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ABSTRACT
Highly pathogenic avian influenza (HPAI) viruses of H5 clade 2.3.4.4 have spread to many countries in
Asia, Europe and North America by migratory wild birds, causing outbreaks on hundreds of poultry
farms. Strategies to control spread by wild birds appear limited, hence timely characterization of novel
viruses is important to limit the risk for the poultry sector and human health. In this study we
characterize three recent viruses, the H5N8-2014 group A virus and the H5N8-2016 and H5N6-2017
group B viruses. The pathogenicity of the three viruses for chickens, Pekin ducks and Eurasian
wigeons was compared. The three viruses were highly pathogenic for chickens, but the H5N8 group A
and B viruses caused no to mild clinical symptoms in both duck species. The highest pathogenicity for
duck species was observed for the most recent virus, the H5N6-2017 virus. For both duck species,
virus shedding from the cloaca was higher after infection with the group B viruses compared to the
H5N8-2014 group A virus. Higher cloacal virus shedding of wild ducks may increase transmission
between wild birds, and between wild birds and poultry. Environmental transmission of H5N8-2016
virus to chickens was studied, showing that chickens are efficiently infected by (fecal)contaminated
water. These results suggest that pathogenicity of HPAI H5 viruses and virus shedding for ducks is
evolving, which may have implications for the risk of introduction of these viruses into the poultry
sector.
Key words: highly pathogenic avian influenza, H5N8, H5N6, pathogenicity, virus shedding, ducks,
Eurasian wigeons, environmental transmission

INTRODUCTION

1

Highly pathogenic avian influenza (HPAI) viruses form a continuous threat to the poultry industry and
to public health. The Eurasian H5N1 lineage (A/Goose/Guangdong/1/1996) first emerged in poultry in
China in 1996 1, and was associated with the first human infections and spillover of the virus to wild
birds 2. The Eurasian HPAI H5 viruses have evolved into 10 genetically distinct HA clades 3, and have
spread from Asia to Europe, Africa and North America. Long-distance migratory birds have played a
major role in the global spread of the HPAI H5 viruses. Large numbers of wild waterfowl congregate at
4,5

breeding sites and disseminate the viruses along their major flyways to wintering sites in Europe

. In

recent years viruses belonging to the H5 clade 2.3.4.4 have rapidly emerged and evolved into four
distinct genetic groups (A-D) 6. The H5N8 group A viruses were introduced in Europe in 2014, and
H5N8 and H5N6 group B viruses were introduced in respectively 2016 and 2017. The outbreaks had
large impact on animal health, and millions of domestic birds were involved in the depopulation
measures to control the outbreaks. In the Netherlands, multiple commercial poultry farms, hobby
holdings and captive bird facilities became infected between 2014-2018

7-9

. Despite the fact that HPAI

H5 viruses were highly pathogenic to gallinaceous poultry, these viruses were not uniformly
pathogenic to domestic or wild ducks of different species. The epidemic in 2016-2017 was unusual, as
infections with H5N8 group B viruses caused massive mortality of wild waterfowl
mortality was seen for the earlier H5N8 group A viruses

13,14

10-12

. Whereas no

, and limited mortality of wild birds was

observed during the later epidemic caused by H5N6 group B viruses 9.
Experimental infection experiments demonstrated that various wild duck species can become infected
with HPAI H5 viruses and excrete virus, without showing clinical symptoms

15-19

. Furthermore,

surveillance activities showed the presence of HPAI H5-specific antibodies in various species of wild
ducks in Asia and Europe, suggesting that those birds survived infection

20-22

. During the H5N8 group

A epidemic in the Netherlands in 2014-2015, the virus was isolated from Eurasian wigeons (Anas
penelope) exclusively, whereas other species of wild birds were also sampled intensively

21

. In the

later H5N8 and H5N6 group B epidemics, viruses were detected in Eurasian wigeons sampled alive or
found dead

8,9,23

. The Eurasian wigeon is a long-distance migratory dabbling duck with a large

wintering population in the Netherlands, around 900.000 birds reside in wetland and lake areas.
Eurasian wigeons graze for food on land and are often found in farmland around poultry farms.
Therefore, Eurasian wigeons may play an important role in both virus spread over long distances and
local spread to poultry farms. Direct contact between poultry and wild birds appears limited

24

, and

virus transmission likely occurs via indirect contact with infected faeces of wild birds. However, there is
limited information on the natural route of introduction into poultry by the contaminated environment.
The recurrence of outbreaks caused by HPAI H5 viruses in wild birds and poultry underscores the
need for more insight into the pathogenicity of these viruses for waterfowl and gallinaceous birds. In
this study, we experimentally infected chickens (Gallus gallus), Pekin ducks (Anas platyrhynchos
domesticus) and Eurasian wigeons (Anas penelope) with a H5N8-2014 group A virus, and group B
viruses H5N8-2016 and H5N6-2017. We compared pathogenicity, clinical signs and virus shedding of
the different host species after infection with these three recent HPAI H5 viruses. In addition,
environmental transmission of the H5N8-2016 virus was studied by exposure of chickens to

2

contaminated water or bedding material. The results of this study will improve risk assessment and
enhance our ability to develop control measures to prevent introduction of HPAI viruses in the poultry
sector.

