 viruses currently arising in Asia. In this study,
we characterized 23 HS5N1 viruses isolated in Hong Kong poul-
try markets in early 2003 or isolates that were obtained during
the 2004 outbreaks in China, Indonesia, Vietnam, and Thai-
land. We showed that these recent isolates are antigenically
diverse, infect and transmit efficiently in ducks, and elicit a
continuum of disease signs in these birds. Additionally, the
data presented here show that recent HSN1 avian influenza
viruses replicate more efficiently in the upper respiratory tract
than they do in the gastrointestinal tract of ducks and that this
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FIG. 4. Tracheal and cloacal virus titers in mallards infected with
H5N1 influenza viruses. Inoculated ducks were infected with 10° to
1033 EIDs, of virus and then housed with contact ducks within 1 hour
of inoculation, sharing food and water. Tracheal and cloacal swabs
were collected at 3 and 5 days postinoculation and tested for the
presence of influenza virus, and positive samples were subjected to
titer determinations for infectivity by calculating the EIDs,. The data
represented in this figure comprise virus titer data from this study and
data from previously published work (24). The study population com-
prised 135 mallards: 70 experimentally inoculated ducks and 65 contact
ducks infected with 35 different H5N1 virus isolates obtained in Asia
from 1997 to 2004. Virus isolates were classified in two groups based
on their date of isolation (1997 to 2001 and 2002 to 2004). Box plots
represent the distribution of tracheal (A) and cloacal (B) virus titers in
inoculated and contact ducks at 3 and 5 dpi, respectively. Each box
shows the median value of the data set (black line and associated
numerical value), the interquartile range (upper and lower boundaries
of the box), the 10th percentile and 90th percentile (lower and upper
error bars, respectively), and the size of each group (n). *, significant
difference in median value (P < 0.05; K-sample test on equality of
median).

characteristic directly affects these viruses’ natural histories
and transmission patterns.

Our antigenic analysis of the 23 isolates characterized in this
study showed evidence of antigenic drift. Indeed, virus isolates
had markedly different antigenic patterns. Interestingly, virus
isolates from Vietnam and Thailand and one Hong Kong iso-
late obtained from a wild falcon had a similar antigenic pat-
tern, which was distinct from the pattern of viruses isolated in
poultry markets in Hong Kong. However, there was no obvious
correlation between reactivity pattern and pathogenic poten-
tial in ducks.

Our findings indicate that mallards are highly susceptible to
infection with HSN1 viruses currently circulating in Asia. All
the isolates we tested replicated in inoculated mallards, and
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only 1 of the 23 viruses tested did not transmit to susceptible
ducks. In the past, most avian influenza viruses were found to
preferentially replicate in the gastrointestinal tract of wild
ducks, to be excreted at high levels in the feces, and to be
transmitted primarily via the oral-fecal route (15). However, in
the current study, virus was excreted at high levels in the
trachea (upper respiratory tract), rather than in the cloaca. We
observed similar results in experimentally inoculated ducks
and ducks infected by contact with birds inoculated with HSN1
viruses isolated in late 2002 from Hong Kong (24). Analysis of
the combined data from our studies shows that there is a
significant difference in levels of tracheal virus shedding and
cloacal virus shedding in ducks, particularly in those infected
by recent H5N1 viruses (post-2002). Although route of inocu-
lation may affect the viral shedding pattern or organ tropism in
an infected host, the same observation was made among inoc-
ulated ducks and ducks infected by contact, confirming that
this was not an experimental artifact. Additionally, similar re-
sults were observed among Pekin ducks exposed to nine dif-
ferent H5N1 virus isolates from 2003-2004 (see Table S2 in the
supplemental material). This is in contrast to previous studies,
which reported that experimental infection via the natural
route in domestic ducks (Pekin and Sheldrake ducks) with
HS5NI1 viruses isolated in Hong Kong in 1997 and from the
coastal province of southern China in 1999 to 2002 resulted in
similar titers of virus shedding in the trachea and in the cloaca
(4, 22). Thus, the increased level of tracheal virus shedding is
a particularity of the recent viruses emerging in Asia, from late
2002 onwards, and so far has been observed in both a wild and
a domestic duck species. These results indicate that the diges-
tive tract may no longer be the main site of replication in ducks
infected by recent H5N1 viruses, and this will most likely in-
fluence the natural history of the virus. Indeed, the main path
of transmission may have shifted from an oral-fecal route to a
more oral-oral route or even an airborne route—or a combi-
nation of all of these. This putative change in transmission
route could affect the epidemiology of HSN1 viruses and may
result in an increase in transmissibility. If this is in fact the case,
the implications for H5N1 surveillance and control are impor-
tant. As part of surveillance programs, cloacal swabs or feces
from beneath poultry cages are often collected. In fact, the
Food and Agriculture Organization (FAO) of the United Na-
tions’ recently released Guiding Principles for Highly Pathogenic
Avian Influenza Surveillance and Diagnostic Networks in Asia
recommends the use of serology to assess exposure to HS5
viruses in domestic waterfowl and then virus isolation from
cloacal swabs to determine the current presence of virus (8).
Cloacal swabs were chosen for surveillance work partly due to
the scientific evidence that influenza viruses replicated prefer-
entially in the gastrointestinal tract of aquatic birds. In light of
the data presented in this study, HSN1 surveillance sampling of
ducks may need to include cloacal/fecal swabbing plus tracheal/
oro-pharyngeal swabbing when possible.

