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ABSTRACT

Infections of domestic and wild birds with low-pathogenic avian influenza viruses (LPAIVs) have been associated with protective
immunity to subsequent infection. However, the degree and duration of immunity in wild birds from previous LPAIV infection,
by the same or a different subtype, are poorly understood. Therefore, we inoculated H13N2 (A/black-headed gull/Netherlands/7/
2009) and H16N3 (A/black-headed gull/Netherlands/26/2009) LPAIVs into black-headed gulls (Chroicocephalus ridibundus),
their natural host species, and measured the long-term immune response and protection against one or two reinfections over a
period of >1 year. This is the typical interval between LPAIV epizootics in wild birds. Reinfection with the same virus resulted in
progressively less virus excretion, with complete abrogation of virus excretion after two infections for H13 but not H16. How-
ever, reinfection with the other virus affected neither the level nor duration of virus excretion. Virus excretion by immunologi-
cally naive birds did not differ in total levels of excreted H13 or H16 virus between first- and second-year birds, but the duration
of H13 excretion was shorter for second-year birds. Furthermore, serum antibody levels did not correlate with protection
against LPAIV infection. LPAIV-infected gulls showed no clinical signs of disease. These results imply that the epidemiological
cycles of H13 and H16 in black-headed gulls are relatively independent from each other and depend mainly on infection of first-
year birds.

IMPORTANCE

Low-pathogenic avian influenza viruses (LPAIVs) circulate mainly in wild water birds but are occasionally transmitted to other
species, including humans, where they cause subclinical to fatal disease. To date, the effect of LPAIV-specific immunity on the
epidemiology of LPAIV in wild birds is poorly understood. In this study, we investigated the effect of H13 and H16 LPAIV infec-
tion in black-headed gulls on susceptibility and virus excretion of subsequent infection with the same or the other virus within
the same breeding season and between breeding seasons. These are the only two LPAIV hemagglutinin subtypes predominating
in this species. The findings suggest that H13 and H16 LPAIV cycles in black-headed gull populations are independent of each
other, indicate the importance of first-year birds in LPAIV epidemiology, and emphasize the need for alternatives to avian influ-
enza virus (AIV)-specific serum antibodies as evidence of past LPAIV infection and correlates of protection against LPAIV infec-
tion in wild birds.

Wild aquatic birds of the orders Anseriformes (mainly ducks,
geese, and swans) and Charadriiformes (mainly gulls and

waders) play a major role in the epidemiology of low-pathogenic
avian influenza viruses (LPAIVs). Evidence to date indicates that
LPAIV infection in these species is mainly a digestive tract infec-
tion and causes no clinical disease (1). LPAIVs are categorized into
so-called subtypes based on their surface proteins hemagglutinin
(HA) (H1 to H16) and neuraminidase (NA) (N1 to N9). From
wild birds, these viruses may be transmitted occasionally to do-
mestic animals and sporadically (usually indirectly via poultry) to
humans, in which they can cause infections ranging from subclin-
ical infection to fatal disease. For the epidemiology of most LPAIV
subtypes, a major role is played by ducks, in which epizootics
occur each fall (2, 3). However, there are two subtypes, H13 and
H16, for which gulls, such as black-headed gulls (BHGU) (Chro-
icocephalus ridibundus), are the major reservoir (4–6). BHGU are
furthermore special in that they are not commonly infected with
other LPAIV subtypes, and epidemics are known to occur annu-
ally at the end of each breeding season at colony sites (6). This
makes BHGU particularly suited to study the effect of multiple
homologous and heterologous LPAIV infections on immunity.

Despite numerous studies on the epidemiology of LPAIV in wild
birds, the effect of immunity on the epidemiology of LPAIV in
wild bird populations is poorly understood.

Previous studies reported variable levels of protection by the
immune system against reinfection with LPAIV in domestic and
wild birds. For instance, LPAIV infections followed by exposure to
the same (i.e., homologous) LPAIV HA subtype have been shown
to induce strong protection in chickens (7) and mallards (Anas
platyrhynchos) (8) but weak protection in Pekin ducks (7). LPAIV
infections followed by exposure to a different (i.e., heterologous)
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LPAIV HA subtype have been shown to induce no protection in
chickens (7) and weak protection in Pekin ducks (7), mallards (8,
9), and quails (10). Susceptibility of birds to LPAIV infection is
suggested to vary by age, with, in most cases, decreased virus rep-
lication with increasing age, but this has been investigated mainly
in very young birds (11, 12). In naturally and experimentally in-
fected mallards, avian influenza virus (AIV)-specific serum anti-
bodies have been detected for a long period of time after infection
(13, 14), but little is known about their protective effect.

To clarify the role of immunity in the epidemiology of LPAIV
subtypes in wild birds, we investigated the protective effect of
LPAIV infection on subsequent infections with the homologous
or a heterologous virus in a natural host species over a period of
�1 year. Clinical effects of infection were also investigated. This
study addresses the following questions. (i) What is the protective
effect of LPAIV infection on subsequent exposure to the homol-
ogous virus? (ii) What is the protective effect of LPAIV infection
on subsequent exposure to a heterologous virus? (iii) Are first-
year birds equally susceptible to LPAIV infection as second-year
birds? (iv) Does LPAIV cause disease in BHGU? To answer these
questions, 2-month-old BHGU were inoculated with either
LPAIV H13N2 or H16N3, and inoculation was repeated with one
of these viruses after 1 month and after 1 year. The results of
experimental infections showed that there was a protective effect
after previous infection with the homologous virus but not after
previous infection with a heterologous virus. In addition, there
was no effect of age on susceptibility to LPAIV infection, and
neither H13 nor H16 caused clinical signs in experimentally in-
fected BHGU.

MATERIALS AND METHODS
Ethics statement. This study was carried out in accordance with Euro-
pean guidelines (European Union directive on animal testing 2010/63/
EU) and Dutch legislation (Experiments on Animals Act). The protocol
was approved by the Animal Ethics Committee of the Dutch National
Vaccine Institute of the National Institute for Public Health and the En-
vironment (RIVM) (project number 2012-139). The capture of birds
prior to the experiment was approved by the Dutch Ministry of Economic
Affairs in compliance with the Flora and Fauna Act (permit number FF/
75A/2010/039).

Collection, housing, and feeding of birds. Fifty BHGU chicks be-
tween 1 and 7 days of age were captured by hand at a BHGU breeding
colony site on an island at Blauwe Stad (53°10=15�N, 7°00=43�E), in the
Netherlands, on 22 May 2012. Birds were hand-raised indoors at the
RIVM in Bilthoven, the Netherlands. Prior to the experiment and outside
the infectious period (i.e., period from the day when cloaca samples of all
birds tested negative for viral RNA until 1 week prior to [the next] virus
inoculation, equal to May until June 2012, September 2012 until June
2013, and August until October 2013), birds were housed in two animal
rooms. During the infectious period (July to August 2012 and July 2013),
birds were housed in groups of six birds per glove box. Birds had contin-
uous access to water (water areas of 2 m2/animal room with 20 to 24 birds
and �0.30 m2/glove box with a maximum of 6 birds) for bathing and
drinking. Perches and shelves were available to roost and rest. The room
temperature varied between 20°C and 22°C, and light was on between 6:30
a.m. and 6:30 p.m. Animal rooms or glove boxes were cleaned, and water
was changed daily.