MATERIALS AND METHODS
Ethical Statement
The animal experiment and procedures were in accordance with the national regulations on animal
experimentation and the project license was approved by the Dutch Central Authority for Scientific
Procedures on Animals (CCD) (permit number AVD4010020197787, experiment number 2019.D0008). The animal procedures were performed conform the guidelines from the European Union
directive 2010/63/EU.
Preparation of the virus inoculum
The viruses used in this study were derived from the index cases in the poultry sector. The whole
genome sequences were generated previously, and were deposited to the GISAID Database
(https://www.gisaid.org): H5N8-2014 (EPI_ISL_168075, A/chicken/Neth/14015531/2014), H5N8-2016
(EPI_ISL_529179,

A/duck/Neth/16014829-001005/2016)

and

H5N6-2017

(EPI_ISL_287906,

A/duck/Neth/17017236-001005/2017. Virus stocks were generated by two passages in 9- to 11-dayold specific pathogen free (SPF) embryonated chicken eggs. Full genome sequencing identified a few
ambiguous nucleotide positions present in both swabs and egg passages, but no mutations due to
passaging. The virus stocks were titrated using standard methods to determine the median egg
infectious dose (EID50) titers

25

. The virus stocks were diluted in sterile phosphate buffered saline

(PBS) immediately prior to use in order to obtain 106 EID50/mL inoculum.
Animals and housing
Six-week-old Specific-Pathogen-Free (SPF) White Leghorn chickens were obtained from MSD Animal
Health (Boxmeer, the Netherlands). Six-weeks-old Pekin ducks were obtained from a commercial
breeding farm, and approximately six-weeks-old Eurasian wigeons were obtained from several hobby
holdings. Eurasian wigeons are seasonal breeders, and therefore the age of the birds likely varied
between 4 and 8 weeks old. All animals used in this study were from both sexes. Pekin ducks and
Eurasian wigeons tested negative for antibodies against AI virus in serum using ELISA at the day of
arrival, and tested negative for AI virus by RT-PCR in swabs on the day of arrival and after an
acclimatization period of 7 days. The experiment was performed in biosafety level 3 (BSL 3) facilities
at Wageningen Bioveterinary Research (WBVR, Lelystad, the Netherlands). Peking ducks and
Eurasian wigeons infected with the same virus were housed in the same room, separated in two floor
pens with solid livestock dividing panels. The chickens participating in the infection experiment were
housed in one room separated in three floor pens with solid dividing panels. All pens housed ten birds
participating in this study, and twelve birds participating in another study until day four after infection.
3

The chickens participating in the environmental transmission experiment were individually housed in
cages placed in the experimental room. All rooms were temperature-controlled (18.8 - 22.6 0C) and
birds were housed under optimal light conditions and humidity, and feed and water were provided ad
libitum. Sawdust and some straw was provided as bedding material in the pens. Individual birds were
numbered randomly and allocated to an experimental group. Animal caretakers and laboratory
personnel were aware of the group allocation during the experiment (not blinded). Eurasian wigeons
and Pekin ducks were treated preventively for coccidiosis by addition of Baycox (Bayer) in the drinking
water for 48 hours starting at the day of arrival. After the Baycox treatment, swimming ponds were
provided to both Pekin ducks and Eurasian wigeons containing approximately 100 liters of tab water.
Chickens were provided with perches and pieces of jute as cage enrichment. In the environmental
transmission experiment, feed was spread over the bedding material to stimulate contact with the
contaminated bedding. The ARRIVE guidelines for reporting animal research were followed

26

.

Experimental Design
For the infection experiment, 10 birds of each species were inoculated with either H5N8-2014, H5N82016 or H5N6-2017 virus (9 groups). Birds were allowed a seven days acclimatization period before
infection with 0.1 mL of 106 EID50/ml inoculum via both intranasal and intratracheal administration
5.3

(inoculation dose of 10

EID50 per bird). All birds were observed for 10 days for signs of disease and

mortality, and a pathogenicity score was calculated using the scoring protocol of the intravenous
pathogenicity index (IVPI) 27. When a bird reached a humane endpoint, it was euthanized and counted
as death on the next day for calculation of the pathogenicity score. Every day oropharyngeal (OP) and
cloacal (CL) swabs were collected from all birds to determine virus shedding, swabs were also
collected from dead or euthanized birds (one CL swab for chickens inoculated with H5N8-2016 virus is
missing at day 3). Blood was collected at the last day (day 10) to determine antibody production.
Bedding and swimming water of all groups of Pekin ducks and Eurasian wigeons was not replaced
until day four after inoculation. At day four, swimming water and bedding was collected from the pen
housing the Eurasian wigeons infected with the H5N8-2016 virus. Afterwards, swimming water and
bedding was removed from all pens and replaced by clean water and bedding, which were then
replaced daily until the end of the experiment.
For the environmental transmission study, 24 independent cages were placed in an experimental
room. Twenty chickens were individually housed in cages. Ten chickens received contaminated
bedding material derived from the pen with the H5N8-2016 infected Eurasian wigeons, and ten
chickens received contaminated swimming water as drinking water. These chickens did not receive
other sources of water. Bedding and water were not replaced during the experiment. Two cages
contained two sentinel chickens as controls, and two cages contained contaminated bedding material
and water without chickens to measure virus survival over time. The chickens were monitored for
clinical symptoms and mortality for seven days after exposure. Everyday OP and CL swabs were
taken to determine virus shedding, and blood was collected at the last day of the experiment (day 7) to
determine antibody production.