A recent study by Li et al. showed that despite the observed
genetic diversity of HSN1 virus isolates, the recent Asia-wide
outbreak of H5N1 influenza was caused by a dominant HSN1
Z genotype (17). All the virus isolates investigated in the
present study were of the Z genotype, except for one isolate
that belonged to genotype Z+ (Y. Guan and G. Smith, per-
sonal communication). This homogeneity in virus genotype
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contrasts with the virus isolates’ pathogenic potentials, which
ranged from nonpathogenic to lethal (IVPI scores of 0.39 to
2.96). Therefore, H5N1 pathogenicity in ducks does not cor-
relate with genotypes and may be due to genetic traits more
subtle than genotypes, such as an individual allogene or even
just a few specific amino acids. Future molecular studies will
define the detailed genetic basis of pathogenicity in ducks. The
mallard is the duck model routinely used in our research lab-
oratory and is a good model for wild ducks, but other species
of ducks, such as Pekin and Muscovy, are most frequently used
in agriculture in Asia. Our findings indicate that there is no
significant difference in the outcome of HSNI infection in
mallards and Pekin ducks. The slight increase in disease pro-
gression and higher IVPI scores for highly pathogenic viruses
observed in Pekin ducks may indicate a small increase in sus-
ceptibility to HSN1 disease in this species, but the classification
based on pathogenic potential remained constant in both duck
species. The isolates that were classified as have low pathoge-
nicity in mallard ducks also were classified as having low patho-
genicity in Pekin ducks. On the other hand, HSN1 isolates that
were classified as highly pathogenic in mallards were also clas-
sified as highly pathogenic in Pekin ducks. This finding may not
be surprising, considering that Pekin ducks were originally
bred from mallards and are very closely related as species.
Future studies may be warranted to determine if other domes-
tic duck species that are more distant from mallards are as
susceptible to H5N1 infection and subsequent disease.
Results from routine surveillance among healthy poultry in
southern China show that H5N1 viruses have been circulating
among domestic ducks since 1999 (4). However, the first re-
ported cases of HSN1-induced pathogenicity in waterfowl were
in late 2002 in Hong Kong (7), despite the presence of H5N1
viruses in the region for the previous 3 years. All experimental
infections of ducks with H5N1 virus isolates indicate that ear-
lier viruses (pre-2002) caused only subclinical or mild disease
in ducks (4, 19, 22). Increased pathogenicity in ducks therefore
is a phenomenon observed with recent HSN1 isolates (late
2002 on) as well. In our current study, only 8 of the 23 isolates
characterized had low pathogenicity potential following infec-
tion by the natural route. All the virus isolates characterized
were isolated during identified H5SN1 outbreaks; therefore,
they may not be representative of the H5N1 virus population
endemic in the region. It is, however, disconcerting to see that
such a high proportion of the H5N1 virus isolates tested were
lethal to ducks. There is considerable scientific interest in un-
derstanding the molecular basis of pathogenicity of H5N1 in-
fluenza viruses in ducks. Indeed, historically, influenza virus
had been shown to asymptomatically infect ducks, including
virus isolates of the H5 and H7 HA subtypes that were shown
to be highly pathogenic in other avian hosts. But in the past 5
years, there have been more frequent reports of ducks devel-
oping severe disease, such as neurological signs and mortality
after infection with HPAI viruses during outbreaks (2, 7). For
this reason, the relatively new phenomenon of viruses being
pathogenic in their natural reservoir is intriguing, but the data
gathered so far have not allowed us to identify a clear viral
factor associated with lethality in ducks. In this study we
showed a significant positive correlation between tracheal virus
titers and pathogenicity. However, the analysis did not allow us
to determine whether these high tracheal virus levels are a
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factor in the increased pathogenicity of the virus or are just a
consequence of increased levels of virus replication in the
duck. The recent H5NI1 isolates’ neutrotropic behaviors in
ducks may also be an important factor in their pathogenicity,
and future studies will explore this possibility.

