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Abstract: Analysis of low pathogenic avian influenza (LPAI) viruses circulating in the Netherlands
in a previous study revealed associations of specific hemagglutinin (HA) and neuraminidase (NA)
subtypes with wild bird or poultry hosts. In this study, we identified putative host associations
in LPAI virus internal proteins. We show that LPAI viruses isolated from poultry more frequently
carried the allele A variant of the nonstructural protein (NS) gene, compared to wild bird viruses.
We determined the susceptibility of chickens to wild bird–associated subtypes H3N8 and H4N6
and poultry-associated subtypes H8N4 and H9N2, carrying either NS allele A or B, in an infection
experiment. We observed variations in virus shedding and replication patterns, however, these did
not correlate with the predicted wild bird- or poultry-associations of the viruses. The experiment
demonstrated that LPAI viruses of wild bird-associated subtypes can replicate in chickens after
experimental infection, despite their infrequent detection in poultry. Although the NS1 protein is
known to play a role in immune modulation, no differences were detected in the limited innate
immune response to LPAI virus infection. This study contributes to a better understanding of the
infection dynamics of LPAI viruses in chickens.

Keywords: avian influenza virus; low pathogenic avian influenza; wild birds; poultry; chickens;
shedding; innate immune response

1. Introduction

Avian influenza (AI) viruses are influenza A viruses that circulate among a broad range of wild
bird species, particularly birds of the orders Anseriformes (ducks, geese, swans) and Charadriiformes
(gulls, terns, waders) [1], and can also infect domestic poultry. AI viruses are divided into subtypes
based on the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA), which are involved
in the attachment and release from host cells [2], respectively. Most viruses are low pathogenic avian
influenza (LPAI) viruses that produce subclinical infections in poultry or, occasionally, cause mild
respiratory disease, a reduction in egg production and low mortality [3]. LPAI viruses of HA subtypes
H5 and H7 can mutate into highly pathogenic avian influenza (HPAI) variants that can cause severe
progressive disease and high mortality in birds [4]. Outbreaks of HPAI viruses can have serious impact
on animal health and economic consequences for the commercial poultry industries. In addition, some
strains can be transmitted to humans [5], causing major concern for public health worldwide.
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In birds, 16 HA subtypes (H1–H16) and 9 NA (N1–N9) subtypes have been found in numerous
combinations [6,7]. Some of these subtypes are specific to certain avian species, of which H13 and
H16 viruses in gulls is a prime example [7]. Our previous study on LPAI viruses circulating in wild
birds and poultry in the Netherlands also revealed close host-dependent associations among other
HA and NA subtypes [8]. During a 10-year surveillance period in the Netherlands, LPAI viruses
of subtypes H3N8 and H4N6 were predominantly detected in wild ducks, in particular mallards,
but rarely detected in poultry. In contrast, LPAI viruses of subtypes H8N4 and H9N2 were most
frequently detected in Dutch poultry but only sporadically detected in wild birds. These findings
suggest that transmission to poultry is selective and is likely influenced by viral factors that determine
host range.

Besides HA and NA, the viral genome encodes for internal proteins including polymerase basic
protein 1 (PB1), polymerase basic protein 2 (PB2), polymerase acidic protein (PA), matrix proteins (M1
and M2), nucleoprotein (NP), and nonstructural proteins (NS1 and NS2). The NS proteins circulate in
two lineages (NS allele A and B) that differ by around 30% of their amino acids [9]. The internal proteins
are responsible for viral functions, such as genome replication and expression and virus assembly [10].
The NS1 protein can modulate the host immune response and protein expression, and thereby acts as
an important virulence factor [11]. Several of the internal proteins have been described to influence the
infectivity, pathogenicity and transmissibility of AI viruses in a host-dependent manner [12], but their
role in host-dependent transmission between avian species is largely unknown. Increased knowledge
on the ability of different AI virus subtypes and genotypes to infect poultry would contribute to a better
understanding of virus epidemiology. In addition, the identification of viral factors that influence host
range can be used for predicting the risk of infection in poultry and can help to design more efficient
surveillance programs for the early detection of potentially dangerous strains.

In this study, we analyzed the association of LPAI virus internal proteins with wild bird or
poultry hosts. We show that LPAI viruses isolated from poultry more frequently contain NS allele A,
compared to wild bird viruses. The susceptibility of chickens to wild duck-origin LPAI viruses of wild
bird-associated subtypes H3N8 and H4N6 and poultry-associated subtypes H8N4 and H9N2, carrying
either NS allele A or B, was studied in an infection experiment. We analyzed the pattern and route of
viral shedding, which not only provides information on potential replication sites but also gives an
indication of the ability of virus transmission to other birds. In addition, we analyzed virus replication
and immunological responses in the respiratory and intestinal organs, which are main target tissues of
LPAI viruses. This study contributes to a better understanding of the infection dynamics of different
LPAI virus strains in chickens, which can be used to improve current surveillance programs.

2. Material and Methods

2.1. Ethical Statement

The animal experiment and associated 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 ADV401002015317; experiment number
2016.D-0057.001). The animal procedures were performed conforming to the guidelines from the
European Union directive 2010/63/EU of 22 September 2010 on the protection of animals used for
scientific purposes [13].

2.2. Virus Selection

The subtypes tested in this study were selected based on their association with wild birds or poultry
as observed in a previous surveillance study in the Netherlands [8]. To identify host-associated features
in the internal proteins, a statistical comparative analysis was performed using the metadata-driven
comparative analysis tool for sequences (meta-CATS) of the Influenza Research Database (IRD)
(https://www.fludb.org) [14]. For this analysis, we used the amino acid (aa) sequences of the internal
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proteins (PB1, PB2, PA, M1, M2, NP, NS1, and NS2) of the same set of 162 wild bird viruses and
42 poultry viruses as analyzed previously [8]. For each protein, a multiple sequence alignment
was generated in MUSCLE version 3.8.31 [15]. Subsequently, the alignments were submitted to the
automated meta-CATS pipeline in two groups according to their host source (i.e., wild bird or poultry).
In the statistical tool, a chi-square test of independence was performed at each aa position to identify
residues that significantly differed between the groups (p < 0.05).

2.3. Virus Isolation and Propagation

The viruses used in this study were provided by Erasmus MC (Rotterdam, the Netherlands) (Table
S1). The viruses were initially isolated from oropharyngeal (OP) or cloacal (CL) swabs collected from
wild ducks as part of the national AI virus surveillance program in wild birds in the Netherlands. The
whole genome sequences were generated in a previous study [8]. Virus stocks were generated by two
passages in 9–11-day-old specific pathogen free (SPF) embryonated chicken eggs (ECEs). The virus
stocks were titrated using standard methods to determine the median egg infectious dose (EID50)
titres [16]. The median tissue culture infective dose (TCID50) titres were determined by end-point
titration in Madin-Darby Canine Kidney (MDCK) cells, as described previously [17]. The virus stocks
were diluted in sterile phosphate buffered saline (PBS) immediately prior to use in order to obtain
106 EID50/mL inoculum.

2.4. Animals and Housing

A total of 184 six-week-old SPF White Leghorn chickens (Gallus gallus domesticus) of both sexes
were obtained from MSD Animal Health (Boxmeer, the Netherlands). White Leghorn chickens were
chosen for this research as it represents the most common and economically important poultry type
in the Netherlands [18]. The experiment was performed in biosafety level 2 (BSL 2) facilities at
Wageningen Bioveterinary Research (WBVR, Lelystad, the Netherlands). The chickens were housed in
temperature-controlled rooms under optimal light conditions and humidity, and feed and water were
provided ad libitum. Each experimental group was housed separately in floor pens with solid livestock
dividing panels, and personnel changed clothes to prevent cross-contamination between groups.

2.5. Experimental Design

The chickens were randomly divided into eight experimental groups (virus-inoculated groups)
of 20 chickens and one experimental group (control group) of 24 chickens (Figure 1). Individual
birds of each experimental group were numbered randomly to select chickens for tissue collection
at different time points. At day 0, prior to inoculation, OP and CL swabs were collected from all
chickens to confirm the absence of current AI virus infection. In addition, blood samples were
collected by heart puncture from the control group (n = 4) under anaesthesia by intramuscular (IM)
administration of 0.4 mL Xylazine and Ketamine mixture. After blood collection, the chickens were
immediately euthanized by intravenous (IV) administration of 2.0 mL Euthasol 50% solution (AST
Farma, Oudewater, the Netherlands), and tissue samples of various organs were collected, including
the trachea, lung, and ileum.