4

Antibody Detection
Serum was collected from the blood samples and stored at −20 °C until testing. For influenza virusspecific antibody detection, serum was tested by anti-NP ELISA as described previously

28

.

Hemagglutination inhibition (HI) testing for HA subtype-specific antibodies was performed using
standard H5 antigens 27.
Virus detection in swabs
Swabs were placed in 2 ml of Tryptose Phosphate Broth (TPB) 2.95% and stored at −70 0C until
testing. For virus detection, total RNA was extracted from the swabs using the MagNA Pure 96 system
(Roche, Basel, Switzerland). Influenza A virus was detected by a quantitative real-time RT-PCR
targeting the matrix gene (M-PCR), as described previously 7. For each virus, a standard curve for
virus quantification was taken along that consisted of a ten-fold serial dilution of virus stock with known
EID50 titer. A standard curve was used to convert the Ct values into equivalent EID50 titers and
determine PCR efficiency. Amounts of virus detected in swabs are reported as mean equivalent log10
EID50/mL titers, with a lower detection limit of 101.7 EID50/ml.
Virus detection in bedding and water
The bedding material and the swimming water in the pen housing the H5N8-infected Eurasian
wigeons was sampled before collection at day four of the infection experiment. Thereafter, the bedding
and the water in the two control cages were sampled every day during the environmental transmission
experiment (7 days). The bedding was sampled using boot swabs, which were gently placed in
containers after 1 minute of walking, and were stored at -700C until analysis. For analysis, 100 ml TPB
containing 1% gentamycin was added to the boot swabs, the containers were shaken vigorously after
which the suspension was collected. The suspension was filtered, after the final filtering step (0.2 µM
filter, Nalgene) a sample of 5 ml was incubated with 1% of penicillin and gentamycin and incubated at
room temperature for 1 hour. RNA was isolated using MagNA Pure as described above. For sampling
of the water, a 1 liter sample was collected and filtered directly as described previously
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. Briefly, the

water was filtered using a hydrophilic mixed cellulose esters membrane (MF-Millipore™ Membrane
Filter, Merck). Subsequently, RNA was isolated from the filters using the PowerWater® RNA Isolation
kit (Qiagen). Viral RNA isolated from the boot swabs and filters was quantified using real-time M-PCR.
In-vitro transcribed RNA representing the matrix gene was generated from a plasmid containing a T7promoter using the MEGAscript™ T7 Transcription Kit (ThermoFisher). A series of 10-fold dilutions of
RNA was run simultaneously with the samples to calculate the number of RNA copies per ml. The
RNA copies were not converted to equivalent EID50 titers, as the amount of viable virus is expected to
decrease in time. During the experiment, also 15 ml water samples were taken, which were stored at
0

-70 C. The pH of the water was measured using pH indicator strips (pH 4.5-10, Whatman). The
bedding and water samples were analyzed for viable virus by inoculation of 200 l into four SPF
embryonated eggs.
Statistical analysis
5

Infection experiments
One indicator of pathogenicity of the viruses for each of the bird species studied is the level of and
time to mortality of an infected host following infection. Comparisons of this induced mortality in time
post infection (“survival time”) were done between the different virus infected groups within the same
bird species (e.g. among chicken groups) using the log-rank test. Virus shedding was characterized by
calculating the area under the curve (AUC) as a measure of total virus shed via OP or CL by each bird
during the course of the infection and by calculating the length (duration in days) of shedding via each
of these routes (OP or CL). Comparisons of shedding characteristics were done among the different
virus inoculated groups within each bird species (e.g. among chicken groups). Mean levels of
shedding (AUC) were compared using an ANOVA test, after assessing for normality (Shapiro test) and
similarity of variances (Fligner test). If deviations of normality or similarity of variances were observed,
comparisons were done using the Kruskal-Wallis test. Length of shedding was compared by fitting
parametric survival regression models with a Weibull distribution (distribution that fitted the data best).
Analysis were done using the software package R (version 3.6.1)

30

. The library “survival” was used

for the survival analysis. The threshold for significance was set to p < 0.05.
Environmental transmission experiment
For analysis of the environmental transmission experiment, the environment reproduction number Renv
(the average number of secondary infections caused by a contaminated environment) was calculated
using the final size method, where each trial consisted of an environment-susceptible bird and was
treated as a one-to-one transmission trial. Maximum likelihood estimation was used to estimate Renv
following the model described by 31 and using the software package R (version 3.6.1) 30.

