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Abstract

:

During the epizootic of highly pathogenic avian influenza (HPAI) H5N8 virus in Europe in 2016–2017, HPAI viruses of subtype H5N5 were also isolated. However, the detection of H5N5 viruses was limited compared to H5N8. In this study, we show that the genetic constellation of a newly isolated H5N5 virus is different from two genotypes previously identified in the Netherlands. The introduction and spread of the three H5N5 genotypes in Europe was studied using spatiotemporal and genetic analysis. This demonstrated that the genotypes were isolated in distinguishable phases of the epizootic, and suggested multiple introductions of H5N5 viruses into Europe followed by local spread. We estimated the timing of the reassortment events, which suggested that the genotypes emerged after the start of autumn migration. This may have prevented large-scale spread of the H5N5 viruses on wild bird breeding sites before introduction into Europe. Experiments in primary chicken and duck cells revealed only minor differences in cytopathogenicity and replication kinetics between H5N5 genotypes and H5N8. These results suggest that the limited spread of HPAI H5N5 viruses is related to the timing of the reassortment events rather than changes in virus pathogenicity or replication kinetics.
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1. Introduction


Highly pathogenic avian influenza (HPAI) H5N1 viruses belonging to the A/Goose/Guangdong/1/1996 (GsGd) lineage were first detected in domestic geese in China in 1996 [1]. The virus caused outbreaks in poultry and humans in Hong Kong in 1997 [2], and was first detected in wild birds in 2002 [3]. The virus was subsequently disseminated intercontinentally from Asia to Europe, Africa and the Middle East by wild migratory birds in 2005 [4]. As descendants of the H5N1 GsGd lineage continued to circulate among poultry and wild birds, the hemagglutinin (HA) gene evolved into numerous phylogenetic clades. In addition, reassortment of H5N1 GsGd lineage viruses with co-circulating low pathogenic avian influenza (LPAI) viruses led to the emergence of new reassortant viruses of various gene constellations and subtype combinations. In 2014, HPAI H5 clade 2.3.4.4 viruses of subtype H5N8 emerged in Asia [5,6], which were divided into phylogenetic groups A and B. From 2014 onwards, several reassortant variants of HPAI H5 clade 2.3.4.4 viruses came to prominence, causing outbreaks of severe disease and high mortality among wild birds and commercial poultry worldwide.



In late 2014, HPAI H5N8 viruses belonging to clade 2.3.4.4 group A were introduced into Europe [7,8] and North America [9,10] by wild migratory birds. Intersubtype reassortment produced HPAI viruses of subtypes H5N1 and H5N2, the latter of which caused a large outbreak in commercial poultry in the United States in 2014–2015 [11]. In 2016, HPAI H5N8 viruses belonging to clade 2.3.4.4 group B re-emerged in Asia. The virus was first detected at the Qinghai Lake in China and the Ubsu-Nur Lake at the border between Russia and Mongolia, in May 2016 [12,13,14], and subsequently spread to Europe, Africa and the Middle East in the autumn and winter of 2016–2017 [15]. During this epizootic, over 2000 outbreaks in wild birds and poultry were reported in Europe [16]. In 2017, a reassortant virus of subtype H5N6 virus emerged from H5N8 clade 2.3.4.4 group B viruses in Asia [17], infecting wild birds and poultry in several European countries in the autumn and winter of 2017–2018 [18].



During the HPAI H5N8 clade 2.3.4.4 group B epizootic in 2016–2017, multiple reassortant variants of subtype H5N5 were detected in Europe [19,20,21,22,23,24,25,26]. However, the number of birds detected with HPAI H5N5 virus was limited compared to H5N8 [19]. After the first detection of HPAI H5N5 virus in the Kamchatka region of Russia in October 2016 [20], a total of 24 outbreaks were reported in 11 European countries [19,20,21,22,23,24,25,26], mainly affecting wild birds. Infections of poultry and captive birds were reported during eight outbreaks [23,24,25]. Genetic analysis suggested that different H5N5 variants were introduced into Europe [21,23,26]. These H5N5 viruses contained the same HA cleavage site (PLREKRRKR/GLF) as was observed in the majority of the H5N8 isolates [20,21,22,24], and showed intravenous pathogenicity index (IVPI) scores in chickens comparable to H5N8 [22,24]. However, the limited number of infected birds may suggest that the H5N5 viruses exhibit characteristics different from H5N8, such as decreased infectivity, transmissibility or pathogenicity.