Inoculation was performed via intranasal (IN) and intratracheal (IT) administration of 0.1 mL of
106 EID50/mL inoculum per route (inoculation dose of 105.3 EID50 per bird). The inoculation dose was
confirmed by back-titration on MDCK cells and conversion of the TCID50 titres into equivalent EID50

titres. For each experimental group, the viral dose was within the range of 0.5 log10 EID50/mL of the
target titre. All birds were observed daily for clinical signs of disease. OP and CL swabs were taken for
virus detection from live birds daily to seven days post inoculation (dpi) to determine viral shedding.
Four chickens from each experimental group were euthanized, using the same method as the control
group, at 1, 2, 3, 5, and 7 dpi to collect blood and organs. The experiment was terminated at 7 dpi.
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Figure 1. Sample collection per experimental group. A total of 184 six-week-old specific pathogen free 
(SPF) White Leghorn chickens were divided into eight experimental groups of 20 chickens (virus-
inoculated groups) and one experimental group of 24 chickens (control group). Prior to inoculation, 
oropharyngeal (OP) and cloacal (CL) swabs were collected from all chickens of each experimental 
group to confirm the absence of current AI virus infection. In addition, blood and organs were 
collected from four chickens in the control group (shown in grey). After inoculation, OP and CL swabs 
were taken from live birds daily to seven days post inoculation (dpi) to determine viral shedding. 
Four chickens from each experimental group were euthanized at 1, 2, 3, 5, and 7 dpi to collect blood 
and organs. The experiment was terminated at 7 dpi. 

Inoculation was performed via intranasal (IN) and intratracheal (IT) administration of 0.1 mL of 
106 EID50/mL inoculum per route (inoculation dose of 105.3 EID50 per bird). The inoculation dose was 
confirmed by back-titration on MDCK cells and conversion of the TCID50 titres into equivalent EID50 
titres. For each experimental group, the viral dose was within the range of 0.5 log10 EID50/mL of the 
target titre. All birds were observed daily for clinical signs of disease. OP and CL swabs were taken 
for virus detection from live birds daily to seven days post inoculation (dpi) to determine viral 
shedding. Four chickens from each experimental group were euthanized, using the same method as 
the control group, at 1, 2, 3, 5, and 7 dpi to collect blood and organs. The experiment was terminated 
at 7 dpi. 

2.6. Antibody Detection 

Blood samples were left overnight at RT for serum separation [19], and serum samples were 
stored at −20 °C until testing. For influenza virus-specific antibody detection, serum was tested by 
anti-NP ELISA (FlockChek AI MultiS-Screen Ab Test Kit (IDEXX Europe B.V., Hoofddorp, the 
Netherlands)) according to the manufacturers’ instructions. Hemagglutination inhibition (HI) testing 
for HA subtype-specific antibodies was done using standardized homologous H3, H4, H8, and H9 
antigens. HI test results were reported as log2 HI titres, with titres of 3 log2 or higher considered 
positive. 

2.7. Virus Detection in Swabs 

Swabs were placed in 2.0 mL Tryptose Phosphate Broth 2.95% containing gentamicin and stored 
at −80 °C until testing. For virus detection, total RNA was extracted from the swab specimens using 
the MagNA Pure 96 system (Roche, Basel, Switzerland) with the MagNA Pure 96 DNA and Viral NA 
Small Volume Kit (Roche). Influenza A virus was detected by a quantitative real-time reverse 
transcription polymerase chain reaction targeting the matrix gene (M-PCR), as described previously 

Figure 1. Sample collection per experimental group. A total of 184 six-week-old specific pathogen
free (SPF) White Leghorn chickens were divided into eight experimental groups of 20 chickens
(virus-inoculated groups) and one experimental group of 24 chickens (control group). Prior to
inoculation, oropharyngeal (OP) and cloacal (CL) swabs were collected from all chickens of each
experimental group to confirm the absence of current AI virus infection. In addition, blood and organs
were collected from four chickens in the control group (shown in grey). After inoculation, OP and CL
swabs were taken from live birds daily to seven days post inoculation (dpi) to determine viral shedding.
Four chickens from each experimental group were euthanized at 1, 2, 3, 5, and 7 dpi to collect blood
and organs. The experiment was terminated at 7 dpi.

2.6. Antibody Detection

Blood samples were left overnight at RT for serum separation [19], and serum samples were stored
at −20 ◦C until testing. For influenza virus-specific antibody detection, serum was tested by anti-NP
ELISA (FlockChek AI MultiS-Screen Ab Test Kit (IDEXX Europe B.V., Hoofddorp, the Netherlands))
according to the manufacturers’ instructions. Hemagglutination inhibition (HI) testing for HA
subtype-specific antibodies was done using standardized homologous H3, H4, H8, and H9 antigens.
HI test results were reported as log2 HI titres, with titres of 3 log2 or higher considered positive.

2.7. Virus Detection in Swabs

Swabs were placed in 2.0 mL Tryptose Phosphate Broth 2.95% containing gentamicin and stored
at −80 ◦C until testing. For virus detection, total RNA was extracted from the swab specimens using
the MagNA Pure 96 system (Roche, Basel, Switzerland) with the MagNA Pure 96 DNA and Viral
NA Small Volume Kit (Roche). Influenza A virus was detected by a quantitative real-time reverse
transcription polymerase chain reaction targeting the matrix gene (M-PCR), as described previously [20].
For each virus, a standard curve for virus quantification was taken along that consisted of ten-fold
serial dilutions of the working stocks with a known EID50 titre. The standard curve was used to
convert the Ct values into equivalent EID50 titres and determine PCR efficiency. Results were reported
as mean equivalent log10 EID50/mL titres and their standard deviation (SD) with a lower detection
limit of 101.7 EID50/mL and plotted using Graphpad PRISM 8. Chickens were considered positive for
viral shedding if virus was detected in swab samples at any time during the experiment.

2.8. Virus Detection in Tissue

Tissues collected for virus detection were snap-frozen on dry ice and stored at −80 ◦C until
processing. The frozen tissue samples (100 mg) were homogenised in 1.0 mL Trizol (TRI Reagent
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(Thermo Fisher Scientific, Waltham, MA, USA)) [21]. Isolation of total RNA from the homogenized
tissue was performed using the Direct-Zol RNA Microprep isolation kit (Zymo Research, Irvine, CA,
USA) with DNAse treatment according to the manufacturers’ protocol. An M-PCR was performed
to quantitate viral RNA in the tissue samples, as described previously [20]. Results were reported as
mean Ct values and their SD.

2.9. Cytokine Expression in Tissue

To measure cytokine expression, the quantity of the extracted RNA from tissue samples was
assessed using the Nanodrop spectrophotometer (Thermo Fisher Scientific). RNA quality was inferred
using the 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA). Samples meeting a
RNA integrity number (RIN) score of 6.5 or higher have been classified as high-quality RNA samples
obtained from frozen tissue [22], and were therefore included in this study. RNA (200 ng) was
converted into cDNA using the Superscript IV First-Strand Synthesis System (Thermo Fisher Scientific).
Quantitative real-time PCR was performed using PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific) in the ABI 7500 Real-Time PCR system (Thermo Fisher Scientific) [21].

A panel of five candidate reference genes in chickens (HPRT1, RPLP0, HMBS, TBP, RPL13) was
selected based on literature [23] and tested using the extracted RNA samples from tissues of seven
birds from the virus-inoculated and control group. From this panel, two stably expressed reference
genes (RPLP0 and TBP) were selected for each organ separately using NormFinder [24]. Cytokine
and TLR mRNA expression were measured by a PCR targeting IL-6, IL-1β, IFN-α, IFN-β, and TLR7
mRNAs. The primer sets used were identical to those described previously [21], except that the
IL-1β forward primer was replaced with 5′-CAGCAGCCTCAGCGAAGAG-3′. A standard curve
of a plasmid containing the gene of interest (GenScript Biotech, Piscataway, NJ, USA) was used to
determine PCR efficiency. Results were reported as fold change in mRNA expression relative to the
control group and their SD calculated using the ∆∆Ct method (2−∆∆Ct) [25]. Comparison between
virus-inoculated and control groups was performed using the unpaired, two-tailed Student’s t-test,
with significance defined as p < 0.05. The statistical analyses were conducted using Graphpad PRISM 8.