RESULTS
Pathogenicity of HPAI H5 viruses
The pathogenicity of recent HPAI H5 viruses for different avian host species was studied by
experimental infections of chickens, Pekin ducks and Eurasian wigeons. The viruses were isolated
from three index cases in poultry in the Netherlands, H5N8-2014 (H5 clade 2.3.4.4 group A virus),
H5N8-2016 and H5N6-2017 (H5 clade 2.3.4.4 group B viruses). Ten birds of each species were
infected by intranasal/tracheal inoculation of the viruses and were monitored for ten days for
symptoms of disease and mortality. All surviving birds tested positive for antibodies against AI virus at
the end of the experiment (day 10), demonstrating that these birds became infected and
seroconverted, except for one Eurasian wigeon inoculated with H5N8-2016 virus. This bird was found
positive by PCR analysis, as discussed below. Figure 1 shows the survival curves and the
pathogenicity scores for the different bird species after infection with the HPAI H5 viruses. All chickens
infected with the HPAI viruses died within two or three days after infection, resulting in median survival
times of 2 days and pathogenicity scores ranging from 2.70 to 2.82. Because all infected chickens

6

died within this short time interval no statistical comparisons of survival were done. Before death,
chickens showed only some listlessness and ruffled feathers.
For Pekin ducks, infection with the H5N8-2014 virus resulted in two deaths, and the estimated
pathogenicity score was 0.13. Both ducks were listless at day 8, and one duck developed neurological
symptoms at day 9 after which it was euthanized. Infection with the H5N8-2016 virus did not result in
clinical signs or mortality in Pekin ducks, hence the pathogenicity score was 0.00. Higher mortality was
observed in ducks infected with the H5N6-2017 virus, six out of the 10 challenged Pekin ducks died
between 4 and 6 days after infection, the estimated pathogenicity score was 1.27. The survival time of
Pekin ducks infected with the H5N6-2017 virus was significantly shorter than that of ducks infected
with the H5N8 viruses (Figure 1). Clinical symptoms started at day 3 after infection, and included
listlessness, lethargy, ruffled feathers, respiratory symptoms (coughing, sneezing), loss of appetite,
nasal and ocular discharge, watery eyes, conjunctivitis and neurological signs.
For the Eurasian wigeons, no mortality was observed after infection with the H5N8-2014 virus, and
pathogenicity was limited resulting in a score of 0.01. Diarrhea was observed for one bird at day 9.
Infection with the H5N8-2016 virus resulted in two deaths on day 7 and 8 after infection, with no
obvious clinical symptoms preceding death. The pathogenicity score was 0.23. The highest
pathogenicity score 1.68 was estimated for the H5N6-2017 virus. With this virus nine deaths were
observed between day 3 and 6 after infection. Survival of Eurasian wigeons infected with the H5N62016 virus was significantly shorter compared to the two H5N8 viruses (Figure 1). Clinical symptoms
started at day 3 after infection and included listlessness, ruffled feathers, loss of appetite, diarrhea and
nasal discharge. At day 7, one of the Eurasian wigeons showed neurological signs, illustrated by
compulsive swimming of small circles in the pool and impaired consciousness during animal handling.
These combined results show that the highest pathogenicity of all three viruses was observed for
chickens, whilst lower pathogenicity was observed for the two duck species. For both Pekin ducks and
Eurasian wigeons, the highest pathogenicity was observed for the H5N6-2017 virus.
Virus shedding of birds infected by HPAI H5 viruses
To analyze virus shedding of the infected birds, oropharyngeal (OP) and cloacal (CL) swabs were
collected every day, and the amount of virus was quantified by real-time RT-PCR. The mean
equivalent virus titers measured in the swabs for ten days after infection are shown in Figure 2, and
the distribution of the daily shedding levels of the birds are shown in supplementary Figure S1. Virus
shedding was observed for all birds in the study, demonstrating that all birds became infected. For
chickens, high levels of OP and CL virus shedding were observed at day one, until the chickens died
at day two or three after infection for all three HPAI H5 viruses. After infection with the H5N8-2014,
high levels of OP virus shedding were observed for both Pekin ducks and Eurasian wigeons, with a
peak of virus shedding around day 5 after infection (Fig 2A). However, only limited CL virus shedding
was observed for both duck species. After infection with the two group B viruses, high levels of both
OP and CL shedding were observed for the two duck species (Fig 2 B/C). The onset and peak of virus
shedding appear delayed for Eurasian wigeons compared to Pekin ducks. To compare the total
7