The diet consisted of sand eel (Ammodytes tobianus) with additional
vitamins (Akwavit; Twilmij BV, Stroe, the Netherlands), ferret pellets
(Arie Blok BV, Woerden, the Netherlands), and live earthworms and
mealworms (Firma Van der Neut, Groenekan, the Netherlands). Ground
shells were available to provide additional calcium.

Experimental design. We chose BHGU as the study species because
BHGU are abundant, H13 and H16 epizootics occur in BHGU every year,
and LPAIV infections occurring enzootically in BHGU are restricted to
these two subtypes. The timing of the inoculations was chosen to be syn-
chronous with the breeding season of BHGU in July and August and to
reflect a reasonable interval between exposures during a breeding season
(i.e., 1 month between the first inoculation in July 2012 and the second
inoculation in August 2012) and between breeding seasons (i.e., 1 year
between the second inoculation in August 2012 and the third inoculation
in July 2013). A total of 48 birds (28 males and 20 females) were distrib-
uted randomly into 8 groups of 6 birds. Each group followed a different
schedule of three intraesophageal inoculations (Table 1). This route of
inoculation was chosen because virus replication was limited to the intes-
tinal tract of BHGU naturally infected with LPAIVs H13 and H16 (15).
The inoculum was egg allantoic fluid containing either 106 median egg
infectious doses (EID50) of LPAIV H13 or H16 (virus-inoculated birds) or
no virus (sham-inoculated birds), diluted with phosphate-buffered saline
(PBS) to a volume of 1.5 ml. Birds were weighed and sampled for virus
detection daily from day 0 until day 7 and on days 9, 11, 13, 14, 21, and 28
postinoculation. Birds were sampled for antibody detection on days 0, 7,
14, 21, and 28 postinoculation. From 28 days postinoculation (dpi) on-
wards, birds were weighed and sampled monthly for virus and antibody
detection.

Cloacal and oropharyngeal swabs were collected from all 48 gulls at
two time points (31 May 2012 and 16 June 2012) prior to the first
inoculation, and all swabs tested negative by matrix-specific reverse
transcription-PCR (M-RT-PCR). Also, sera from all 48 gulls were col-
lected on the same day but just prior to the first inoculation (6 July
2012) and tested negative for NP-, H13-, and H16-specific antibodies.
The exception was the serum of one BHGU from group sham-sham-
H13, which tested positive for NP-specific antibodies and negative for
H13- and H16-specific antibodies on 16 June 2012, 29 June 2012, 13
July 2012, and 20 July 2012. Ths BHGU also tested negative for H1- to
H12-specific antibodies on 6 July 2012. Therefore, this BHGU was
retained in the study.

Virus preparation. Two virus stocks of influenza virus, A/black-
headed Gull/Netherlands/7/2009 (H13N2) (collected on 2 July 2009) and
A/black-headed Gull/Netherlands/26/2009 (H16N3) (collected on 22 July
2009), were used in this study. Both of these viruses originated from a
BHGU breeding colony site at the island of Griend (53°15=07�N,
5°15=14�E), located in the Wadden Sea in the north of the Netherlands.
The viruses were isolated from combined oropharyngeal-cloacal swab
samples from first-year BHGU and passaged twice in 11-day-old embry-
onated chicken eggs. Viral titers of stock solutions were 108 EID50/ml.
Prior to inoculation, virus stocks were diluted with PBS to 106 EID50/1.5
ml. These viruses were selected as they originated from the same season
and colony site and therefore were considered to be good candidates to
simulate a natural pair of LPAIV infections on a colony site. The internal
gene segments of these two virus isolates showed high levels of sequence
identity (for PB2, 97% of 2,322 nucleotides [nt] were identical; for PB1,

TABLE 1 Experimental design

Group
No. of
birds

LPAIV subtype at inoculation:

I (6 July 2012,
2 mo of age)

II (3 August 2012,
3 mo of age)

III (15 July 2013,
14 mo of age)

1 6 H13 H16 H16
2 6 H16 H16 H16
3 6 Sham H16 H16
4 6 Sham Sham H16
5 6 H16 H13 H13
6 6 H13 H13 H13
7 6 Sham H13 H13
8 6 Sham Sham H13
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100% of 2,314 nt were identical; for PA, 98% of 2,222 nt were identical; for
NP, 99% identical of 1,538 nt were identical; and for MA, 93% of 1,017 nt
were identical), except for NS (87% of 866 nt).

Sampling for virus detection. For virus detection, samples were taken
from the cloaca of birds by using sterile cotton swabs. After sampling, the
swab was submerged in 1.2 ml virus transport medium (VTM) (16).
Within 2 h, the sample was frozen at �80°C until analysis.

Sampling for antibody detection. For antibody detection, a blood
sample of at most 1 ml from the jugular vein was collected. Blood was
collected in gel tubes (MiniCollect, Z serum separator tubes; Greiner Bio-
One, Kremsmünster, Austria) and centrifuged at 3,000 rpm for 10 min
within 2 h of sampling. Serum was stored at �20°C until analysis.

Detection of viruses: RNA isolation and M-RT-PCR. RNA was iso-
lated from 200 �l of sample in VTM by using a MagnaPure LC system with
a MagnaPure LC total nucleic acid isolation kit (Roche Diagnostics, Alm-
ere, the Netherlands). Subsequently, RNA was tested for the presence of
the highly conserved matrix segment by M-RT-PCR. Amplification and
detection were performed by using an ABI 7700 machine (Applied Bio-
systems, Foster City, CA, USA) with a TaqMan Fast Virus 1-Step master
mix (Applied Biosystems, Nieuwerkerk aan den IJssel, the Netherlands)
and 20 �l of RNA eluate in a total volume of 30 �l. Oligonucleotides
(5=-CTT-CTR-ACC-GAG-GTC-GAA-ACG-TA-3= and 5=-TCT-TGT-

CTT-TAG-CCA-YTC-CAT-GAG-3=) and labeled probes (5=-FAM [6-
carboxyfluorescein]-TCA-GGC-CCC-CTC-AAA-GCC-GAG-A-black
hole quencher [BHQ]-3= and 5=-FAM-TCA-GGC-CCC-CTC-AAA-
GCC-GAA-A-BHQ-3=) were used for the detection of the M segment. Sam-
ples were considered positive if the cycle threshold (CT) value was �40.

Virus isolation and titration. In all specimens, the presence or ab-
sence of infectious virus was detected by inoculating an aliquot of 100 �l
of VTM into 11-day-old embryonated chicken eggs (4 eggs/specimen).
For a subset of specimens, namely, the original specimens after the first
inoculation with H13 (i.e., inoculation group H13-H16-H16) and after
the first inoculation with H16 (i.e., inoculation group H16-H16-H16), the
virus titer was measured. To do so, we made a 10-fold dilution series of
VTM in a volume of 100 �l and used these dilutions to inoculate 11-day-
old embryonated chicken eggs (4 eggs/dilution). Eggs were incubated at
37°C for 2 days before allantoic fluid was harvested. Next, allantoic fluid
was tested in a hemagglutination test for the presence of AIV (16).