2.10. Cluster Analysis of Internal Genes

We performed genetic cluster analysis based on the internal genes (PB1, PB2, PA, NP, MP, and
NS) to determine if genes similar to those of the inoculated viruses have previously been isolated
from poultry. For this analysis, we used a dataset of publicly available sequences of around 20,000
avian-origin AI viruses obtained from GISAID’s EpiFlu database (http://www.gisaid.org) [26] on
27 May 2019. For each internal gene, the sequences were aligned in MAFFT version 7.427 [27,28] and
curated in Aliview version 1.26 [29]. Partial sequences and sequences containing multiple ambiguous
bases (Ns) were excluded from the analysis. The remaining sequences were clustered against the
sequences of the inoculated viruses in CD-HIT-EST-2D [30,31]. A sequence identity threshold value of
1.5% was used to generate clusters of sequences that share nucleotide sequence identities of at least
98.5% with the inoculated virus. For each cluster, the total number of sequences (cluster size) and the
number of sequences derived from poultry were determined.

3. Results

3.1. Identification of Host-Associations in the Internal Proteins

To identify amino acid (aa) residues in the internal proteins that significantly differ between
viruses isolated from wild birds and poultry, we applied meta-CATS analysis using the sequences of
162 wild bird viruses and 42 poultry viruses isolated in the Netherlands. The chi-squared analysis
identified 135 statistically significant aa residues that differed between the host groups (p < 0.05).
A total of 82 aa residues were located in the NS proteins due to the presence of two distinct NS alleles
(NS allele A and B) (Table S2). Viruses isolated from poultry contained relatively more frequently NS
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allele A (83%) than viruses isolated from wild birds (62%). This skewed distribution may suggest that
poultry is more prone to infection with LPAI virus strains carrying NS allele A.

We identified 53 statistically significant aa residues that differed between wild bird and poultry
viruses but were not linked to the NS alleles. These residues were located in PB1 (10 of 48), PB2 (11 of
53), PA (14 of 53), NP (11 of 53), M1 (1 of 53), M2 (1 of 53), NS1 (4 of 53), and NS2 (1 of 53). A total of
44 residues were present in more than 90% of the viruses in both host groups, and four residues were
located at highly variable aa positions, as three or more aa variants were detected at these positions. The
five aa residues for which larger differences in occurrence between wild bird and poultry viruses were
found are listed in Table S2. These were mostly arginine (R) to lysine (K) substitutions, with unknown
effect on protein function. Based on the suspected host-association of the NS protein, we selected LPAI
virus strains of NS allele A and B for further evaluation in the animal experiment.

3.2. Clinical Signs and Seroconversion in LPAI Infected Chickens

Six-week-old SPF chickens were inoculated with eight wild duck-origin LPAI viruses of wild
bird-associated (H3N8 and H4N6) and poultry-associated (H8N4 and H9N2) subtypes, with either
NS allele A or B, to study their susceptibility to infection (Table S1). The chickens were examined
for clinical signs, swabbed daily, and euthanized at selected time points to collect organs and blood
(Figure 1).

During the seven-day experiment, no obvious clinical signs and no mortality were observed. There
were no antibodies detected in serum of the control chickens. Influenza A virus NP-specific antibodies
were detected by ELISA in chickens inoculated with H8N4 NS A virus (four of four chickens) and H9N2
NS A virus (one of four chickens) at 5 dpi (Table S3), indicating rapid initiation of antibody production
in these chickens. At 7 dpi, seroconversion was observed in chickens from all experimental groups,
with the exception of chickens inoculated with H8N4 NS B virus. HA subtype-specific antibodies were
detected upon inoculation with H8N4 NS A virus at 5 dpi in three of four chickens (mean HI titre of
4.3 ± 0.6 log2) and at 7 dpi in two of four chickens (HI titres of 5 log2). In the groups inoculated with
H3N8 NS A and B viruses, subtype-specific antibodies were detected at 7 dpi in one of four chickens
(HI titres of 3 log2).

3.3. Viral shedding of LPAI Infected Chickens

Viral shedding upon inoculation of the LPAI viruses was measured daily by the detection of viral
RNA in swab samples using influenza virus-specific M-PCR. The mean virus titres in oropharyngeal
(OP) and cloacal (CL) swabs for each experimental group are plotted over time in Figures 2 and 3,
respectively. The number of birds shedding virus and the mean shedding titres are provided in Tables
S4 and S5. No virus was detected in swab samples collected from the control birds. Viral shedding
was observed in all virus-inoculated groups, except in chickens inoculated with H8N4 NS B virus.

Shedding through the oropharyngeal route was predominantly detected in chickens inoculated
with H3N8 NS A virus (12 of 20 chickens), H3N8 NS B virus (17 of 20 chickens), H4N6 NS A virus
(19 of 20 chickens), and H4N6 NS B virus (16 of 20 chickens). The mean onset of OP shedding was
1.4 ± 1.1 dpi. In chickens inoculated with H3N8 NS A virus, a peak of shedding was observed at 1 and
5 dpi, with a mean shedding titre of 103.8 EID50. In this group, one chicken was tested positive for OP
shedding at 7 dpi, although the virus titre was low (102.4 EID50). No OP shedding was observed at
7 dpi in other experimental groups. In chickens inoculated with H3N8 NS B virus, a peak of shedding
was observed at 1–2 dpi, with a mean shedding titre of 104.7 EID50, which declined and resolved by
5 dpi. H4N6 NS A virus-infected chickens showed a peak of shedding at 1 dpi (mean shedding titre of
104.8 EID50), followed by a fast decline to low virus titres between 3–7 dpi. Chickens inoculated with
H4N6 NS B virus showed a peak of OP shedding at 1–2 dpi, with a mean shedding titre of 104.8 EID50,
which declined and resolved by 7 dpi. However, limited shedding was detected in chickens inoculated
with H8N4 NS A virus (7 of 20 chickens), H9N2 NS A virus (4 of 20 chickens), and H9N2 NS B virus (6
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of 20 chickens), and no OP shedding was detected in chickens inoculated with H8N4 NS B virus (0 of
20 chickens).Viruses 2019, 11, x FOR PEER REVIEW 8 of 17 

 

 

Figure 2. Oropharyngeal shedding. Virus detected in oropharyngeal (OP) swabs collected from 
chickens inoculated by the intranasal (IN) and intratracheal (IT) route with eight strains of low 
pathogenic avian influenza (LPAI) viruses (105.3 median egg infectious dose (EID50) per bird). The 
swabs were taken daily from live birds to seven days post inoculation (dpi) for virus detection by 
influenza virus-specific PCR (M-PCR). Viral shedding is expressed as the mean equivalent log10 
EID50/mL titre ± standard deviation (SD) with a lower detection limit of 101.7 EID50/mL (dashed line). 
The grey bars below the solid line indicate the percentage of positive swabs. 

Figure 2. Oropharyngeal shedding. Virus detected in oropharyngeal (OP) swabs collected from chickens
inoculated by the intranasal (IN) and intratracheal (IT) route with eight strains of low pathogenic avian
influenza (LPAI) viruses (105.3 median egg infectious dose (EID50) per bird). The swabs were taken
daily from live birds to seven days post inoculation (dpi) for virus detection by influenza virus-specific
PCR (M-PCR). Viral shedding is expressed as the mean equivalent log10 EID50/mL titre ± standard
deviation (SD) with a lower detection limit of 101.7 EID50/mL (dashed line). The grey bars below the
solid line indicate the percentage of positive swabs.
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Figure 3. Cloacal shedding. Virus detected in cloacal (CL) swabs collected from chickens inoculated 
by the intranasal (IN) and intratracheal (IT) route with eight strains of low pathogenic avian influenza 
(LPAI) viruses (105.3 median egg infectious dose (EID50) per bird). The swabs were taken daily from 
live birds to seven days post inoculation (dpi) for virus detection by influenza virus-specific PCR (M-
PCR). Viral shedding is expressed as the mean equivalent log10 EID50/mL titre ± standard deviation 
(SD) with a lower detection limit of 101.7 EID50/mL (dashed line). The grey bars below the solid line 
indicate the percentage of positive swabs. 