The existence of H5N1 viruses that present as having low
pathogenicity in ducks following natural infection is of great
concern to human and veterinary public health. Recent reports
from Asia show that H5N1 viruses are still actively circulating
in the area and causing outbreaks among poultry flocks (http:
/www fao.org/ag/againfo/subjects/en/health/diseases-cards/avian
_update.html). While veterinary health experts and government
officials are analyzing the situation and formulating region-wide
plans to fight avian influenza, it is crucial to determine what risk
is posed to humans and other (more-susceptible) poultry by
HS5NI1 viruses that cause little or no disease in ducks. Even if
HSNI1 viruses that are nonpathogenic in ducks replicate to lower
titers than viruses that do cause disease in ducks, they still repli-
cate very efficiently in their hosts, they readily transmit to suscep-
tible ducks, and they may therefore be a source of infection to
other birds. Early observations from the Asian H5N1 outbreaks
clearly showed evidence of duck pathogenicity, and subsequent
surveillance of duck flocks initially concentrated on clinical out-
break detection. However, current field observations, the data
reported here, and other recently published studies have high-
lighted the importance of conducting surveillance for HSN1 vi-
ruses from healthy ducks. Four out of six virus isolates that pre-
sented no mortality in mallards following infection by the natural
route had IVPI scores above 1.7. The study by Chen et al. dem-
onstrated that HSNT1 viruses isolated from healthy ducks between
1999 and 2002 were pathogenic to chicken and to mice, despite
not being pathogenic in ducks (4). More recently, A/Thai/1(Kan-
1)/04, which was isolated from a fatal human case, was found to
be highly pathogenic in ferrets (9), while the data presented in this
study show that the same isolate was nonpathogenic in ducks
(IVPI score of 0.39). These findings clearly indicate that viruses
that cause no obvious disease in ducks are still a potential threat
not only to ducks but also to the health of other hosts. Due to the
plastic nature of influenza viruses, the more recent HSN1 viruses
arising in Asia need to be similarly studied. If a significant pro-
portion of HSN1 viruses do not cause any signs of disease in
ducks, it is reasonable to postulate that domestic and/or wild duck
populations may play a crucial new role as reservoirs and effective
carriers of HSN1 viruses by maintaining and further propagating
the virus to other bird species, and potentially to mammals such
as pigs or humans. A recent study of the distribution of HPAI
outbreaks in Thailand performed by the Thai Ministry of Agri-
culture and the FAO reinforced this theory (8a). Even though
64% of the HPAI outbreaks in Thailand were recorded in chick-
ens and only 28% were recorded in ducks, there was a very strong
association between HPAI outbreaks and the spatial distribution
of ducks (domestic and free grazing) across the country. Addi-
tionally, the chronology of the different outbreaks across Thailand
indicates that ducks may have played a role in the genesis of
HPALI outbreaks among chickens. Indeed, the first wave of out-
breaks (early 2004) was concentrated in areas of the country with
a high density of free-grazing ducks. A similar pattern was ob-
served during the second wave of HPAI outbreaks (July to No-
vember 2004), but in addition there were subsequent outbreaks in
areas with a high density of chickens. Solid active surveillance
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studies are needed to determine the role played by ducks in the
origin and propagation of H5S HPAI viruses in Asia. Clearly, one
cannot rely on passive surveillance or outbreak reports to esti-
mate the prevalence of H5N1 viruses in duck populations, be-
cause they will be underestimated and so may the role played by
ducks in highly pathogenic avian influenza outbreaks.
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