The use of the CT value as a proxy for viral titer was based on compar-
ison of CT values and viral titers of identical cloacal samples collected daily
after the first inoculation with H13 and H16 viruses. Despite the strong
overall correlation between the CT value and viral titer (P � 0.01 by the
Pearson correlation test) (Fig. 1), the use of the CT value as a proxy for
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viral titer needs to be used with caution, as viral RNA is detectable longer
after inoculation than infectious virus.

Detection of antibodies. Serum samples were tested for the presence
of H13-specific, H16-specific, and NP-specific antibodies. H13- and H16-
specific antibodies were detected by using a hemagglutination inhibition
(HI) test with H13N2 and H16N3 virus isolates used for inoculation as
reference antigens (17). The starting serum dilution in the HI test was 1:6;
thus, the minimal detectable antibody titer was 3. Phosphate-buffered
saline was included as a serum control. NP-specific antibodies were de-
tected by using a commercial blocking enzyme-linked immunosorbent
assay (bELISA) (Idexx FlockChek* AI MultiS-Screen; Idexx Laboratories
BV, Hoofddorp, the Netherlands). Samples were tested according to the
manufacturer’s instructions. A sample was considered NP positive when
the signal-to-noise ratio (i.e., ratio of the mean optical density [ODx] of
the sample/ODx of the negative control) was �0.5.

Clinical signs of infection. Body mass was monitored daily from day
0 to day 7 and on days 9, 11, 13, and 14 postinoculation. After inoculation,
each morning, each group was scored qualitatively during 5-min obser-
vations for signs of ruffled feathers or decreased movement, feeding, or
bathing activity for all individuals. Fecal water content was monitored
daily on day 0 until day 7 postinoculation. Per inoculation group, birds
were kept for 1 h in a box measuring 45 cm long by 67 cm wide by 20 cm
high directly after sampling. Feces fell through a wire mesh grid in the
bottom of the box onto a removable polyester sheet (Melinex). After re-
lease of the birds into the glove box, the sheet, including feces, was re-
moved and weighed before and after autoclaving in a dry cycle (134°C for
3 min) to evaporate the water in the feces. The mass loss during autoclav-
ing was considered the fecal water content.

As additional methods to measure clinical signs of infection, head
movements were measured after the second inoculation, and activity lev-
els were measured after the third inoculation. Head movements (as a
proxy for activity) were videotaped for 10 min daily on days 1 to 6 after the
second inoculation on 3 August 2012. Activity levels were scored at 3-min
intervals during daily observations of 15 min from days �1 to 7 after the
third inoculation on 15 July 2013. Activity levels were categorized as active
(walking, feeding, preening, and bathing) or passive (standing, sleeping,
and sitting).

Statistical analyses. To investigate the correlation between virus ex-
cretion based on viral RNA and virus excretion based on viral titer, a
Pearson correlation test was performed. To compare virus excretion
within and between groups, the area under the curve (AUC) of viral RNA
(i.e., based on 40 minus the CT value as determined by M-RT-PCR) from
days 0 to 14 postinoculation was calculated. The mean quantity of virus
excreted from cloacae per group (i.e., mean AUC) was based on the AUCs
for all birds in the group. To compare the durations of virus excretion
within and between groups, the median maximum day of the presence of

infectious virus (i.e., positive virus isolation) was used. The median dura-
tion of virus excretion per group was based on values from all birds in the
group. To investigate whether differences in virus excretion or duration
between two groups or time points were statistically significant, a Mann-
Whitney test was performed. To investigate whether differences in virus
excretion or duration among three groups or time points were statistically
significant, a Kruskal-Wallis test was performed (i.e., for comparisons of
H16 virus excretion and durations for three groups of different ages).

To compare the proportions of birds that generated AIV-specific an-
tibodies between groups and between virus subtypes, a Fisher exact test
was used. To compare AIV-specific antibody titers within and between
groups, the log2 AUC values for the H13- and H16-specific antibody titers
measured weekly from 0 to 28 dpi were calculated. The mean quantity of
antibodies generated per group (i.e., mean AUC) was based on AUC val-
ues for all birds in the group. To investigate whether differences in anti-
body production between two groups or time points were statistically
significant, a Mann-Whitney test was performed. To investigate whether
differences in antibody production among three groups or time points
were statistically significant, a Kruskal-Wallis test was performed. When a
statistically significant value was determined (P � 0.05), the pairwise dif-
ference in levels of antibody production at different time points was ana-
lyzed by using the Mann-Whitney test.

To investigate the correlation between virus excretion based on viral
RNA and water content of feces, a Pearson correlation test was performed.
To investigate the protective effect of homologous AIV-specific antibod-
ies generated after previous virus inoculation, the following values were
compared by using a Mann-Whitney test: (i) quantity of virus excretion
(i.e., AUC for viral RNA based on 40 minus the CT value, from days 0 to 14
postinoculation), (ii) peak of virus excretion (i.e., based on viral RNA
based on 40 minus the lowest CT value), (iii) timing of peak of virus
excretion (i.e., based on viral RNA, in days postinoculation), and (iv)
duration of infectious virus excretion (i.e., based on virus isolation, in
days postinoculation) between birds with and those without detectable
H16-specific antibody titers on the day of inoculation. Birds that died
within 0 to 14 dpi were excluded from analyses.

Nucleotide sequence accession numbers. Full genome sequences of
these viruses are available from GenBank under the following accession
numbers: KR087561 to KR087576.

RESULTS
Virus excretion. The first, second, and third inoculations of the
different groups, as shown in Table 1, were successful, with the
exception of the second inoculation of group sham-H13-H13
(group 7) and group H16-H13-H13 (group 5) (Table 2). Never-
theless, the results obtained based on the remaining groups are

TABLE 2 Virus excretion by black-headed gulls after one or more inoculations with LPAIV H13N2, H16N3, or both

Group
Inoculation
schedule

Virus excretion at inoculation:

I II III

Mean quantity (AUC
of viral RNA) 	 SEb

Median duration
(days) (range)c

Mean quantity (AUC
of viral RNA) 	 SEb

Median duration
(days) (range)c

Mean quantity (AUC
of viral RNA) 	 SEb

Median duration
(days) (range)c

1 H13-H16-H16 151.8 	 6.7 7 (5–11) 117.6 	 20.5 5 (0–9) 51.6 	 28.5 0 (0–3)
2 H16-H16-H16 122.3 	 9.1 5.5 (4–10) 28.5 	 6.8 0 (0–3) 13.7 	 3.4 0 (0–2)
3 Sham-H16-H16 0 0 102.8 	 13.4 6 (0–11) 14.4 	 7.3 0 (0–2)
4 Sham-sham-H16 0 0 0 0 122.1 	 21.1 4 (0–6)
5 H16-H13a-H13 54.6 	 14.1 3.5 (0–5) 0 0 72.2 	 10.3 0 (0–3)
6 H13-H13-H13 133.7 	 11.9 4.5 (1–6) 69.6 	 8.4 0 (0) 0.8 	 0.8 0 (0)
7 Sham-H13a-H13 0 0 1.0 	 0.6 2 (0–6) 64.0 	 21.2 0 (0–7)
8 Sham-sham-H13 0 0 0 0 117.0 	 12.2 4 (0–5)
a The second inoculation of groups 5 and 7 was unsuccessful.
b The quantity of virus excretion was based on the AUC for viral RNA (i.e., CT values determined by M-RT-PCR) excreted from the cloaca from days 0 to 14 postinoculation.
c Duration of virus excretion was based on the maximum duration of infectious virus excretion based on virus culture from cloaca in days.
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still enough to answer the main questions posed above. The un-
successful inoculation of group sham-H13-H13 was based on the
failure to detect virus by M-RT-PCR except in two of six birds on
day 1 and day 2 postinoculation and the failure to isolate virus
from any bird at any time point, whereas H13 virus replicated well
in immunologically naive groups inoculated with H13 virus at the
first and third inoculations. The unsuccessful inoculation of
group H16-H13-H13 was based on the failure to detect virus by
M-RT-PCR except in one of five birds on day 5 postinoculation
and the failure to isolate virus from any bird at any time point.