Figure 3. Cloacal shedding. Virus detected in cloacal (CL) swabs collected from chickens inoculated by
the intranasal (IN) and intratracheal (IT) route with eight strains of low pathogenic avian influenza
(LPAI) viruses (105.3 median egg infectious dose (EID50) per bird). The swabs were taken daily from live
birds to seven days post inoculation (dpi) for virus detection by influenza virus-specific PCR (M-PCR).
Viral shedding is expressed as the mean equivalent log10 EID50/mL titre ± standard deviation (SD)
with a lower detection limit of 101.7 EID50/mL (dashed line). The grey bars below the solid line indicate
the percentage of positive swabs.
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In addition, limited shedding through the cloacal route was observed in chickens inoculated with
H3N8 NS A virus (2 of 20 chickens), H3N8 NS B virus (7 of 20 chickens), and H8N4 NS A virus (3 of
20 chickens). The majority of these chickens (11 of 12 chickens) were also positive for OP shedding.
The mean onset of CL shedding was 3.9 ± 1.5 dpi. The mean virus titre was highest at 7 dpi in all
three experimental groups, with mean shedding titres ranging between 103.7–6.8 EID50. No virus was
detected in the CL swabs of chickens inoculated with both H4N6 viruses, H8N4 NS B virus and both
H9N2 viruses. The results demonstrate variations in viral shedding patterns and routes between LPAI
viruses of wild bird– and poultry-associated subtypes and NS alleles in chickens.

3.4. Viral Replication in the Respiratory and Intestinal Tract

Tissues collected from the trachea, lung and ileum were tested by M-PCR to determine viral
replication in the respiratory and intestinal tract of four chickens from each experimental group
(Table 1). No virus was detected in tissues collected from the control chickens At 1 dpi, virus was
detected in trachea and lung tissues of chickens from all virus-inoculated groups, indicative of local
virus replication. Remarkably, virus was detected in trachea or lung of all chickens inoculated with
H8N4 NS A virus and three of four chickens inoculated with H9N2 NS B virus, despite the fact that OP
shedding was limited in these groups. At 3 and 5 dpi, most tissues examined were tested virus-negative,
indicating a short persistence of LPAI virus in the chicken respiratory tract. At 7 dpi, virus was detected
in the ileum collected from chickens inoculated with H3N8 NS A (one of four chickens), H3N8 NS B
(two of four chickens) and H8N4 NS A (all four chickens) viruses, which were also positive for CL
shedding. This shows that LPAI virus replication in the intestine and subsequent excretion via the
cloaca is strain-dependent. Overall, virus was mainly detected in the respiratory tissues at 1 dpi and
intestinal tissues at 7 dpi, which correlates with the pattern of viral shedding over time.

Table 1. Viral replication in the trachea, lung and ileum. The ratio of chickens virus-positive in tissue
to the number of virus-inoculated chickens. The tissues were collected from four euthanized birds of
each experimental group at 1, 3, 5, and 7 days post inoculation (dpi). Virus was detected by influenza
virus-specific PCR (M-PCR). Viral titres are expressed as the mean Ct value ± standard deviation (SD).

Virus
Trachea Lung Ileum

1 dpi 3 dpi 1 dpi 5 dpi 1 dpi 5 dpi 7 dpi

H3N8 NS allele A 3/4 (32.6 ± 1.8) 1/4 (34.3) 4/4 (31.6 ± 3.4) 0/4 0/4 0/4 1/4 (26.3)
H3N8 NS allele B 1/4 (29.5) 0/4 4/4 (34.6 ± 2.8) 0/4 0/4 1/4 (23.2) 2/4 (23.4 ± 0.2)
H4N6 NS allele A 3/4 (27.5 ± 0.8) 0/4 3/4 (26.9 ± 2.9) 0/4 0/4 0/4 0/4
H4N6 NS allele B 1/4 (36.6) 0/4 3/4 (32.5 ± 8.3) 0/4 0/4 0/4 0/4
H8N4 NS allele A 2/4 (32.3 ± 0.2) 0/4 4/4 (30.2 ± 0.5) 0/4 0/4 0/4 4/4 (34.2 ± 4.9)
H8N4 NS allele B 0/4 0/4 1/4 (35.7) 1/4 (30.0) 0/4 0/4 0/4
H9N2 NS allele A 2/4 (30.9 ± 0.9) 0/4 0/4 0/4 0/4 0/4 0/4
H9N2 NS allele B 2/4 (30.1 ± 2.3) 0/4 2/4 (33.5 ± 2.0) 0/4 0/4 0/4 0/4

dpi, days post inoculation; NS, nonstructural protein; n.d., not done.

3.5. Cytokine mRNA Expression in the Trachea and Ileum

For analysis of the inflammatory cytokine response, we measured the levels of IL-6, IL-1β,
IFN-α, IFN-β, and TLR7 mRNA in tissues collected from the trachea and ileum by quantitative PCR
(Figure 4). The measured expression levels were normalized using a selected panel of reference genes.
We determined the mean fold change in mRNA expression in chickens infected with LPAI viruses of
wild bird-associated (H3N8 and H4N6) and poultry-associated (H8N4 and H9N2) subtypes, carrying
either NS allele A or B, relative to uninfected chickens in the control group. Different time points were
selected for the trachea (1 and 3 dpi) and ileum (5 and 7 dpi) based on the detection of virus in swabs
and organs. Levels of IL-6 mRNA were almost undetectable in all tissues examined, and therefore
excluded for analysis.

In the trachea, no significant change in cytokine expression was observed at 1 dpi. At 3 dpi,
levels of IFN-β mRNA were slightly induced in chickens inoculated with the NS allele A variants of
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wild bird-associated and poultry-associated subtypes (mean fold induction of 3.2 ± 1.1 and 2.6 ± 1.1,
respectively). In the ileum, slightly reduced levels of IFN-α mRNA were measured at 5 dpi in
chickens inoculated with wild bird-associated subtypes of NS allele A and B (mean fold reduction
of 2.3 ± 0.2 and 2.1 ± 0.1, respectively). At 7 dpi, we observed increased within-group variability
in cytokine mRNA levels in the ileum of chickens inoculated with wild bird-associated subtypes of
NS allele B. This suggests that these strains led to changes in cytokine expression in a subset of the
infected chickens. However, overall, the results indicate that LPAI viruses elicit limited innate immune
responses in chickens.Viruses 2019, 11, x FOR PEER REVIEW 11 of 17 
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Figure 4. Cytokine mRNA expression in the trachea and ileum. Fold change in IL-1β, IFN-α, IFN-β,
and TLR7 mRNA levels in trachea at (A) day 1 and (B) day 3, and in ileum at (C) day 5 and (D)
day 7 post inoculation (dpi) of chickens with low pathogenic avian influenza (LPAI) viruses of wild
bird-associated H3N8 and H4N6 (WB) and poultry-associated subtypes H8N4 and H9N2 (PL) carrying
nonstructural protein (NS) allele A or B. Results of two experimental groups were pooled into a single
representative group as follows: H3N8 and H4N6 viruses of NS allele A (WB/NS A), H3N8 and H4N6
viruses of NS allele B (WB/NS B), H8N4 and H9N2 viruses of NS allele A (PL/NS A), and H8N4 and
H9N2 viruses of NS allele B (PL/NS B). mRNA expression is shown as the mean fold change relative to
the control group ± standard deviation (SD). * p < 0.05, ** p < 0.01.

3.6. Genetic Cluster Analysis of the Inoculated Viruses

The susceptibility of chickens to the LPAI viruses of specific subtypes or NS alleles was not
consistent with their frequency of isolation in the field. We therefore performed genetic cluster analysis
for the internal genes (PB1, PB2, PA, NP, MP, and NS) to determine if genes similar to those of the
inoculated viruses have previously been isolated from poultry. This may reveal genetic links between
the inoculated viruses and poultry hosts that can help to explain the unexpected results of the infection
experiment. For this analysis, the full-length nucleotide sequences of the internal genes were compared
with those deposited in online databases. Genes similar to those of the inoculated viruses were
identified by genetic cluster analysis using a sequence identity threshold value of 1.5%. For each
genetic cluster, the cluster size and the number of viruses isolated from poultry were determined
(Table 2).