Here, we describe the genetic analysis of a newly isolated HPAI H5N5 virus that is genetically distinct from two H5N5 viruses previously isolated in the Netherlands. The Dutch H5N5 viruses were genetically compared with HPAI H5N5 viruses detected in other European countries, and the timing of reassortment was estimated. This study demonstrates that the three H5N5 genotypes were isolated in overlapping, but distinguishable outbreak phases. Results suggest multiple introductions of H5N5 viruses into Europe followed by local spread. We observed variations in the estimated timing of reassortment that led to the emergence of the H5N5 genotypes. Experiments in primary chicken and duck cells showed only minor differences in cytopathogenicity and virus replication between H5N5 genotypes and H5N8. These findings suggests that the spread of H5N5 viruses in Europe is mainly driven by the timing of reassortment rather than changes in virus pathogenicity and replication kinetics.




2. Materials and Methods


2.1. Virus Detection and Sequencing


Virus detection and sequencing were performed for one newly isolated HPAI H5N5 strain from a goose found dead in Utrecht, the Netherlands, on 22 May 2017 (A/Go/NL-Utrecht/17006881-001/2017; H5N5-19), as described previously [21]. In short, RNA was isolated from a tracheal swab sample using the MagNA Pure 96 system (Roche, Basel, Switzerland) with the MagNA Pure 96 DNA and Viral NA Small Volume Kit (Roche). The sample was tested for the presence influenza A virus by using a real-time reverse transcription polymerase chain reaction targeting the matrix protein (MP) gene (M-PCR) [27], and subsequently tested in a H5 subtype-specific PCR as recommended by the European Union reference laboratory [28,29]. Sanger sequencing was performed to determine the pathogenicity and the neuraminidase (NA) subtype of the virus [30,31]. The whole genome sequence was generated by next-generation sequencing (NGS), as described previously [21]. Briefly, RNA was isolated from the swab sample using the High Pure Viral RNA Kit (Roche). Multi-segment amplification was performed using the SuperScript III One-Step RT-PCR System with the Platinum Taq DNA Polymerase High Fidelity kit (Thermo Fisher Scientific, Waltham, MA, USA) and purified universal primers [32]. Purified amplicons were sequenced by using the Illumina Nextera DNA Sample Preparation kit and the paired-end 200 Illumina MiSeq platform with a minimum sequence coverage of 1000 reads. The whole genome consensus sequence was generated by a reference-based method using the ViralProfiler-Workflow, an extension of the CLC Genomics Workbench version 11.0 (Qiagen, Hilden, Germany) [21], and submitted to the GISAID’s EpiFlu™ Database (https://www.gisaid.org) [33] (EPI_ISL_288411). The most closely related viruses to the newly isolated H5N5 strain were identified by BLAST on 10 May 2019 (Table S1).




2.2. Phylogenetic Analysis


Phylogenetic trees were generated for each gene segment separately using the nucleotide sequences of the newly isolated HPAI H5N5 strain and other HPAI H5N5 viruses isolated during the epizootic in 2016–2017. Detailed information on the HPAI H5N5 virus sequences used in this study is provided in Table S2. We included the top 20 non-H5N5 sequence matches from the GISAID’s EpiFlu Database for each H5N5 genotype to assess the origin of the gene segments. As a reference, HPAI H5N8 cluster representatives were included, representing clusters of H5N8 viruses isolated during the epizootic in 2016–2017. To select these cluster representatives, clustering of nucleotide sequences of around 675 HPAI H5N8 2016–2017 viruses available in the GISAID’s EpiFlu Database on 10 May 2019 was performed using CD-HIT version 4.6.8 [34,35]. A nucleotide sequence identity threshold value of 1.5% was used to define clusters. The cluster representatives and the number of H5N8 viruses within each cluster are listed in Table S3. After selecting the best fit model of nucleotide substitution, phylogenetic analysis was performed using the maximum likelihood (ML) method within the MEGA7 software package [36]. Trees were generated using the Tamura-Nei substitution model with a discrete gamma distribution (TN93+G) with five rate categories. Bootstrap support values above 70 (1,000 replicates) are shown at the branches.