The only known difference in the inoculation procedures be-
tween these two inoculations and all other inoculations of the
eight groups was the pretreatment of the gavage tubes used for
intraesophageal inoculation. Normally, one heat-sterilized gavage
tube, wrapped individually in paper, was used per group. How-
ever, because there were too few heat-sterilized gavage tubes at
inoculation II (3 August 2012), one or two gavage tubes (this
information was not recorded) used for H13 inoculation were
decontaminated with 80% ethanol, flushed with saline, and intro-
duced loose into the glove box via air locks that had been decon-
taminated with 4% peracetic acid. Potentially, remnants of per-
acetic acid on the gavage tubes may have inactivated the virus in
the inoculation fluid. Virus titrations of samples of the remaining
inoculation fluid after inoculations I (6 July 2012) and III (15 July
2013) were as expected (range, 105.75 to 106.25 EID50/ml); unfor-
tunately, samples of inoculation fluid after inoculation II were not
retained for back titration.

(i) Effect of age on virus excretion. To investigate the effect of
age on virus excretion, the quantity (based on AUC from days 0 to
14 postinoculation) and duration of virus excretion between pre-
viously uninfected 2-, 3-, and 14-month-old birds were com-
pared. The mean quantity of H13 virus excreted from the cloaca
after the first H13 inoculation did not differ significantly between
2-month-old birds (142.8 	 7.1, i.e., mean for the first inoculation
of groups H13-H13-H13 and H13-H16-H16) (Fig. 2A and F,
black lines) and 14-month-old birds (117.0 	 12.2) (P � 0.08)
(Fig. 2H, dashed line). However, the median duration of H13
virus excretion by 2-month-old birds (6 dpi; range, 1 to 11 dpi)
was significantly longer than that for 14-month-old birds (4 dpi;
range, 0 to 5 dpi) (P � 0.05) (Table 2 and Fig. 3). The mean
quantity of H16 virus excreted from the cloaca after the first H16
inoculation did not differ significantly between 2-month-old birds
[91.5 	 13.12, i.e., the mean for the first inoculation of groups H16-
H16-H16 and H16-(H13)-H13] (Fig. 2B and E, black lines),
3-month-old birds (102.8	13.4) (Fig. 2C, gray line), and 14-month-
old birds (122.1 	 21.1) (Fig. 2D, dashed line) (P � 0.23). Similarly,
the median duration of H16 virus excretion did not differ signifi-
cantly between 2-month-old birds (4 dpi; range, 0 to 10 dpi),
3-month-old birds (6 dpi; range, 0 to 11 dpi), and 14-month-old
birds (4 dpi; range, 0 to 6 dpi) (P � 0.57) (Table 2 and Fig. 3).

(ii) Effect of homologous LPAIV infection on virus excre-
tion. To investigate the effect of LPAIV infection on subsequent
infection with the same virus, the quantities and durations of
virus excretion of homologous inoculation groups were com-
pared.

(a) Group H13-H13-H13. The mean quantity of H13 virus
excreted from the cloaca after the second inoculation was sig-
nificantly lower than that after the first inoculation (P � 0.01)
(Fig. 2F, black and gray lines). Besides as a group, each individ-
ual bird excreted less virus after the second than after the first

inoculation (Fig. 4). Although the median duration of virus
excretion appeared to be shorter after the second inoculation
(2 dpi; range, 0 to 6 dpi) than after the first inoculation (4.5 dpi;
range, 1 to 6 dpi), the difference was not significant (P � 0.19)
(Table 2). The mean quantity of H13 virus excreted from the
cloaca after the third inoculation was significantly lower than
that after the second H13 inoculation of the same group (P �
0.01) (Fig. 2F, black and dashed lines) and was significantly
lower than that after H13 inoculation of immunologically na-
ive birds at the third inoculation (P � 0.01) (Fig. 2F and H,
dashed lines). In addition, after the third H13 inoculation, no
infectious virus was excreted from the cloaca, and thus, the
median duration of virus excretion was shorter after the third
H13 inoculation than after the second H13 inoculation (2 dpi;
range, 0 to 6 dpi) and than after H13 inoculation of immuno-
logically naive birds at the third inoculation (4 dpi; range, 0 to
5 dpi) (Table 2).

(b) Group sham-(H13)-H13. The mean quantity of H13 virus
excreted from the cloaca after the third inoculation appeared to be
lower than that after H13 inoculation of immunologically naive
birds at the third inoculation, but the difference was not signifi-
cant (P � 0.10) (Fig. 2G and H, dashed lines). Also, the median
duration of H13 virus excretion after the third inoculation (0 dpi;
range, 0 to 7 dpi) appeared to be shorter than that after H13 inoc-
ulation of immunologically naive birds at the third inoculation (4
dpi; range, 0 to 5 dpi), but again, the difference was not significant
(P � 0.59) (Table 2 and Fig. 3).

(c) Group H16-H16-H16. The mean quantity of H16 virus
excreted from the cloaca after the second inoculation was signifi-
cantly lower than those after the first H16 inoculation (P � 0.01)
(Fig. 2B, black and gray lines) and after H16 inoculation of immu-
nologically naive birds at the second inoculation (P � 0.01) (Fig.
2B and C, gray lines). The decrease in virus excretion was consis-
tent for each individual bird of group H16-H16-H16 (Fig. 4).
Also, the median duration of excretion of infectious virus was
significantly shorter after the second inoculation (0 dpi; range, 0 to
3 dpi) than after the first inoculation (5.5 dpi; range, 4 to 10 dpi)
(P � 0.01) and than after H16 inoculation of immunologically
naive birds at the second inoculation (6 dpi; range, 0 to 11 dpi)
(P � 0.04) (Table 2 and Fig. 3). The mean quantity of H16 virus
excreted from the cloaca after the third inoculation did not differ
significantly from that after the second inoculation of the same
group (P � 0.22) (Fig. 2B, black and dashed lines) but was signif-
icantly lower than that after H16 inoculation of immunologically
naive birds at the third inoculation (P � 0.01) (Fig. 2B and D,
dashed lines). Similarly, the median duration of virus excretion
after the third inoculation (0 dpi; range, 0 to 2 dpi) did not differ
significantly from that after the second inoculation of the same
group (0 dpi; range, 0 to 3 dpi) (P � 0.80) but was significantly
shorter than that after H16 inoculation of immunologically naive
birds at the third inoculation (4 dpi; range, 0 to 6 dpi) (P � 0.04)
(Table 2 and Fig. 3).