Viruses 2019, 11, 1010 11 of 17

The genetic cluster analysis confirmed the association of NS allele A with poultry, as viruses
carrying NS allele A clustered more often with poultry viruses compared to viruses carrying NS allele B.
Interestingly, one or more gene segments encoding for the viral polymerase subunits (PB1, PB2, and
PA) clustered with poultry viruses for both H3N8 viruses, both H4N6 viruses and H8N4 NS A virus,
which could also replicate in chickens. In contrast, H8N4 NS B virus and both H9N2 viruses, which
did not replicate in chickens, contained polymerase gene segments that were restricted to wild bird
isolates. These findings suggest that the polymerase complex may play a role in infection of chickens
and may be involved in the transmissibility of LPAI viruses between avian hosts.

4. Discussion

In a previous study on LPAI viruses circulating in wild birds and poultry in the Netherlands,
we found close host-dependent associations among HA and NA subtypes, suggesting selective virus
transmission to poultry [8]. Viruses of subtypes H3N8 and H4N6 were found to be associated with
wild birds, whereas H8N4 and H9N2 were found to be associated with poultry. In the present study,
we examined these host-subtype associations in vivo. Chickens were inoculated with eight strains
of wild duck-origin LPAI viruses of wild bird- and poultry-associated subtypes. No clinical signs
were observed during the experiment, which is consistent with the low pathogenicity of the viruses.
The absence of antibody responses in most virus-inoculated chickens may be due to the short duration
of the experiment. Viral shedding was observed in 82 of 160 virus-inoculated chickens, predominantly
via the OP route early after inoculation, which is consistent with previous studies [32–34]. Evidence
of viral replication was found in all virus-inoculated groups, but strain-dependent variations in
susceptibility and shedding patterns were observed between groups.

Table 2. Genetic cluster analysis of the inoculated viruses. Clusters of internal genes similar to those of
the inoculated viruses, presented as the number of sequences that originate from poultry out of the total
number of sequences within each cluster (cluster size). Genetic clusters were generated by clustering
publicly available sequences of around 20,000 avian-origin AI viruses obtained from GISAID’s EpiFlu
database (http://www.gisaid.org) [26] on 27 May 2019 against the sequences of the inoculated viruses,
using a sequence identity threshold value of 1.5%. We gratefully acknowledge the authors, originating
and submitting laboratories of the sequences from GISAID’s EpiFlu Database on which this research
is based.

Virus PB1 PB2 PA NP MP NS

H3N8 NS allele A 3/15 0/91 0/23 2/37 0/49 0/67
H3N8 NS allele B 0/4 2/6 0/7 0/32 7/101 0/103
H4N6 NS allele A 4/17 0/59 1/5 1/27 6/304 13/557
H4N6 NS allele B 6/17 0/97 0/3 0/95 34/568 0/108
H8N4 NS allele A 0/160 2/33 0/21 0/92 38/698 33/886
H8N4 NS allele B 0/61 0/20 0/20 4/56 93/1034 0/79
H9N2 NS allele A 0/59 0/64 0/58 0/108 14/510 2/86
H9N2 NS allele B 0/15 0/16 0/56 0/1 0/149 8/35

PB2, polymerase basic protein 2; PB1, polymerase basic protein 1; PA, polymerase acidic protein; HA, hemagglutinin;
NP, nucleoprotein; NA, neuraminidase; MP, matrix protein; NS, nonstructural protein.

Contrary to our expectations based on field observations, LPAI viruses of wild bird-associated
subtypes H3N8 and H4N6 replicated in chickens. Most chickens inoculated with the H3N8 viruses
shed virus through both the OP and CL route. In contrast, the H4N6 viruses were exclusively shed
through the OP route, implying that the H4N6 viruses used in this study replicate more efficiently in
the respiratory tract than in the intestinal tract. Previous studies have shown that Asian H3N8 and
H4N6 strains of wild bird-origin are able to infect chickens, although replication efficiency strongly
differed between strains [35–37]. In Europe, recent outbreaks of H3N1 viruses in Belgium have also
demonstrated the ability of H3 viruses to infect chickens [38]. Phylogenetically, the HA gene of the

http://www.gisaid.org
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H3N1 virus clusters with other Eurasian strains of different subtype combinations and internal gene
compositions, but no more than 98.3% nucleotide sequence identity was found by BLAST (results
not shown). The results in this study demonstrate that chickens are experimentally susceptible for
H3N8 and H4N6 viruses that have been circulating in Europe, suggesting that these viruses can also
be transmitted from anseriform to galliform hosts. Nevertheless, these subtypes were rarely detected
in chickens during a ten-year surveillance period in the Netherlands [8]. Of the LPAI virus subtypes
H8N4 and H9N2 that were frequently found in poultry, only one H8N4 strain replicated efficiently in
chickens. The H8N4 virus carrying NS allele A was shed in high concentrations through the cloaca,
replicated in the respiratory and intestinal tract, and induced a more rapid seroconversion in chickens
compared to the other inoculated viruses. Despite the frequent detection of H8N4 and H9N2 subtypes
in poultry during the ten-year surveillance period, no to limited virus was detected in the swabs or
tissues of chickens inoculated with the other H8N4 and H9N2 strains, indicating low susceptibility for
these strains.

Several factors may have contributed to these unexpected results. One explanation could be
that H3N8 and H4N6 viruses have been introduced into poultry but have not been detected during
surveillance. This is considered unlikely, as poultry flocks are screened at least once a year for the
presence of antibodies against AI viruses, which are generally detectable up to several weeks or months
after infection [39]. However, the antibody responses may differ in duration and intensity between
virus subtypes and strains. H3N8 and H4N6 viruses may cause shorter antibody responses in chickens
compared to other subtypes, resulting in a less frequent detection in poultry. Analysis of humoral
responses to diverse LPAI viruses in chickens could provide more insight in variations in the duration
and intensity of antibody responses between subtypes. Furthermore, the fact that the LPAI viruses used
in this study originate from wild ducks, and may have been adapted to anseriform hosts, could have
contributed to the inefficient replication of most H8N4 and H9N2 strains in chickens. The H9N2
viruses used in this study are not related to the poultry-adapted H9N2 viruses that have circulated
enzootically in poultry in Asia, North Africa, and the Middle East, with sporadic spillovers to humans
(results not shown). Finally, discrepancies between experimental studies and field observations may
be due to environmental conditions, such as the number and density of chickens, virus inoculation
dose and route, and concurrent infections, which can influence virus infection dynamics.

Alternatively, poultry have not been exposed to the LPAI viruses that were detected in wild birds.
The fact that H3N8 and H4N6 viruses have frequently been isolated from cloacal swabs of wild birds
indicates the possibility of viral exposure of poultry via faecal droppings. Therefore, these LPAI viruses
may circulate in wild bird species that have not been in contact with poultry. Wild bird surveillance in
the Netherlands is strongly biased towards mallards [8], while these may not be risk species for AI
virus introduction into poultry. This is supported by previous genetic analysis that showed no direct
relationship between wild bird and poultry viruses [8]. The biased surveillance in wild birds may also
explain why H8N4 and H9N2 viruses were less often detected in wild birds. Possibly these viruses
predominantly circulate among other understudied wild bird species. An important limitation is that
wild bird surveillance is solely based on virological monitoring. In contrast to antibody detection,
virus can only be detected during a relatively short time frame. A previous surveillance study in
Sweden reported the detection of H8 and H9 viruses during late spring and early summer, outside the
prevalence peak of AI viruses in wild birds [40]. In this period, the sampling frequency of wild birds in
the Netherlands is low, which may explain the limited detection of H8N4 and H9N2 viruses.

In this study, we also examined host-associations in genes encoding for internal proteins. This
analysis revealed that NS allele A—although predominant in both wild birds and poultry—was
relatively more frequently detected in poultry compared to wild birds. A similar distribution was
observed among online available sequences, in which viruses collected from galliform species carried
more often NS allele A compared to viruses collected from anseriform species [41]. The skewed
distribution suggests that NS A viruses may have an increased ability to infect poultry. Previous
studies have shown that the NS1 protein can influence viral replication across hosts and determines
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viral fitness and pathogenicity in chickens by evading the immune response through inhibition of
IFN type I production [42–44]. The distinct NS alleles have also been associated with host-specific
transmission of AI viruses based on in vitro studies using avian and mammalian cells. In mammalian
cells, NS A viruses were able to suppress IFN type I production more efficiently compared to NS B
viruses [45,46]. In avian cells, NS A viruses replicated more efficiently in chicken and turkey cells,
whereas NS B viruses replicated more efficiently in duck cells [47], suggesting that the NS alleles can
also influence virus transmission at the wild bird–poultry interface.