amount of virus shed by the birds after HPAI infection, the area under the curve (AUC, log10 EID50/ml)
was calculated (Fig S2, Table 1). Furthermore, the duration of virus shedding of the birds was
estimated (Table 1). For chickens, the total amount of OP virus shedding was significantly lower for
the H5N6-2017 virus (mean AUC 4.0) compared to the two H5N8 viruses (mean AUC 5.3 and 5.4),
whilst virus shedding for the H5N6-2017 virus (mean AUC 3.7) was lower than for the H5N8-2016
virus (mean AUC 4.4) only. These differences are likely related with the shorter duration of shedding
and survival times observed for the chickens infected with H5N6-2017 virus (see Figure 1). For Pekin
ducks, the total amount of OP virus shedding for the two group B viruses (mean AUC 7.13 and 6.70)
was significantly increased compared to the H5N8-2014 virus (mean AUC 5.75). The estimated mean
duration of OP virus shedding was also significantly longer for the H5N8-2016 virus (12.0 days)
compared to the H5N8-2014 virus (6.3 days). The total amount of CL virus shedding for the two group
B viruses (mean AUC 6.15 and 5.12) was significantly higher compared to the H5N8-2014 virus (mean
AUC 2.73) in Pekin ducks. The estimated mean duration of CL virus shedding was significantly longer
for both group B viruses (9.4 and 8.2 days) compared to the H5N8-2014 virus (5.0 days). For Eurasian
wigeons, the amount of CL virus shedding was significantly increased for the two group B viruses
(AUC 4.96 and 4.55) compared to the H5N8-2014 virus (AUC 3.38). The duration of virus shedding of
Eurasian wigeons does not significantly differ between the H5N8-2014 and H5N8-2016 virus, and is
shorter for the H5N6-2017 virus due to the shorter survival (see Figure 1). No differences in the total
amounts of OP virus shedding were observed for the viruses in Eurasian wigeons. These combined
results show that for the two duck species, the amount of cloacal virus shedding is increased for the
two later group B viruses, compared to the earlier H5N8-2014 group A virus.

Environmental transmission of HPAI H5N8-2016 virus
Environmental transmission of the HPAI H5N8-2016 virus was studied to obtain more information on
the natural route of virus transmission to poultry by indirect contact with infected wild birds. We
therefore collected bedding material and swimming water from the pen housing the infected Eurasian
wigeons. The materials were collected at day four after infection, at the peak of virus shedding from
the cloaca (Fig 2). Ten chickens individually housed in cages received contaminated bedding, and ten
chickens received contaminated water for drinking. The experiment included two cages with a pair of
sentinel chickens, and two cages with contaminated water and bedding only (no chickens). The
survival curves for the chickens for seven days after exposure to contaminated bedding or water are
shown in Figure 3. All 10 chickens survived after exposure to bedding, whilst six chickens died after
exposure to water. To analyze virus infection, OP and CL swabs were collected from the chickens
every day, and blood was collected at the end of the experiment (day 7). Figure 4 shows that virus
shedding was observed for the six chickens that died during the experiment after exposure to
contaminated water. For two chickens OP virus shedding was already observed at day two, for two
chickens at day three, and for two at day four after exposure. Virus shedding from the cloaca initiated
approximately one day after oropharyngeal shedding started. No virus shedding was observed neither
for the four chickens still alive at the end of the experiment, nor for chickens exposed to bedding or for
8

sentinel chickens. All surviving chickens tested negative for AI antibodies at the end of the experiment.
Based on the number of transmission events observed (6 out 10), and the assumption that virus decay
in the environment during the seven days of exposure was very low in water (as described below), the
estimated Renv for environmental transmission of HPAI via water was 3.0 (95% confidence interval
(CI): 1.8 – 4.2) and via bedding was 0.0 (95% CI: 0.0 – 0.77). These results show that environmental
transmission of HPAI virus to chickens via contaminated water is efficient (Renv>1), whereas
transmission via contaminated bedding material is less likely to happen (Renv<1).
Persistence of HPAI H5N8-2016 virus in water and bedding material
The persistence of the virus in water and bedding material was studied. Samples were taken precollection of materials from the pen housing the infected Eurasian wigeons (day 4), and subsequently
from the two control cages during the seven days of the environmental transmission experiment. The
pH of the water samples was consistently 7.5 during the experiment, and the average temperature in
the experimental room was 21.1 0C. Bedding and water samples were analyzed by real-time RT-PCR
for the presence of AI virus, as is shown in Figure 5 (line graph). Viral RNA could be detected in
bedding samples (105.5 vRNA copies/ml) and water samples (105.7 vRNA copies/ml) collected from the
pen housing the Eurasian wigeons. The amount of viral RNA detected in the two control cages
declined during the experiment, approximately 1000-fold for the bedding samples at day five, and 100fold for the water samples at day six. To test whether the virus detected by PCR is still infectious,
samples of the water and bedding material were inoculated into four embryonated eggs (Figure 5,
columns). All four eggs tested positive for virus isolation after inoculation with bedding or water
samples collected from the pen housing the infected Eurasian wigeons, demonstrating that the
environmental transmission experiment was started with infectious virus. Virus was isolated from all
eggs inoculated with water samples that were collected from the two control cages during the
experiment. The virus thus remained infectious in water until day six, which was the last day tested.
However, samples taken from bedding material during the experiment did not contain viable virus.
These results demonstrate a long persistence of infectious virus in water compared to bedding
material.