(d) Group sham-H16-H16. The mean quantity of H16 virus
excreted from the cloaca after the third inoculation was signifi-
cantly lower than that after the second inoculation (P � 0.01) (Fig.
2C, gray and dashed lines) and was significantly lower than that
after H16 inoculation of immunologically naive birds at the third
inoculation (P � 0.01) (Fig. 2C and D, dashed lines). Also, the
median duration of excretion of infectious H16 virus was signifi-
cantly shorter after the third inoculation (0 dpi; range, 0 to 2 dpi)
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than after the second inoculation (6 dpi; range, 0 to 11 dpi) (P �
0.04) and than after H16 inoculation of immunologically naive
birds at the third inoculation (4 dpi; range, 0 to 6 dpi) (P � 0.03)
(Table 2 and Fig. 3).

(iii) Effect of heterologous LPAIV infection on virus excre-
tion. To investigate the effect of H13 virus infection on subse-
quent infection with H16 virus, the quantity and duration of virus
excretion after second inoculation of group H13-H16-H16 were
compared with those in immunologically naive birds inoculated

with H16 at the second inoculation. The effect of H16 virus on
subsequent infection with H13 virus could not be investigated due
to the unsuccessful inoculation of immunologically naive birds
with H13 at the second inoculation and, thus, the lack of a control
group [i.e., group sham-(H13)-H13].

(a) Group H13-H16-H16. The mean quantity of H16 virus
excreted from the cloaca after the second inoculation did not dif-
fer significantly between birds preexposed to H13 and immuno-
logically naive birds (P � 0.54) (Fig. 2A and C, gray lines). In line
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FIG 2 Mean virus excretion from cloaca after experimental infection of black-headed gulls with one or more inoculations of LPAIV H13N2, LPAIV H16N3, or
both, based on the quantity of viral RNA (i.e., CT values determined by M-RT-PCR). Each panel represents data from one group. Mean virus excretion is based
on data for all birds in the group. Black lines indicate the first inoculation, gray lines indicate the second inoculation, and dashed lines indicate the third
inoculation. a, the second inoculation of groups 5 and 7 was unsuccessful.
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with this, the median duration of H16 virus excretion did not
differ significantly between birds preexposed to H13 virus (5 dpi;
range, 0 to 9 dpi) and immunologically naive birds (6 dpi; range, 0
to 11 dpi) (P � 0.85) (Table 2 and Fig. 3).

(b) Group H16-(H13)-H13. The mean quantity of H13 virus
excreted from the cloaca after the second inoculation was low,
as H13 virus was detected in the cloaca by M-RT-PCR in only
one of six birds on day 7 after the second inoculation, and no
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FIG 3 Median duration of excretion of infectious virus from cloacae after experimental infection of black-headed gulls with one or more inoculations of LPAIV
H13N2, LPAIV H16N3, or both, based on virus isolation. The median duration of excretion of infectious virus is based on data for all birds in the group. Gray
boxes indicate H13, and white boxes indicate H16.a, the second inoculation of groups 5 and 7 was unsuccessful.
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virus was isolated from the cloaca. In the same bird, H13-spe-
cific antibodies were detected after the second inoculation. De-
spite the fact that no virus was detected in other birds until 14
days after the second inoculation, the H16-specific antibody

titer was boosted in three of five birds after the second inocu-
lation (Fig. 5). The mean quantity of H13 virus excreted from
the cloaca after the third inoculation was significantly lower
than that for immunologically naive birds inoculated with H13
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at the third inoculation (P � 0.03) (Fig. 2E and H, dashed
lines). The median duration of excretion of infectious virus
after the third inoculation (0 dpi; range, 0 to 3 dpi) did not
differ significantly from that for immunologically naive birds
inoculated with H13 at the third inoculation (4 dpi; range, 0 to
5 dpi) (P � 0.08) (Table 2 and Fig. 3).

Humoral immune response. (i) Effect of age on AIV-specific
antibody production. To investigate the effect of age on the im-
mune response, the proportions of birds that raised AIV-specific
antibodies within 1 month after inoculation and the concentra-
tions of these antibodies in serum were compared in 2-, 3- and
14-month-old birds. The proportions of birds that produced
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FIG 5 Mean HI antibody titers after one or more inoculations of black-headed gulls with LPAIV H13N2, LPAIV H16N3, or both. Mean antibody titers are based
on data for all birds in the group. Gray indicates H13-specific antibodies, and black indicates H16-specific antibodies. a, the second inoculation of groups 5 and
7 was unsuccessful.
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H13-specific antibodies after the first inoculation with H13 did
not differ significantly between 2-month-old birds (6 of 12 [50%],
i.e., the total for the first inoculation of group H13-H16-H16 and
group H13-H13-H13) and 14-month-old birds (3 of 5 [60%])
(P � 0.38). The proportions of birds with NP-specific antibod-
ies after the first inoculation with H13 also did not differ sig-
nificantly between 2-month-old birds (7 of 12 [58%]) and 14-
month-old birds (4 of 5 [80%]) (P � 0.32). The mean
quantities of H13-specific antibodies generated after the first
inoculation with H13 virus did not differ significantly between
2-month-old birds (2.92 	 0.94; n � 12) and 14-month-old
birds (2.20 	 1.02) (P � 0.74) (Table 3).

The proportion of birds that produced H16-specific antibodies
after the first inoculation with H16 virus did not differ signifi-
cantly between 2-month-old birds (9 of 11 [82%]) and 3-month-
old birds (4 of 5 [80%]) (P � 0.49), between 3-month-old birds
and 14-month-old birds (6 of 6 [100%]) (P � 0.45), and between
2-month-old birds and 14-month-old birds (P � 0.40). Also, the
proportion of birds with NP-specific antibodies after the first in-
oculation with H16 virus did not differ significantly between
2-month-old birds (7 of 11 [64%]) and 3-month-old birds (4 of 5
[80%]) (P � 0.38), between 3-month-old birds and 14-month-
old birds (5 of 6 [83%]) (P � 0.55), and between 2-month-old
birds and 14-month-old birds (P � 0.32). The mean quantities of
H16-specific antibodies generated after the first H16 inoculation
of 2-month-old birds (8.5 	 1.9), 3-month-old birds (10.89 	

3.24), and 14-month-old birds (17.45 	 1.97) differed signifi-
cantly (P � 0.05), with a significantly larger quantity of H16-
specific antibodies detected in 14-month-old birds than in
2-month-old birds (P � 0.01) (Table 3).

(ii) Detection of AIV-specific cross-reactive antibodies. The
detection of cross-reactive antibodies differed between H13 and
H16 viruses and by age. After the first H13 inoculation, H16-
cross-reactive antibodies were detected on day 7 in 5 of 12 (42%)
2-month-old birds and in 3 of 5 (60%) 14-month-old birds. After
the first H16 inoculation, H13-cross-reactive antibodies were de-
tected on day 7 in 2 of 11 (18%) 2-month-old birds and were not
detected in 5 3-month-old birds and 6 14-month-old birds (Table
3 and Fig. 5).