Our study shows that LPAI viruses of both NS alleles were able to induce viral shedding and
replicate in respiratory and intestinal organs of chickens. This demonstrates that the host range of
NS alleles between the avian species is not strict, which is consistent with previous studies showing
infection and persistence of both NS alleles A and B viruses in poultry [41,48]. In addition, NS allele A
and B showed comparable shedding patterns and routes for most subtypes, except H8N4, of which the
NS A variant was shed more efficiently than the NS B variant. In tissue samples, the detection of virus
was variable between strains, which appeared to be independent of NS allele. The results thus indicate
variable replication efficiencies of NS A and B viruses in chickens.

To study the innate immune response to the different LPAI viruses, we measured changes in the
production of inflammatory cytokines in the respiratory and intestinal tract of the virus-inoculated
chickens. We measured the levels of mRNA encoding for interleukins IL-6 and IL-1β and interferons
IFN-α and IFN-β, which can inhibit viral replication by interaction with viral components and
modulation of the host cell metabolism [43], and TLR-7, which is an endosomal pattern recognition
receptors that can detect viral RNA at the site of infection to induce an inflammatory response [49]. In the
trachea, no stimulation of the innate immune response was observed at 1 dpi, despite virus was detected
in all virus-inoculated groups. At 3 dpi, IFN-β mRNAs were induced to higher levels in response
to NS A viruses of both wild bird-associated and poultry-associated subtypes. The upregulation of
IFN-β mRNA expression has previously been observed in LPAI virus-infected chickens [21]. However,
the results do not correspond with the expected inhibition of IFN type I production by NS A viruses.
In the ileum, no induction of cytokine mRNA expression was observed at 5 dpi. The expression of IFN-α
mRNA was even slightly reduced in some groups. At 7 dpi, the expression of IL-1β, IFN-α, IFN-β
and TLR7 mRNAs was induced by LPAI viruses of wild bird-associated subtypes carrying NS allele B
in the ileum of some, but not all, chickens, indicating that immune responses vary between strains.
The induction of inflammatory cytokines in the respiratory and intestinal tract has been reported in
previous studies using LPAI viruses of subtypes H7N1 [21] and H9N2 [50], but is limited compared to
HPAI viruses [43]. Our study also indicates that LPAI viruses elicit limited innate immune responses in
chickens. The cytokine response remained limited to undetectable when only virus-positive samples
were included [51]. It should be mentioned that the analysis of the cytokine response was limited to
few time points and tissues. In addition, the involvement of other (non-studied) cytokines in limiting
LPAI virus infection cannot be excluded.

The susceptibility of chickens to the viruses used in this infection experiment did not correlate
with the detection frequencies of the HA and NA subtypes or NS alleles in the field. None of the
poultry-associated aa residues, as specified in Table S2, were present in the inoculated viruses, except
the K391R substitution in the PA protein of H3N8 NS B virus and both H4N6 and H9N2 viruses.
In an attempt to explain the unexpected results, we also analyzed potential links between the internal
genes of the inoculated viruses and previous isolations of similar genes from poultry hosts. Although
the number of poultry viruses in the genetic clusters was often limited, this analysis suggested a
potential role for the PB1, PB2, and PA genes in determining infectivity of these virus strains in chickens.
Host-restriction factors in the polymerase genes have been described previously in several studies
on avian-human transmission of AI viruses [52,53]. Also, previous proteotype analysis has shown
specific combinations of the viral proteins among AI viruses of human and avian origin [54], Our
study also indicates that a set of proteins may be the major host range determinant. However, the role
of the polymerase proteins in transmission between avian hosts is poorly understood. Additional
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studies should be conducted in order to investigate the contribution of the polymerase activities in
determining host range of AI viruses among avian species.

Concluding, this study provides valuable information on the susceptibility of chickens to
LPAI viruses of various subtypes and genotypes. It demonstrates that wild bird–associated LPAI
viruses of subtypes H3N8 and H4N6 can readily replicate in experimentally infected chickens,
despite their infrequent detection in Dutch poultry flocks. The variable susceptibility of chickens to
poultry-associated subtypes and NS alleles could not be explained by differences in the innate immune
response, which was limited in all chickens. The results in this study increase our understanding of
LPAI virus infection dynamics in chickens and can be used to optimize surveillance strategies for LPAI
viruses in wild birds and poultry.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/11/1010/s1,
Table S1. Viruses used in the infection experiment. Table S2. Meta-CATS analysis for virus selection. Table S3.
Influenza virus–specific antibody detection. Table S4. Oropharyngeal shedding. Table S5. Cloacal shedding.

Author Contributions: Conceptualization, S.A.B., R.B., R.A.M.F., and N.B.; Methodology, S.A.B., E.A.G., R.B.,
R.A.M.F., and N.B.; Validation, S.A.B., E.G., M.M.R., M.Y.E. and R.H.; Formal Analysis, S.A.B., E.G., M.A.,
M.M.R., M.Y.E., and R.H.; Investigation, S.A.B. and M.A.; Resources, R.A.M.F. and N.B.; Data Curation, S.A.B.;
Visualization, S.A.B.; Supervision, N.B.; Project Administration, N.B.; Funding Acquisition, R.A.M.F. and N.B.;
Writing—Original Draft Preparation, S.A.B.; Writing—Review & Editing, E.A.G., M.A., M.M.R., M.Y.E., R.H., R.B.,
R.A.M.F., and N.B.

Funding: This research was funded by the Dutch Ministry of Agriculture, Nature and Food Quality (project:
WOT-01-003-066 and KB-21-006-011).

Acknowledgments: The authors thank Jan Cornelissen, Sandra Venema, Sylvia Pritz-Verschuren, Romy Smit,
Marjolein Poen, Alex Bossers, and Ben Peeters for their contribution. We thank the animal caretakers of WBVR for
their support during the animal experiment. We gratefully acknowledge the authors, originating and submitting
laboratories of the sequences from GISAID’s EpiFlu database. All submitters of data may be contacted directly via
the GISAID website (http://www.gisaid.org).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stallknecht, D.E.; Shane, S.M. Host range of avian influenza virus in free-living birds. Vet. Res. Commun.
1988, 12, 125–141. [CrossRef] [PubMed]

2. Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A
viruses. Microbiol. Rev. 1992, 56, 152–179. [PubMed]

3. Gonzales, J.L.; Elbers, A.R.W. Effective thresholds for reporting suspicions and improve early detection of
avian influenza outbreaks in layer chickens. Sci. Rep. 2018, 8, 8533. [CrossRef] [PubMed]

4. Webster, R.G.; Rott, R. Influenza virus A pathogenicity: The pivotal role of hemagglutinin. Cell 1987, 50,
665–666. [CrossRef]

5. Capua, I.; Munoz, O. Emergence of influenza viruses with zoonotic potential: Open issues which need to be
addressed. A review. Vet. Microbiol. 2013, 165, 7–12. [CrossRef]

6. Olsen, B.; Munster, V.J.; Wallensten, A.; Waldenstrom, J.; Osterhaus, A.D.; Fouchier, R.A. Global patterns of
influenza a virus in wild birds. Science 2006, 312, 384–388. [CrossRef]

7. Fouchier, R.A.; Munster, V.; Wallensten, A.; Bestebroer, T.M.; Herfst, S.; Smith, D.; Rimmelzwaan, G.F.;
Olsen, B.; Osterhaus, A.D. Characterization of a novel influenza A virus hemagglutinin subtype (H16)
obtained from black-headed gulls. J. Virol. 2005, 79, 2814–2822. [CrossRef]

8. Bergervoet, S.A.; Pritz-Verschuren, S.B.; Gonzales, J.L.; Bossers, A.; Poen, M.J.; Dutta, J.; Khan, Z.; Kriti, D.;
van Bakel, H.; Bouwstra, R.; et al. Circulation of low pathogenic avian influenza (LPAI) viruses in wild birds
and poultry in the Netherlands, 2006–2016. Sci. Rep. 2019, 9, 13681. [CrossRef]

9. Treanor, J.J.; Snyder, M.H.; London, W.T.; Murphy, B.R. The B allele of the NS gene of avian influenza viruses,
but not the A allele, attenuates a human influenza A virus for squirrel monkeys. Virology 1989, 171, 1–9.
[CrossRef]