DISCUSSION
In this study, we characterize three representative HPAI H5 viruses isolated from the index cases in
poultry in the Netherlands. The H5H8-2014 virus belongs to H5 clade 2.3.4.4 group A, whereas the
H5N8-2016 and H5N6-2017 viruses are classified as group B viruses. The pathogenicity of the three
virus strains was directly compared in three avian host species: chickens and Pekin ducks (the most
common domestic galliform and anseriform species), and Eurasian wigeons (as a model species for
wild birds). Consistent with the pathogenicity of other clade 2.3.4.4 H5 viruses, the three viruses
caused 100% mortality in experimentally infected chickens, with a median survival time of 2 days. For
Pekin ducks however, differences were observed between the three viruses. Pekin ducks infected with
the H5N8-2014 and 2016 viruses showed very limited to no clinical symptoms. Mortality was 20% for
9

the H5N8-2014 virus, and 0% for H5N8-2016 virus, resulting in low pathogenicity scores (0.13 and
0.00 respectively). After infection of Pekin ducks with the H5N6-2017 virus, symptoms of disease were
observed starting three days after infection, and 60% mortality was observed resulting in a
pathogenicity score of 1.27. Survival of Pekin ducks after infection with H5N6-2017 virus was
significantly shorter compared to the two earlier H5N8 viruses. Previously performed IVPI studies in
six-weeks-old Pekin ducks demonstrated lower pathogenicity for the H5N8-2014 virus (IVPI score
1.87) compared to H5N8-2016 and H5N6-2017 viruses (IVPI scores 2.99 and 3.00 respectively) 9.
Direct injection of viruses into the blood stream thus resulted in a higher pathogenicity scores for the
viruses, in particular for the H5N8-2016 virus, compared to intranasal/intratracheal administration.
Previous studies on recent HPAI H5 clade 2.3.4.4 viruses revealed a range of pathogenicity scores for
wild and domestic ducks, with mortality varying between 0 and 20% 17,18,32-36. Variation may be caused
by differences in virus stains, inoculation route, or bird species and age. This underlines the
importance of the direct comparison of virus strains in different bird species, as was performed in this
study. We studied pathogenicity in 6-weeks old birds, which is the age of chickens standardly used in
IVPI experiments. Mortality and virus shedding may be reduced in older birds, in particular when they
experienced previous infections with avian influenza viruses. The limited clinical signs observed upon
infection of Pekin ducks with the different HPAI H5 viruses may have prevented early detection of the
outbreaks on commercial duck farms. Consistent with this, a retrospective study showed that during
the 2014-2018 outbreaks, clinical signs were seldomly observed on farms before mortality increases
37

.

For Eurasian wigeons, infection with the two H5N8 viruses resulted in very limited clinical symptoms.
Mortality was 0% for the H5N8-2014 virus, and 20% for H5N8-2016 virus, resulting in low
pathogenicity scores (0.01 and 0.23 respectively). The mortality caused by the H5N6-2017 virus was
90%, and the survival time was significantly shorter than that observed for the two H5N8 viruses.
Symptoms of disease started three days after infection, resulting in a pathogenicity score of 1.68. This
demonstrates that the most recent HPAI H5 virus, the H5N6-2017 virus, is most pathogenic for both
the domestic Pekin duck and the wild Eurasian wigeon. High levels of virus shedding were measured
for the two duck species after infection with the HPAI H5 viruses, even when no clinical symptoms
were observed. Infection with H5N8-2014 virus mainly resulted in shedding from the oropharynx,
whilst after infection with the two group B viruses virus shedding from both oropharynx and cloaca was
observed. The total amount of virus shed from the cloaca of Pekin ducks and Eurasian wigeons was
significantly increased for the two group B viruses compared to the H5N8-2014 virus (Table 1). Virus
transmission between wild birds is through to occur via the fecal-oral route, whereby infected birds
shed viruses in feces, and others are infected by feeding in virus-contaminated water. The low cloacal
shedding of duck species after infection with the H5N8-2014 virus may have limited transmission of
the virus among wild birds, resulting in a low prevalence of the virus in the wild bird population. This is
consistent with the fact that no wild bird mortality was observed during the epidemic in 2014-2015, and
the virus was only detected in a few living wild birds. The increased cloacal shedding observed for the
later H5N8-2016 virus likely resulted in efficient transmission of this virus in the wild bird population.
The massive mortality of Eurasian wigeons and other wild waterfowl observed during the 2016-2017
10

epidemic may be caused by the slightly increased pathogenicity of the H5N8-2016 virus (compared to
the H5N8-2014 virus), combined with a high prevalence of the virus in the wild bird population due to
increased cloacal shedding

10,23

. Increased cloacal virus shedding was also observed for the two duck

species after infection with the H5N6-2017 virus. However, the H5N6-2017 virus was also more
pathogenic for duck species than the two H5N8 viruses, causing significantly increased mortality. This
may have hampered long-distance travelling of infected wild birds, thereby limiting the spread of the
virus along the migration routes. The limited number of infected wild birds found dead during the H5N6
epidemic in 2017-2018 in the Netherlands suggests the prevalence of the virus was low amongst
migratory wild birds. Furthermore, wild bird surviving the previous H5N8 virus infections may have
acquired immunity against re-infection with related HPAI H5 viruses. Evidence for the presence of
HPAI H5-specific antibodies in various species of wild ducks was obtained during surveillance studies
in Asia and Europe

20-22

. Moreover, an experimental infection study with Pekin ducks and mallards

showed that ducks surviving infection with a H5N8 group B virus were protected from re-infection with
the homologous virus

38

. The pre-existing immunity in the wild bird population thus may have further

hampered the spread of genetically related H5N6 group B virus during the 2017-2018 epidemic. In
2020, a novel reassortant HPAI H5N8 group B virus was detected in wild birds found dead in EasternEurope and Germany. This virus was genetically related to the H5N8 group B viruses detected in
2016, but obtained novel PB1 and NP segments