(iii) AIV-specific antibody production after multiple LPAIV
inoculations. Of birds that had been exposed to the same virus
more than once (i.e., H13-H13-H13 and H16-H16-H16), no sig-
nificant differences in the quantities of specific antibody titers
after the first, second, and third H13 infections (P � 0.33) or after
the first, second, and third H16 infections (P � 0.62) were de-
tected (Table 3).

(iv) Persistence of AIV-specific antibodies between breeding
seasons. To investigate the persistence of AIV-specific antibod-
ies in the different inoculation groups, the periods of detection
of H13-, H16-, and NP-specific antibodies for the different
groups were compared. During the months between the second
and third inoculations, AIV-specific antibodies were detected

TABLE 3 Antibody detection in black-headed gulls after one or more inoculations with LPAIV H13N2, H16N3, or both

Group
Inoculation
schedule Assay

Antibody detection at inoculation:

I II III

Antibody
titer at 0
dpi

Mean quantity of
antibody production
(log2 AUC) 	 SEb

No. of
seropositive
birds/total
no. of birdsc

Antibody
titer at 0
dpi

Mean quantity of
antibody production
(log2 AUC) 	 SEb

No. of
seropositive
birds/total
no. of birdsc

Antibody
titer at 0
dpi

Mean quantity of
antibody production
(log2 AUC) 	 SEb

No. of
seropositive
birds/total
no. of birdsc

1 H13-H16-H16 H13 HI 0 4.17 	 1.38 4/6 0 3.90 	 2.03 4/6 0 0.40 	 0.40 1/4
H16 HI 0 1.10 	 0.50 3/6 0 8.47 	 2.69 5/6 2.33 	 1.50 15.51 	 6.03 4/4
NP bELISA 3/6 4/6 2/4

2 H16-H16-H16 H13 HI 0 1.10 	 0.82 2/6 0 0.00 	 0.00 0/6 0 3.47 	 2.49 2/5
H16 HI 0 10.49 	 2.54 6/6 3.65 	 1.73 8.30 	 2.38 5/6 2.18 	 0.89 16.52 	 6.78 4/5
NP bELISA 4/6 1/6 3/5

3 Sham-H16-H16 H13 HI 0 0.00 	 0.00 0/5 0 0.00 	 0.00 0/5 0 0.00 	 0.00 0/5
H16 HI 0 0.00 	 0.00 0/5 0 10.89 	 3.24 4/5 2.10 	 1.16 8.21 	 4.60 3/5
NP bELISA 0/5 4/5 1/5

4 Sham-sham-H16 H13 HI 0 0.00 	 0.00 0/6 0 0.00 	 0.00 0/6 0 0.00 	 0.00 0/6
H16 HI 0 0.00 	 0.00 0/6 0 0.00 	 0.00 0/6 0 17.45 	 1.97 6/6
NP bELISA 0/6 0/6 5/6

5 H16-H13a-H13 H13 HI 0 0.00 	 0.00 0/5 0 0.83 	 0.83 1/5 0 10.48 	 3.61 4/5
H16 HI 0 6.12 	 2.65 3/5 1.98 	 0.89 3.50 	 1.33 4/5 0 11.43 	 5.03 3/5
NP bELISA 3/5 0/5 4/5

6 H13-H13-H13 H13 HI 0 1.67 	 1.17 2/6 0 3.86 	 2.19 4/6 0 7.37 	 4.31 4/5
H16 HI 0 0.83 	 0.54 2/6 0 1.00 	 1.00 1/6 0 5.88 	 2.74 3/5
NP bELISA 4/6 2/6 3/5

7 Sham-H13a-H13 H13 HI 0 0.00 	 0.00 0/6 0 0.43 	 0.43 1/6 0 4.11 	 1.53 4/5
H16 HI 0 0.00 	 0.00 0/6 0 0.00 	 0.00 0/6 0 0.60 	 0.60 1/5
NP bELISA 0/6 0/6 2/5

8 Sham-sham-H13 H13 HI 0 0.00 	 0.00 0/6 0 0.00 	 0.00 0/6 0 2.20 	 1.02 3/5
H16 HI 0 0.00 	 0.00 0/6 0 0.00 	 0.00 0/6 0 1.03 	 0.43 3/5
NP bELISA 1/6 0/6 4/5

a The second inoculation of groups 5 and 7 was unsuccessful.
b Antibody production is based on the AUC on a log2 scale between days 0 and 28 postinoculation.
c Total number of birds that seroconverted between days 0 and 28 postinoculation.
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in a limited number of birds for a limited period of time, except
for H16-specific antibodies, which stayed detectable until 11
months after the second inoculation. Within this period, H16-
specific antibodies were most frequently detected in birds of
group H16-H16-H16. In contrast to H16-specific antibodies,
H13-specific antibodies were detected only until 1 month after
the second inoculation [in groups H13-H16-H16, H16-(H13)-
H13, and H13-H13-H13 only]. NP-specific antibodies were
detected until 3 months after the second inoculation (i.e., H13-
H13-H13) (Table 4). On the day of the third inoculation, H16-
specific antibodies were detected (in groups H13-H16-H16,
H16-H16-H16, and sham-H16-H16 only), while no H13-spe-
cific antibodies were detected on that day (Fig. 5).

(v) Link between AIV-specific antibodies and H13 and
H16 virus excretion. To investigate if AIV-specific antibodies
had a protective effect against subsequent infection, the pres-
ence of H13- and H16-specific antibodies on the day of subse-
quent inoculation was compared with the subsequent excre-
tion of homologous virus. On the day of the second or third
inoculation, only H16-specific antibodies were detected (Table
4 and Fig. 5). There were no significant differences in the quan-
tity of virus excretion (P � 0.54), peak virus excretion (P �
0.84), timing of peak virus excretion (P � 0.14), and duration

of virus excretion (P � 0.37) between birds with (n � 7) and
those without (n � 9) H16-specific antibodies belonging to
group H16-H16-H16 and sham-H16-H16.

Clinical signs of infection. To investigate clinical signs of
infection, body mass, bird behavior, and fecal water content
were monitored. Body mass was constant in time from days 0 to
14 postinoculation independent of LPAIV or sham inoculation
(Fig. 6). After each inoculation, bird behavior, as observed for
5 min per group each morning, varied inconsistently between
days (data not shown). After the first inoculations with H13 or
H16 virus, the water content of feces, as a proxy for diarrhea,
varied inconsistently in time from days 0 to 7 postinoculation
and did not correlate with the quantity of virus excretion (R �
0.02 and P � 0.91). The mass of feces and number of droppings
were not associated with the quantity of virus excretion (R �
�0.07 and P � 0.62, and R � 0.02 and P � 0.89, respectively)
(Fig. 7).

Head movements as a measure of activity after the second in-
oculation varied inconsistently among groups and in time. Bird
activity, as measured during daily 15-min observations after the
third inoculation, varied inconsistently among groups and in time
(data not shown).