2.3. Network Analysis


Network analysis was performed for viruses belonging to genotypes H5N5-GT2 and H5N5-GT3. For each virus, the full-length nucleotide sequences of the eight gene segments were concatenated and aligned in the software program DNA Alignment (Fluxus Technology) (http://www.fluxus-engineering.com). Sequence gaps were treated by complete deletion and ambiguous states were replaced by searching for the best replacement within the sequence having minimal distance. Phylogenetic networks were reconstructed using the median-joining method in the software program Network version 5 (Fluxus Technology) [37]. Networks were displayed in the software program Network Publisher version 2.1.1.2 (Fluxus Technology). The number of nucleotide substitutions between strains are shown as values near branches.




2.4. Molecular Clock Analysis


The time to the most recent common ancestor (TMRCA) was estimated for each gene segment of viruses belonging to genotypes H5N5-GT2 and H5N5-GT3. The sequences of HPAI H5N5 2016–2017 viruses were supplemented with HPAI H5N8 and H5N5 reference sequences and the top 100 most similar sequences of both genotypes obtained from the GISAID’s EpiFlu Database on 24 January 2018. For gene segments PB1 and NP, we estimated the TMRCA for genotypes H5N5-GT2 and H5N5-GT3 using the top 100 most similar sequences of each genotype separately obtained from the GISAID’s EpiFlu Database on 10 May 2019. Multiple sequence alignments were performed with MUSCLE version 3.8.31 [38] and curated in Aliview version 1.20 [39]. For each segment, ML trees were generated using MEGA7 [36] to select for the lineages of interest. Time-scaled phylogenies were reconstructed using the Bayesian Markov chain Monte Carlo (MCMC) as implemented in BEAST version 1.8.4 (http://beast.community/beast), as described previously [21]. This analysis was conducted using the SRD06 substitution model [40], the Bayesian Skyline coalescent model, and an uncorrelated log-normal relaxed molecular clock. The Bayesian MCMC analysis was run for 100,000,000 states and the effective sample size (ESS) was checked in Tracer version 1.6 (http://beast.bio.ed.ac.uk/Tracer). Maximum clade credibility (MCC) tree files were summarized in Tree Annotator version 1.8 with a burn-in of 10%. The TMRCA values were obtained from the MCC trees that were visualized in FigTree version 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree).




2.5. Cell Cultures


Madin-Darby Canine Kidney (MDCK) cells were obtained from Philips-Duphar (Weesp, the Netherlands) and maintained in complete Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific) supplemented with 5% fetal calf serum (FCS) (Harlan Bioproducts for Science, Indianapolis, IN, USA) and 0.1% penicillin-streptomycin (Thermo Fisher Scientific). Primary chicken embryo fibroblast (CEF) and duck embryo fibroblast (DEF) cells were prepared from 11-day-old specific-pathogen free (SPF) chicken embryos (Gallus gallus domesticus) and seronegative 14-day-old commercial Pekin duck embryos (Anas platyrhynchos domesticus), respectively, as described previously [41]. Briefly, embryo head, limbs and internal organs were removed and a single-cell suspension was prepared by trypsinization. The primary chicken and duck cells were seeded in growth medium containing 1.0× Medium 199 with Earle’s salts (Thermo Fisher Scientific), 3.6% new born calf serum (NBCS) (Thermo Fisher Scientific), 0.12% sodium bicarbonate (Thermo Fisher Scientific), 2mM l-glutamine (Thermo Fisher Scientific), 0.1× MEM Vitamin solution (Thermo Fisher Scientific) and 0.1% gentamicin (Sigma-Aldrich, St. Louis, MO, USA). After one day, growth medium was replaced by maintenance medium containing 0.4× Medium 199 with Earle’s salts (Thermo Fisher Scientific), 3.0% new born calf serum (NBCS) (Thermo Fisher Scientific), 0.05× Ham’s F-10 Nutrient Mix (Thermo Fisher Scientific), 0.11% sodium bicarbonate (Thermo Fisher Scientific), 1mM l-glutamine (Thermo Fisher Scientific), 0.1× M.E.M. Vitamins solutions (Thermo Fisher Scientific), 0.1% gentamicin (Sigma-Aldrich) and 0.12% tryptose phosphate broth. When confluence was reached after 2–3 days, cells were trypsinized and stored in liquid nitrogen for later use.