39

. Wild bird mortality was limited, and the virus did

not spread to other countries in Europe, suggesting a low prevalence in the wild bird population.
However, experimental infection studies with this novel virus will be required to evaluate pathogenicity
and virus shedding. Active surveillance for HPAI viruses and antibodies in wild birds is essential to
provide more information on the prevalence of the viruses in wild bird populations during future
epidemics.
This study showed that the pathogenicity of the H5N6-2017 virus is increased for both Pekin ducks
and Eurasian wigeons compared to the earlier H5N8 viruses.. Pekin ducks are a domestic duck breed
descended from the wild mallard (Anas platyrhynchos), a species of migrating dabbling ducks of the
Anatidae family, that also includes Eurasian wigeons. Whether pathogenicity of the H5N6-2017 virus
is also increased for other members of the Anatidae family remains to be determined, as differences
between specific duck species have been reported in a recent study for a HPAI H5N8 group A virus

16

.

The mechanism underlying the enhanced pathogenicity of the H5N6-2017 virus for the two duck
species is not well understood, and further studies will be required to provide more insight. Likely,
besides the HA gene of the viruses, also internal genes contribute to pathogenicity. Phylogenetic
analysis of the full genome sequences of the two group B viruses revealed that the H5N6-2017 virus
obtained novel PB2 and PA segments, besides the novel NA segment

40

. Genetic analysis identified

four amino acid changes in the HA protein, and several in other proteins, but none of them have been
previously implicated in pathogenicity (Table S1). Further studies will be required to identify the
genetic determinants of increased pathogenicity of the H5N6-2017 virus. The evolution of H5 viruses
towards enhanced duck pathogenicity may be driven by prolonged circulation of these viruses in
poultry populations in Asia, whereby vaccination may have provided a strong selection pressure.
Viruses that evolved in vaccinated poultry populations may have been introduced back into wild birds.
11

Alternatively, the virus may have evolved in wild birds after repeated exposure to HPAI H5 clade
2.3.4.4 viruses. Widespread immunity against HPAI H5 stains in the wild bird population may have
driven the evolution of the viruses towards higher pathogenicity.
Poultry can become infected with HPAI viruses by the fecal-oral route, when feeding in an
environment contaminated with infected wild bird feces. Therefore, increased cloacal shedding by wild
ducks infected with HPAI H5 clade 2.3.4.4 group B viruses likely enhances the risk of introduction of
these viruses into the commercial poultry sector. In agreement with this, more outbreaks were
reported on commercial poultry farms and hobby holdings during the H5N8 group B virus epidemic in
2016-20178, than during the H5N8 group A epidemic in 2014-2015 in the Netherlands 7. The number
of outbreaks in poultry during the H5N6 group B virus epidemic in 2017-2018 was limited compared to
the previous H5N8 group B epidemic, which may have been caused by a decreased prevalence of the
virus in the wild bird population 9. In this study, we investigated environmental transmission of the
HPAI H5N8-2016 virus to chickens by water or bedding material contaminated by infected Eurasian
wigeons. We show that virus transmission to chickens via contaminated water was efficient, as the
estimated Renv was higher than 1 (lower 95%CI was 1.7). Virus transmission via contaminated bedding
material was not observed indicating a low probability of transmission via this route (Renv < 1). The
virus in the bedding material was rapidly inactivated, whereas the virus in water remained infectious
for at least six days at an average temperature of 21.1 0C. The viability of low pathogenic avian
influenza (LPAI) viruses in poultry bedding was investigated previously, and dependent on the type of
bedding this viability was between one and three days

41

, which is consistent with our results using

saw dust as bedding material. Previous studies also showed long-term survival of HPAI H5N1 virus in
water, for 14 days at 20 0C, up to 60 days at 4 0C

42,43

. Few experimental studies have addressed

environmental transmission of avian influenza viruses, but these reported similar results. Transmission
of LPAI viruses to chickens was reported to occur via water 44,45, and transmission of HPAI H5N1 virus
via water and soil

46,47

. The risk of introduction of avian influenza for outdoor-layer farms is six-times

higher than for indoor-layer farms

48

summer months in the Netherlands

, and the risk in the winter months is four-times higher than in the

49

. In the winter, large numbers of migratory wild birds are present

in the Netherlands, but also increased rainfall and lower temperatures will provide optimal
circumstances for long-term survival of virus in the environment. The virus titers that accumulated in
the swimming water of the infected Eurasian wigeons in this experiment may have exceeded those
expected in natural situations with wild birds. However, they may not be unrealistic for small bodies of
water, or puddles in free-range areas after heavy rainfall. Observational studies have shown that
different species of wild ducks visit the free-range area at night for swimming and foraging in puddles
of water, whereby direct contact with chickens did not occur

24

. The infection-pressure around poultry

farms may build-up due to repeated visits of HPAI infected wild birds, and the long-term survival of the
virus in water at lower temperatures. Hence indirect transmission via a contaminated environment may
be a main route for infection of poultry, although several poultry farms without free-range area became
infected during the HPAI H5 epidemics in the Netherlands in 2014-2018