TABLE 4 Year-round antibody detection after one or more inoculations of black-headed gulls with LPAIV H13N2, H16N3, or both

Group
Inoculation
schedule Assay

No. of seropositive birds/total no. of birds after inoculationb:

I (0 mo)

II at mo: III at mo:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 H13-H16-H16 H13 HI 0/6 0/6 2/6 0/6 0/6 0/6 0/6 0/4 0/4 0/4 0/4 0/4 0/4 0/4 0/4 0/4
H16 HI 0/6 0/6 4/6 1/6 3/6 2/6 2/6 1/4 1/4 1/4 1/4 1/4 1/4 3/4 2/4 2/4
NP bELISA 0/6 0/6 1/6 1/6 0/6 0/6 0/6 0/4 0/4 0/4 0/4 0/4 0/4 1/4 1/4 1/4

2 H16-H16-H16 H13 HI 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 0/5 0/5 0/5
H16 HI 0/6 4/6 4/6 3/6 4/6 3/6 3/6 3/6 2/6 3/6 3/6 3/6 2/5 3/5 2/5 2/5
NP bELISA 0/6 1/6 1/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 0/5 0/5 0/5

3 Sham-H16-H16 H13 HI 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
H16 HI 0/5 0/5 3/5 2/5 2/5 2/5 2/5 2/5 2/5 2/5 2/5 2/5 1/5 3/5 3/5 3/5
NP bELISA 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 1/5 1/5 1/5

4 Sham-sham-H16 H13 HI 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 0/4
H16 HI 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 6/6 2/5 2/4
NP bELISA 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 0/4

5 H16-H13a-H13 H13 HI 0/5 0/5 1/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 4/5 3/5 2/5
H16 HI 0/5 1/5 1/5 1/5 2/5 1/5 2/5 2/5 1/5 2/5 2/5 1/5 0/5 3/5 3/5 3/5
NP bELISA 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 3/5 1/5 1/5

6 H13-H13-H13 H13 HI 0/6 0/6 1/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 0/5 0/5 0/5 1/5 1/5 1/5
H16 HI 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 0/5 0/5 0/5 2/5 1/5 1/5
NP bELISA 0/6 0/6 0/6 0/6 1/6 0/6 0/6 0/6 0/6 0/5 0/5 0/5 0/5 2/5 1/5 0/5

7 Sham-H13a-H13 H13 HI 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 1/5 0/5 0/5
H16 HI 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 0/5 0/5 0/5
NP bELISA 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/5 0/5 0/5 0/5

8 Sham-sham-H13 H13 HI 0/6 0/6 0/6 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
H16 HI 0/6 0/6 0/6 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
NP bELISA 0/6 0/6 0/6 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5

a The second inoculation of groups 5 and 7 was unsuccessful.
b Boldface type indicates detection of seropositivity.
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DISCUSSION

The results of this study on H13 and H16 LPAIV infections in
BHGU provided answers to the main questions posed above.
LPAIV infection induced long-lasting, partial protection

against infection with a homologous virus, which was boosted
at each subsequent exposure, but no protection against infec-
tion with a heterologous virus. In general, first-year birds and
second-year birds were equally susceptible to LPAIV infection.
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FIG 6 Body mass of black-headed gulls after the first, second, and third LPAIV H13N2 or H16N3 inoculations from days 0 to 14 postinoculation. Black lines
indicate the first inoculation, gray lines indicate the second inoculation, and dashed lines indicate the third inoculation. a, the second inoculation of groups 5 and
7 was unsuccessful.
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Finally, LPAIV infection did not cause detectable disease in
BHGU.

LPAIV infection induced partial protection against subsequent
infection with the homologous virus in birds in this study. Fur-
thermore, this protection was boosted upon a second exposure to
the homologous virus, with no excretion of infectious virus in
H13-inoculated birds (0 of 5 birds) and only limited excretion in
H16-inoculated birds (2 of 5 birds, until 2 dpi). This implies that
after two or, at most, three serial infections with a homologous
LPAIV, BHGU are no longer productively infected with LPAIV.
Although the age at which BHGU will have had two LPAIV infec-
tions is unknown, it is likely that BHGU are exposed to LPAIV
every year at the end of the breeding season (late summer) at
large-colony breeding sites (6). Even if first-year BHGU have not
been infected at their breeding colony site, they are most likely to
become infected shortly afterwards, when nonbreeding BHGU
and BHGU from multiple breeding sites mix abundantly. Thus,
BHGU typically will probably have had at least two LPAIV infec-
tions after their second summer. Given the long-term protective

effect of prior infections with homologous LPAIVs, BHGU older
than 1.5 years of age may not be important for the persistence of
LPAIV in the population.

LPAIV infection did not induce protection against subsequent
infection with the heterologous virus in birds in this study. The
level and duration of H16 virus excretion in group H13-H16-H16,
1 month after H13 virus infection, were similar to those of H16
virus excretion by immunologically naive birds (group sham-
H16-H16). The effect of H16 virus infection on subsequent H13
virus infection [group H16-(H13)-H13] was ambiguous due to
unsuccessful H13 virus inoculation 1 month after H16 inocula-
tion: no H13 virus excretion was detected, although AIV-specific
immunity was boosted. However, H13 virus inoculation 1 year
after H16 virus inoculation in this group resulted in H13 virus
excretion that was significantly smaller in quantity than but sim-
ilar in duration to those in immunologically naive birds. The ab-
sence of a protective effect of H13 virus infection on subsequent
H16 virus infection suggests that the epidemiological dynamics of
H13 and H16 in BHGU are largely independent of each other;
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FIG 7 Monitoring of feces and virus excretion from cloacae based on viral titer (A, C, and E) and viral RNA (B, D, and F) from day 0 until day 7 after the first
LPAIV H13N2 or H16N3 inoculation of black-headed gulls during the first and second breeding seasons.
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however, a partially protective effect of H16 virus infection on
subsequent H13 virus infection cannot be excluded.

Previously, in other aquatic bird species, LPAIV infection in-
duced partial protection against subsequent infection with a ho-
mologous virus and partial to nearly complete protection against
subsequent infection with a heterologous virus. Similar to our
findings in BHGU, LPAIV infection also induced partial protec-
tion against reinfection with the homologous virus in mallards
(H7N7) (8) and Pekin ducks (H5N3 and H7N2, respectively) (7,
18). In those studies, the time interval between the first and second
inoculations was relatively short, ranging from 21 to 84 days. In
contrast to our findings in BHGU, LPAIV infection induced par-
tial (H5N3 followed by H7N2 and H3N8 followed by H5N2 and
vice versa, respectively) (7, 9) to nearly complete (8) protection
against subsequent infection with a heterologous virus in Pekin
ducks (7) and mallards (8, 9). The following differences in study
design may play a role in this discrepancy. Compared to our study,
the LPAIV subtypes used in those studies were different (H5N3
and H7N2 [7], H7N7 and H5N2 [8], and H3N8 and H5N2 [9]);
the time interval between the first and second inoculations, 14 (8)
or 21 days (7, 9), was shorter; the inoculum dose, 4 
 106 PFU (7)
or 108.7 EID50 (8), was higher; and there were two prior infections
with a heterologous virus (8) rather than one. In free-living mal-
lards, heterosubtypic LPAIV immunity has been described for
different HA subtypes belonging to the same phylogenetic
clade (19). For the above-described mallard and Pekin duck
studies with homologous as well as heterologous inoculations,
the time interval between subsequent infections was relatively
short; consequently, it is unknown if protection would have
lasted for 1 year, which is the typical interval between epizoot-
ics in mallards (2) and BHGU (6).