2.6. Virus Propagation and Titration


The viruses used for the in vitro experiments represent genotypes H5N5-GT1, H5N5-GT2, H5N5-GT3 and European H5N8 NL-Zeewolde-like virus, and are listed in Table S4. The viruses were isolated from swab samples using embryonated chicken eggs (ECEs), as described previously [42]. Virus stocks of second passage allantoic fluids were stored in aliquots at −80 °C. The medium tissue culture infective dose (TCID50) titres of the virus stocks were determined by end-point titration in MDCK cells. In short, a total of 2.5 × 104 MDCK cells/wells were seeded in culture medium into each well of a 96 well tissue culture plate. The following day, the infection medium was prepared by replacing FCS in culture medium by 0.3% bovine serum albumin (BSA). Cells were inoculated with ten-fold serial dilutions of the virus stocks in the infection medium. After two days, an immunoperoxidase monolayer assay (IPMA) was performed using in-house produced mouse anti-nucleoprotein (anti-NP) HB65 monoclonal antibodies and HRP-conjugated rabbit anti-mouse secondary antibodies (Dako, Glostrup, Denmark) on monolayers fixed in 4% paraformaldehyde solution [43]. TCID50 titres were calculated using the Reed and Muench method [44].




2.7. Virus Infection of Primary Chicken and Duck Cells


The cytopathogenic effect (CPE) of HPAI H5N5 and H5N8 viruses in primary CEF and DEF cells was measured using the real-time cell analysis (RTCA) system (xCelligence; Roche and ACEA Biosciences, San Diego, CA, USA) [45]. For this real-time monitoring assay, a total of 3.5 × 105 cells was seeded in growth medium into each well of the eight well electronic tissue culture plate (E-plate) (ACEA Biosciences). After one day, cells were inoculated at a multiplicity of infection (MOI) of 0.001 in serum-free growth medium. Mock-infected cells were taken along as negative controls. The electrical impedance of the cell-covered electrodes, displayed as cell index (CI) value, was measured every 30 minutes. An increase in CI value indicates cell proliferation and adhesion, whereas a decrease in CI value indicates cell death. The CI values were normalized at 2 hpi to determine the time point when the CI value reaches half maximal (CI50) value. The experiment was carried out three times in duplicate.



To generate growth curves of viral replication in CEF cells, a total of 3.5 × 105 cells was seeded in growth medium into each well of a 24-well tissue culture plate. After one day, cells were inoculated with virus at a MOI of 0.001 in serum-free growth medium. Supernatants were collected at four hour intervals from 2 to 42 hpi and stored at −80 °C until used for virus titration. TCID50 titres were determined by end-point titration in MDCK cells as described above. The experiment was carried out twice in triplicate. Results were expressed by the mean and its standard deviation (SD).