7-9

, suggesting that other

routes of transmission may have been involved. The contribution of environmental transmission,

12

particularly via water, to outbreaks in poultry may be substantial and therefore warrants consideration
in models predicting outbreak probability, as previously suggested 50,51.
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Fig 1: Survival of six-weeks-old SPF-chickens (blue), Pekin ducks (orange) and Eurasian (EA)
wigeons (green) after intratracheal/intranasal infection (doses 105.3 EID50/bird) with (A) H5N8-2014, (B)
H5N8-2016 and (C) H5N6-2017 viruses. Per group ten birds were monitored for 10 days for clinical
symptoms and mortality. The pathogenicity score was calculated based on OIE criteria for IVPI, and
ranges from 0.0 (no pathogenicity) to 3.0 (highest pathogenicity). The pathogenicity scores for the
viruses are listed in the legend.
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Fig 2: Mean virus shedding (log10 EID50/ml) after infection with (A) H5N8-2014, (B) H5N8-2016 and
(C) H5N6-2017 viruses. Virus shedding was measured in oropharyngeal (OP) and cloacal (CL) swabs
collected from chickens (blue), Pekin ducks (orange) and Eurasian (EA) wigeons (orange) during 10
days after infection. The detection limit of 1.7 log10 EID50/ml is marked by a black line.
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Fig 3: Survival of six-weeks-old chickens after exposure to water (blue line) or bedding material
(orange line) contaminated by Eurasian wigeons infected with H5N8-2016 virus.

Fig 4: Virus shedding of chickens exposed to contaminated water (w1-w10) for seven days, measured
in (A) oropharyngeal (OP) swabs and (B) cloacal (CL) swabs.
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Fig 5: Persistence of virus in water and bedding material in the two control cages. The viability of the
virus was tested by inoculation into four embryonated eggs (columns), and the amount of viral RNA
was determined by real-time RT-PCR (line graph). Samples of water and bedding material were tested
pre-collection (P) in the pen housing the Eurasian wigeons, and at days 0, 1, 2 and 5 of the
environmental transmission experiment. Water samples were also tested on day 6. WP: water precollection, WC1: water control cage 1, WC2: water control cage 2, BP: bedding pre-collection BC1:
bedding control cage 1, BC2: bedding control cage 2

Table 1: Virus shedding of HPAI infected birds
OP swabs
AUC
host
Chicken

Pekin Duck

EA wigeon

virus

CL swabs

duration

Titer* ± SD

AUC

days (LCI-UCI)

duration

titer ± SD

days (LCI-UCI)

H5N8-2014

5.33 (0.63)

a

H5N8-2016

5.38 (0.37)

a

H5N6-2017

4.02 (0.38)b

H5N8-2014

5.75 (0.38)

H5N8-2016

7.13 (0.42)b

12.0 (5.2 - 18.5)b

6.15 (0.86)b

9.4 (3.1 - 16.6)b

H5N6-2017

6.70 (0.56)b

8.4 (3.6 - 12.9)ab

5.12 (0.73)b

8.2 (2.7 - 14.4)b

H5N8-2014

6.24 (0.51)

a

11.1 (4.1 - 18.4)

H5N8-2016

6.55 (0.86)a

9.4 (3.5 - 15.5)a

H5N6-2017

5.93 (0.38)

a

a

1.7 (0.6 - 2.8)

a

4.06 (0.75)

1.6 (0.6 - 2.7)

a

4.41 (1.50)

1.1 (0.4 - 1.8)b
6.3 (2.7 - 9.7)

5.5 (2.0 - 9.1)
19

1.7 (0.7 - 2.7)

a

a

1.4 (0.6 - 2.2)

ab

3.66 (0.44)b

a

b

ab

2.73 (1.42)

a

3.38 (0.44)

a

a

4.96 (0.77)b
4.55 (0.75)

b

1.1 (0.5 - 1.8)b
5.0 (1.6 - 8.9)

a

8.0 (2.7 - 14.0)

a

9.0 (3.0 - 15.7)a
5.4 (1.8 - 9.4)

b

* titer in log10EID50/ml
a, b

statistically significant difference between the groups

EA Eurasian
OP oropharyngeal
CL cloacal
AUC area under the curve
SD standard deviation
LCI lower confidence interval
UCI upper confidence interval
SUPPLEMENTARY MATERIALS
Fig S1: Distribution of mean virus shedding (log10 EID50/ml) in oropharyngeal (OP, marked in red) and
cloacal (CL, marked in blue) swabs collected from chickens, Pekin ducks and Eurasian wigeons for 10
days after infection with HPAI H5N8-2014, H5N8-2016 or H5N6-2017 virus. The box represents the
first quartile, the median (band inside the box) and the third quartile. Individual black dots are outliers.

20

Fig S2: Distribution of the area under the curve (AUC, log10 EID50/ml) in oropharyngeal (OP, marked in
red) and cloacal (CL, marked in blue) swabs collected from chickens, Pekin ducks and Eurasian

21

wigeons for 10 days after infection with HPAI H5N8-2014, H5N8-2016 or H5N6-2017 virus. The box
represents the first quartile, the median (band inside the box) and the third quartile. Individual black
dots are outliers.
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