10. Dou, D.; Revol, R.; Ostbye, H.; Wang, H.; Daniels, R. Influenza A Virus Cell Entry, Replication, Virion
Assembly and Movement. Front. Immunol. 2018, 9, 1581. [CrossRef]

http://www.mdpi.com/1999-4915/11/11/1010/s1
http://www.gisaid.org
http://dx.doi.org/10.1007/BF00362792
http://www.ncbi.nlm.nih.gov/pubmed/3055662
http://www.ncbi.nlm.nih.gov/pubmed/1579108
http://dx.doi.org/10.1038/s41598-018-26954-9
http://www.ncbi.nlm.nih.gov/pubmed/29867092
http://dx.doi.org/10.1016/0092-8674(87)90321-7
http://dx.doi.org/10.1016/j.vetmic.2013.01.044
http://dx.doi.org/10.1126/science.1122438
http://dx.doi.org/10.1128/JVI.79.5.2814-2822.2005
http://dx.doi.org/10.1038/s41598-019-50170-8
http://dx.doi.org/10.1016/0042-6822(89)90504-7
http://dx.doi.org/10.3389/fimmu.2018.01581


Viruses 2019, 11, 1010 15 of 17

11. Ayllon, J.; Garcia-Sastre, A. The NS1 protein: A multitasking virulence factor. Curr. Top. Microbiol. Immunol.
2015, 386, 73–107. [PubMed]

12. Cauldwell, A.V.; Long, J.S.; Moncorge, O.; Barclay, W.S. Viral determinants of influenza A virus host range. J.
Gen. Virol. 2014, 95, 1193–1210. [CrossRef] [PubMed]

13. EU. Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the
protection of animals used for scientific purposes. Off. J. Eur. Union 2010, 276, 33–79.

14. Pickett, B.E.; Liu, M.; Sadat, E.L.; Squires, R.B.; Noronha, J.M.; He, S.; Jen, W.; Zaremba, S.; Gu, Z.; Zhou, L.; et al.
Metadata-driven comparative analysis tool for sequences (meta-CATS): An automated process for identifying
significant sequence variations that correlate with virus attributes. Virology 2013, 447, 45–51. [CrossRef]
[PubMed]

15. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids
Res. 2004, 32, 1792–1797. [CrossRef]

16. Spackman, E.; Killian, M.L. Avian influenza virus isolation, propagation, and titration in embryonated
chicken eggs. Methods Mol. Biol. 2014, 1161, 125–140.

17. Bergervoet, S.A.; Ho, C.K.Y.; Heutink, R.; Bossers, A.; Beerens, N. Spread of Highly Pathogenic Avian
Influenza (HPAI) H5N5 Viruses in Europe in 2016–2017 Appears Related to the Timing of Reassortment
Events. Viruses 2019, 11, 501. [CrossRef]

18. CBS. Centraal Bureau voor de Statistiek; CBS: Den Haag, The Netherlands, 2016; Available online: https:
//opendata.cbs.nl/statline (accessed on 28 October 2019).

19. Killian, M.L. Avian influenza virus sample types, collection, and handling. Methods Mol. Biol. 2008, 436, 7–12.
20. Bouwstra, R.J.; Koch, G.; Heutink, R.; Harders, F.; Van der Spek, A.; Elbers, A.R.; Bossers, A. Phylogenetic

analysis of highly pathogenic avian influenza A(H5N8) virus outbreak strains provides evidence for four
separate introductions and one between-poultry farm transmission in the Netherlands, November 2014.
Euro Surveill.Bull. Eur. Sur Les Mal. Transm. Eur. Commun. Dis. Bull. 2015, 20, 21174. [CrossRef]

21. Cornelissen, J.B.; Post, J.; Peeters, B.; Vervelde, L.; Rebel, J.M. Differential innate responses of chickens and
ducks to low-pathogenic avian influenza. Avian Pathol. J. WVPA 2012, 41, 519–529. [CrossRef]

22. Kap, M.; Oomen, M.; Arshad, S.; de Jong, B.; Riegman, P. Fit for purpose frozen tissue collections by RNA
integrity number-based quality control assurance at the Erasmus MC tissue bank. Biopreservation Biobanking
2014, 12, 81–90. [CrossRef] [PubMed]

23. Staines, K.; Batra, A.; Mwangi, W.; Maier, H.J.; Van Borm, S.; Young, J.R.; Fife, M.; Butter, C. A Versatile Panel
of Reference Gene Assays for the Measurement of Chicken mRNA by Quantitative PCR. PLoS ONE 2016, 11,
e0160173. [CrossRef] [PubMed]

24. Andersen, C.L.; Jensen, J.L.; Orntoft, T.F. Normalization of real-time quantitative reverse transcription-PCR
data: A model-based variance estimation approach to identify genes suited for normalization, applied to
bladder and colon cancer data sets. Cancer Res. 2004, 64, 5245–5250. [CrossRef] [PubMed]

25. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

26. Shu, Y.; McCauley, J. GISAID: Global initiative on sharing all influenza data—From vision to reality. EURO
Surveill. Bull. Eur. Sur Les Mal. Transm. Eur. Commun. Dis. Bull. 2017, 22, 30494. [CrossRef]

27. Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef]

28. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in
performance and usability. Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]

29. Larsson, A. AliView: A fast and lightweight alignment viewer and editor for large datasets. Bioinformatics
2014, 30, 3276–3278. [CrossRef]

30. Fu, L.; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: Accelerated for clustering the next-generation sequencing
data. Bioinformatics 2012, 28, 3150–3152. [CrossRef]

31. Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide
sequences. Bioinformatics 2006, 22, 1658–1659. [CrossRef]

32. Morales, A.C., Jr.; Hilt, D.A.; Williams, S.M.; Pantin-Jackwood, M.J.; Suarez, D.L.; Spackman, E.;
Stallknecht, D.E.; Jackwood, M.W. Biologic characterization of H4, H6, and H9 type low pathogenicity avian
influenza viruses from wild birds in chickens and turkeys. Avian Dis. 2009, 53, 552–562. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/25007846
http://dx.doi.org/10.1099/vir.0.062836-0
http://www.ncbi.nlm.nih.gov/pubmed/24584475
http://dx.doi.org/10.1016/j.virol.2013.08.021
http://www.ncbi.nlm.nih.gov/pubmed/24210098
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.3390/v11060501
https://opendata.cbs.nl/statline
https://opendata.cbs.nl/statline
http://dx.doi.org/10.2807/1560-7917.ES2015.20.26.21174
http://dx.doi.org/10.1080/03079457.2012.732691
http://dx.doi.org/10.1089/bio.2013.0051
http://www.ncbi.nlm.nih.gov/pubmed/24749874
http://dx.doi.org/10.1371/journal.pone.0160173
http://www.ncbi.nlm.nih.gov/pubmed/27537060
http://dx.doi.org/10.1158/0008-5472.CAN-04-0496
http://www.ncbi.nlm.nih.gov/pubmed/15289330
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.2807/1560-7917.ES.2017.22.13.30494
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1093/bioinformatics/btu531
http://dx.doi.org/10.1093/bioinformatics/bts565
http://dx.doi.org/10.1093/bioinformatics/btl158
http://dx.doi.org/10.1637/8877-041509-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/20095156


Viruses 2019, 11, 1010 16 of 17

33. Pantin-Jackwood, M.J.; Smith, D.M.; Wasilenko, J.L.; Spackman, E. Low pathogenicity avian influenza viruses
infect chicken layers by different routes of inoculation. Avian Dis. 2012, 56, 276–281. [CrossRef] [PubMed]

34. Spickler, A.R.; Trampel, D.W.; Roth, J.A. The onset of virus shedding and clinical signs in chickens infected
with high-pathogenicity and low-pathogenicity avian influenza viruses. Avian Pathol. J. WVPA 2008, 37,
555–577. [CrossRef]

35. Choi, J.G.; Kang, H.M.; Kim, M.C.; Paek, M.R.; Kim, H.R.; Kim, B.S.; Kwon, J.H.; Kim, J.H.; Lee, Y.J. Genetic
relationship of H3 subtype avian influenza viruses isolated from domestic ducks and wild birds in Korea and
their pathogenic potential in chickens and ducks. Vet. Microbiol. 2012, 155, 147–157. [CrossRef] [PubMed]