3. Results


3.1. Genetic Analysis of HPAI H5N5 Viruses in the Netherlands


We determined the whole genome sequence of a novel HPAI H5N5 virus that was isolated from a goose found dead in Utrecht, the Netherlands, in May 2017. To determine the gene constellation of this virus, the most closely related viruses were identified (Table S1), and phylogenetic trees were reconstructed for each gene segment separately (Figure S1). For phylogenetic analysis, we used the full-length nucleotide sequences of all HPAI H5N5 viruses isolated during the HPAI H5 2016–2017 epizootic (Table S2), and sequences of closely related viruses of other subtypes. In addition, HPAI H5N8 cluster representatives were included that represent the genetic diversity among H5N8 viruses during the epizootic (Table S3). The genetic analysis revealed that the newly isolated H5N5 strain was genetically distinct from two H5N5 viruses previously isolated in the Netherlands. This suggests that at least three different HPAI H5N5 reassortant variants circulated in the Netherlands, referred to as genotypes H5N5-GT1, H5N5-GT2 and H5N5-GT3.



The gene constellations of the genotypes are shown in Figure 1, where the gene segments are colored according to their phylogenetic cluster. Gene segments HA, MP and nonstructural protein (NS) of the three H5N5 genotypes clustered with the H5N8-China and Russia-Mongolia reference virus, whereas distinct clusters were identified for gene segments polymerase basic protein 1 (PB1), polymerase basic 2 (PB2), polymerase acidic (PA), NP and NA. The PB2 and NP genes of genotype H5N5-GT1 clustered with European H5N8 NL-Zeewolde-like viruses detected in the Netherlands (H5N8-PA I and H5N8-PA II), whereas the PA and NA genes are related to Eurasian LPAI viruses detected in previous years (Table S5). Genotype H5N5-GT2 contains reassorted PB2, PB1, NP and NA genes related to LPAI viruses detected in Eurasia in previous years. Genotype H5N5-GT3 is genetically highly similar to genotype H5N5-GT2, but contains reassorted PB1 and NP genes that were related to two LPAI viruses detected in the Netherlands in 2014.




3.2. Incidence and Spatiotemporal Distribution of HPAI H5N5 Genotypes in Europe


The viruses that were detected in the Netherlands were genetically compared to HPAI H5N5 viruses detected in other European countries to reveal the incidence of the genotypes (Table 1; Figure S2). Results show that genotype H5N5-GT1 consisted of a unique gene constellation that was detected only once (H5N5-1). Genotype H5N5-GT2 viruses were most frequently detected, as 13 viruses were identified in Europe during the epizootic in 2016–2017 (H5N5-3 to -15). This genotype was first identified in Kamchatka, Russia, in October 2016 (H5N5-2). Four viruses (H5N5-16 to -19) were identified for genotype H5N5-GT3. For two H5N5 viruses (H5N5-20 and -21), the genotype could not be determined because of insufficient sequence data. Overall, this analysis demonstrates that the H5N5-GT2 was the most frequently isolated genotype of H5N5 viruses in Europe, followed by H5N5-GT3.



The collection locations of the European HPAI H5N5 viruses were plotted in a geographical map to elucidate the spatial distribution of the genotypes (Figure 2a). Genotype H5N5-GT1 was detected only once in the Netherlands. The collection locations of viruses belonging to genotype H5N5-GT3 were restricted to areas in the northern part of Germany and the Netherlands. In contrast, H5N5-GT2 viruses were isolated from six European countries (The Netherlands, Germany, Poland, Italy, Croatia, and Hungary), demonstrating that H5N5-GT2 was geographically the most widespread genotype.



Analysis of the collection dates shows that HPAI H5N5 viruses were detected between October 2016 and May 2017 (Figure 2b). Genotype H5N5-GT1 was isolated in the early phase of the outbreak (in November 2016), H5N5-GT2 during the outbreak peak (between December 2016 and March 2017), and H5N5-GT3 during the outbreak peak and in the late phase of the outbreak (in January, February and May 2017). This shows that the H5N5 genotypes were isolated in overlapping, but distinguishable outbreak phases.




3.3. Genetic Relationships between HPAI H5N5 Viruses


Phylogenetic network analysis was performed to study genetic relationships between the HPAI H5N5 viruses of the same genotype. For viruses belonging to genotypes H5N5-GT2 and H5N5-GT3, the full-length nucleotide consensus sequences of all eight gene segments were concatenated and median-joining networks were reconstructed. This analysis was not performed for genotype H5N5-GT1, as only one virus of this genotype was isolated. In addition, viruses with incomplete genome sequences (H5N5-5, H5N5-12, H5N5-20 and H5N5-21) were excluded.