Overall, the results of this study showed no effect of age on
susceptibility to LPAIV infection: there were no differences be-
tween immunologically naive 2- and 14-month-old BHGU in the
proportion of birds infected, quantity of LPAIV excreted, or du-
ration of LPAIV excretion. An exception was the duration of H13
virus excretion, which was significantly longer in 2-month-old
than in 14-month-old birds. The latter result needs to be inter-
preted with caution, because there was already quite a high degree
of variability in the virus excretion results between groups of
2-month-old birds inoculated with the same virus (Table 2).
These results correspond with those reported previously by Costa
et al. (11), who inoculated LPAIV H5N2 or LPAIV H3N8 into
mallards ranging from 2 weeks to 4 months of age and found no
significant effect of age on the proportion of birds infected or the
level of LPAIV excretion. However, these results are in contrast
with the results of VanDalen et al. (12), who inoculated LPAIV
H4N6 into 3- or 6-month-old mallards and found a significantly
larger quantity of excreted viral RNA in 6-month-old birds. To-
gether, these results indicate that the more frequent detection of
LPAIV in juvenile than in adult free-living water birds (e.g., see
references 2, 20, and 21) cannot be explained by age-dependent
susceptibility.

There was no evidence of clinical disease from LPAIV infection
in the birds in this study. In order to be able to detect possible
clinical signs as sensitively as possible, we measured several pa-
rameters (fecal water content, fecal mass, and number of drop-
pings) related to diarrhea, which is often associated with intestinal
infections (1). However, none of these parameters were correlated
with LPAIV excretion. In addition, there was no loss of body

weight, decreased activity level, or any other clinical sign. These
results indicate that LPAIV H13 and H16 infections do not cause
clinical disease in BHGU. Hypothetically, selection for such a lack
of virulence of LPAIV may be driven by the mobility of wild water
birds, because any virulence would render the infected bird less
mobile, as well as inducing it to separate from the rest of its group
and thus reducing the contact rate and therefore the transmission
rate (22). However, a caveat of this study, as for any laboratory
infection of wild animals, is that the circumstances were very dif-
ferent from those in the field (1). For example, birds were not
exposed to a harsh climate or food scarcity and instead were kept
at a constant temperature and fed ad libitum. Therefore, a failure
to observe clinical signs under laboratory circumstances does not
mean that LPAIV is not virulent for BHGU under field circum-
stances.

Unexpected results of this study were that AIV-specific serum
antibodies had little value as a correlate of protection or as evi-
dence of prior infection. First, although LPAIV infection (either
H13 or H16) induced partial protection against reinoculation
with the homologous virus, this protective effect, at the between-
group level, was independent of the presence of AIV-specific an-
tibodies on the day of reinoculation. Moreover, at the within-
group level, the presence or titer of H16-specific antibodies on the
day of reinoculation was not associated with decreased or short-
ened H16 virus excretion. Also, at the between-group level (sham-
H16-H16 versus H13-H16-H16), the detection of H16-specific
antibodies at 1 week post-H13 inoculation was not associated with
a protective effect against subsequent H16 infection at 4 weeks
post-H13 inoculation. These results show that the presence or
titer of AIV-specific serum antibodies in BHGU is not a correlate
of protection against LPAIV infection. These results in BHGU
correspond to those in mallards (8), where virus excretion after
challenge with homologous LPAIV was independent of AIV-spe-
cific ELISA antibodies on the day of challenge (8).

Mucosal rather than serum antibodies may be a better correlate
of protection, as LPAIV in BHGU (15) and mallards (23) infects
the digestive tract. Although already suggested in 1980 by Kida
and colleagues (18), mucosal antibodies against virus infections in
birds have received little attention, perhaps because of technical
difficulties in measurements. AIV-specific antibodies have been
detected in bile of ducks infected with AIV (24). Also, mucosal
antibodies have been detected in tears of chickens after infection
with Newcastle disease virus and infectious bronchitis virus and
were associated with partial protection against virus challenge (25,
26). In humans, rotavirus-specific IgA in fecal specimens was di-
rectly correlated with protection against rotavirus illness (27, 28).
Therefore, the use of mucosal antibodies in feces as a potential
correlate of protection of water birds against LPAIV infection in
the digestive tract deserves further research.

Second, this study shows that the use of AIV-specific serum
antibodies to provide evidence of prior AIV infection is limited.
Experimental infections using wild-caught or farm-raised birds
often rely on the absence of AIV-specific antibodies to indicate the
absence of past infection (8, 29–31). However, in our study, the
vast majority of BHGU did not have NP- or HA-specific antibod-
ies 1 month after primary H13 or H16 infection, with the excep-
tion of H16-specific antibodies after H16 infection. Furthermore,
even in the birds that seroconverted, AIV-specific antibodies re-
mained detectable for a maximal period of only 2 to 3 months (for
NP- and H13-specific antibodies) or 11.5 months (for H16-spe-
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cific antibodies) after primary H13 or H16 infection. Thus, our
results indicate that a lack of AIV-specific serum antibodies does
not exclude past LPAIV infection in BHGU.

The differences in patterns of virus excretion and immunoge-
nicity between the two LPAIV isolates used in this study are most
likely due to genetic differences in three gene segments, HA, NA,
and NS; the other gene segments were genetically highly similar
(sequences are available online [see Materials and Methods]).
There were obvious differences in the HA genes (H13 versus H16)
and NA genes (N2 versus N3). Therefore, exposure to a LPAIV
with the same HA and NA genes may have strengthened the pro-
tective effect against reinoculation with the homologous virus.
The NS gene segment of H13 belonged to allele B, and that of H16
belonged to allele A (the most common NS allele) (32, 33). The
NS1 protein, one of the two proteins encoded by the NS gene
segment, is able to inhibit the host innate immune response by
antagonizing interferon. Viruses with allele A of the NS1 protein
replicated more than did those with allele B in chicken and turkey
cells; in contrast, viruses with allele B of the NS1 protein replicated
more and to higher titers than did those with allele A in duck cells
(34).

In conclusion, we demonstrate that experimental LPAIV infec-
tion of BHGU has a protective effect, lasting up to 1 year, on
reinfection with a homologous virus but no protective effect on
subsequent infection with a heterologous virus. The information
generated in this study (e.g., quantity of virus excreted and dura-
tion of excretion of infectious virus after the first, second, and
third infections with homologous or heterologous viruses) should
be useful information to help design surveillance programs of AIV
in wild birds and to interpret data generated by these programs. It
should also help to build mathematical models to study the epi-
demiology of LPAIV in BHGU and other free-living aquatic birds.
Nevertheless, additional research is needed to show if the same
AIV dynamics apply to other bird species and other AIV subtypes
and strains. Given the lack of correlation between AIV-specific
serum antibodies and protection against LPAIV infection, further
research is required to elucidate the mechanism of protection of
LPAIV infection and which parameters (e.g., mucosal antibody
levels) can be used as correlates of protection. In addition, this
study points out that the lack of detectable AIV-specific serum
antibodies in birds does not exclude the possibility of a past LPAIV
infection. Knowledge on long-term protection against homolo-
gous and heterologous LPAIV infections in an aquatic bird species
like BHGU, which are annually exposed at its breeding colony
sites in West Europe, is essential to understand LPAIV epidemi-
ology and persistence in wild birds.
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