36. Cui, H.; Shi, Y.; Ruan, T.; Li, X.; Teng, Q.; Chen, H.; Yang, J.; Liu, Q.; Li, Z. Phylogenetic analysis and
pathogenicity of H3 subtype avian influenza viruses isolated from live poultry markets in China. Sci. Rep.
2016, 6, 27360. [CrossRef] [PubMed]

37. Shi, Y.; Cui, H.; Wang, J.; Chi, Q.; Li, X.; Teng, Q.; Chen, H.; Yang, J.; Liu, Q.; Li, Z. Characterizations of H4
avian influenza viruses isolated from ducks in live poultry markets and farm in Shanghai. Sci. Rep. 2016, 6,
37843. [CrossRef]

38. FASFC. Federal Agency for the Safety of the Food Chain; FASFC: Leuven, Belgium, 2019.
39. Trampel, D.W.; Zhou, E.M.; Yoon, K.J.; Koehler, K.J. Detection of antibodies in serum and egg yolk following

infection of chickens with an H6N2 avian influenza virus. J. Vet. Diagn. Investig. Off. Publ. Am. Assoc. Vet.
Lab. Diagn. Inc. 2006, 18, 437–442. [CrossRef]

40. Wille, M.; Latorre-Margalef, N.; Tolf, C.; Halpin, R.; Wentworth, D.; Fouchier, R.A.; Raghwani, J.; Pybus, O.G.;
Olsen, B.; Waldenström, J. Where do all the subtypes go? Temporal dynamics of H8-H12 influenza A viruses
in waterfowl. Virus Evol. 2018, 4, vey025. [CrossRef]

41. Turnbull, M.L.; Wise, H.M.; Nicol, M.Q.; Smith, N.; Dunfee, R.L.; Beard, P.M.; Jagger, B.W.; Ligertwood, Y.;
Hardisty, G.R.; Xiao, H.; et al. Role of the B Allele of Influenza A Virus Segment 8 in Setting Mammalian
Host Range and Pathogenicity. J. Virol. 2016, 90, 9263–9284. [CrossRef]

42. Rajsbaum, R.; Albrecht, R.A.; Wang, M.K.; Maharaj, N.P.; Versteeg, G.A.; Nistal-Villán, E.; García-Sastre, A.;
Gack, M.U. Species-specific inhibition of RIG-I ubiquitination and IFN induction by the influenza A virus
NS1 protein. PLoS Pathog. 2012, 8, e1003059. [CrossRef]

43. Evseev, D.; Magor, K.E. Innate Immune Responses to Avian Influenza Viruses in Ducks and Chickens. Vet.
Sci. 2019, 6, 5. [CrossRef] [PubMed]

44. Cauthen, A.N.; Swayne, D.E.; Sekellick, M.J.; Marcus, P.I.; Suarez, D.L. Amelioration of influenza virus
pathogenesis in chickens attributed to the enhanced interferon-inducing capacity of a virus with a truncated
NS1 gene. J. Virol. 2007, 81, 1838–1847. [CrossRef] [PubMed]

45. Munir, M.; Zohari, S.; Metreveli, G.; Baule, C.; Belak, S.; Berg, M. Alleles A and B of non-structural protein 1
of avian influenza A viruses differentially inhibit beta interferon production in human and mink lung cells. J.
Gen. Virol. 2011, 92 Pt 9, 2111–2121. [CrossRef]

46. Zohari, S.; Munir, M.; Metreveli, G.; Belak, S.; Berg, M. Differences in the ability to suppress interferon beta
production between allele A and allele B NS1 proteins from H10 influenza A viruses. Virol. J. 2010, 7, 376.
[CrossRef] [PubMed]

47. Adams, S.; Xing, Z.; Li, J.; Mendoza, K.; Perez, D.; Reed, K.; Cardona, C. The effect of avian influenza virus
NS1 allele on virus replication and innate gene expression in avian cells. Mol. Immunol. 2013, 56, 358–368.
[CrossRef] [PubMed]

48. Suarez, D.L.; Garcia, M.; Latimer, J.; Senne, D.; Perdue, M. Phylogenetic analysis of H7 avian influenza
viruses isolated from the live bird markets of the Northeast United States. J. Virol. 1999, 73, 3567–3573.
[PubMed]

49. Lund, J.M.; Alexopoulou, L.; Sato, A.; Karow, M.; Adams, N.C.; Gale, N.W.; Iwasaki, A.; Flavell, R.A.
Recognition of single-stranded RNA viruses by Toll-like receptor 7. Proc. Natl. Acad. Sci. USA 2004, 101,
5598–5603. [CrossRef] [PubMed]

50. Nang, N.T.; Lee, J.S.; Song, B.M.; Kang, Y.M.; Kim, H.S.; Seo, S.H. Induction of inflammatory cytokines and
Toll-like receptors in chickens infected with avian H9N2 influenza virus. Vet. Res. 2011, 42, 64. [CrossRef]

51. Bergervoet, S.A. Analysis of Cytokine Response in Virus-Positive Samples of Chickens Inoculated with Low
Pathogenic Avian Influenza (LPAI) Viruses of Wild Bird– and Poultry-Associated Subtypes; Department of Virology,
Wageningen Bioveterinary Research: Lelystad, The Netherlands, 2019.

http://dx.doi.org/10.1637/9950-092711-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/22856182
http://dx.doi.org/10.1080/03079450802499118
http://dx.doi.org/10.1016/j.vetmic.2011.08.028
http://www.ncbi.nlm.nih.gov/pubmed/21955449
http://dx.doi.org/10.1038/srep27360
http://www.ncbi.nlm.nih.gov/pubmed/27270298
http://dx.doi.org/10.1038/srep37843
http://dx.doi.org/10.1177/104063870601800502
http://dx.doi.org/10.1093/ve/vey025
http://dx.doi.org/10.1128/JVI.01205-16
http://dx.doi.org/10.1371/journal.ppat.1003059
http://dx.doi.org/10.3390/vetsci6010005
http://www.ncbi.nlm.nih.gov/pubmed/30634569
http://dx.doi.org/10.1128/JVI.01667-06
http://www.ncbi.nlm.nih.gov/pubmed/17121796
http://dx.doi.org/10.1099/vir.0.031716-0
http://dx.doi.org/10.1186/1743-422X-7-376
http://www.ncbi.nlm.nih.gov/pubmed/21194454
http://dx.doi.org/10.1016/j.molimm.2013.05.236
http://www.ncbi.nlm.nih.gov/pubmed/23911391
http://www.ncbi.nlm.nih.gov/pubmed/10196246
http://dx.doi.org/10.1073/pnas.0400937101
http://www.ncbi.nlm.nih.gov/pubmed/15034168
http://dx.doi.org/10.1186/1297-9716-42-64


Viruses 2019, 11, 1010 17 of 17

52. Lloren, K.K.S.; Lee, T.; Kwon, J.J.; Song, M.S. Molecular Markers for Interspecies Transmission of Avian
Influenza Viruses in Mammalian Hosts. Int. J. Mol. Sci. 2017, 18, 2706. [CrossRef]

53. Manz, B.; Schwemmle, M.; Brunotte, L. Adaptation of avian influenza A virus polymerase in mammals to
overcome the host species barrier. J. Virol. 2013, 87, 7200–7209. [CrossRef]

54. Obenauer, J.C.; Denson, J.; Mehta, P.K.; Su, X.; Mukatira, S.; Finkelstein, D.B.; Xu, X.; Wang, J.; Ma, J.;
Fan, Y.; et al. Large-scale sequence analysis of avian influenza isolates. Science 2006, 311, 1576–1580.
[CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms18122706
http://dx.doi.org/10.1128/JVI.00980-13
http://dx.doi.org/10.1126/science.1121586
http://www.ncbi.nlm.nih.gov/pubmed/16439620
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Ethical Statement 
	Virus Selection 
	Virus Isolation and Propagation 
	Animals and Housing 
	Experimental Design 
	Antibody Detection 
	Virus Detection in Swabs 
	Virus Detection in Tissue 
	Cytokine Expression in Tissue 
	Cluster Analysis of Internal Genes 

	Results 
	Identification of Host-Associations in the Internal Proteins 
	Clinical Signs and Seroconversion in LPAI Infected Chickens 
	Viral shedding of LPAI Infected Chickens 
	Viral Replication in the Respiratory and Intestinal Tract 
	Cytokine mRNA Expression in the Trachea and Ileum 
	Genetic Cluster Analysis of the Inoculated Viruses 

	Discussion 
	References