The median-joining network of genotype H5N5-GT2 viruses shows that the Russian Kamchatka virus (H5N5-2) was genetically relatively more distantly related to the European strains (Figure 2c). The Croatian virus H5N5-10 was genetically most closely related, showing 55 nt differences. The viruses shared two nucleotide variants that were not present in other European strains. The two other viruses isolated in Croatia (H5N5-7 and -15) were more distantly related to the Russian Kamchatka virus (H5N5-2) (59–66 nt differences). Moreover, the three Croatian viruses (H5N5-7, -10 and -15) were genetically relatively distantly related to each other, showing 24–27 nt differences. In contrast, the H5N5 viruses isolated in the Netherlands (H5N5-4) and in Germany (H5N5-3, -6 and -11) were genetically closely related (10–18 nt differences), as they share a predicted common ancestor. The network further revealed clustering of the Italian strains (H5N5-8 and -9), showing 7 nt differences, suggesting local virus circulation.



Phylogenetic network analysis of genotype H5N5-GT3 viruses identified the German isolate H5N5-17 as a direct precursor of virus H5N5-18 (3 nt differences) that was isolated in the same region (Figure 2d). In contrast, the German isolate H5N5-16 and the Dutch isolate H5N5-19 share a predicted common ancestor but are genetically more distantly related (20–23 nt differences). Phylogenetic network analysis shows that genetic relationships between the H5N5 viruses are largely consistent with geographical location, and indicates multiple virus introductions into Europe followed by local spread.




3.4. Timing of the HPAI H5N5 Reassortment Events


To estimate the timing of the reassortment events that led to the emergence of the HPAI H5N5 genotypes, we performed molecular clock analysis. This analysis was not performed for genotype H5N5-GT1, which was detected only once. The median TMRCA for the individual gene segments of viruses belonging to genotypes H5N5-GT2 and H5N5-GT3 was estimated in the time-scaled phylogenetic trees (Table 2) (Figure S3). This molecular clock analysis showed that the European H5N5-GT2 viruses share a predicted common ancestor with the Russian Kamchatka virus, with a median TMRCA ranging from November 2015 (NA segment) to August 2016 (PA and MP segments) (nodes 1). These estimations of the TMRCA indicate that genotype H5N5-GT2 emerged in August 2016 (June–September 2016). The European H5N5-GT2 viruses share a predicted common ancestor with a median TMRCA ranging from April 2016 (NA segment) to November 2016 (MP and NS segments) (nodes 2). This analysis indicates that the European H5N5-GT2 viruses share a predicted common ancestor in November 2016 (November–December 2016).



Genotype H5N5-GT3 viruses share a predicted common ancestor with the Russian Kamchatka virus and the European H5N5-GT2 viruses for all gene segments except PB1 and NP, which were genetically most closely related to LPAI viruses detected in previous years. The median TMRCAs for the PB1 and NP gene segments of the H5N5-GT3 viruses were estimated in October 2016 (May 2016–January 2017) and September 2016 (March 2016–December 2016), respectively (nodes 3). These results suggest that the reassortment event that led to the emergence of genotype H5N5-GT3 occurred in the autumn of 2016.



The time-scaled phylogenetic trees further showed that although the HA, MP and NS genes of all three H5N5 genotypes fall in the same cluster of H5N8 China and Russia-Mongolia-like viruses, short phylogenetic distances within the clusters (so-called subclusters) were observed between genotype H5N5-GT1 and European H5N8 NL-Zeewolde-like viruses, and between genotypes H5N5-GT2 and H5N5-GT3. Interestingly, the MP gene of one H5N5-GT2 strain (H5N5-3) forms a phylogenetic subcluster with H5N8 viruses detected in Hungary, Germany and Poland in the same time period. These results suggest that this H5N5-GT2 virus may have obtained a novel MP gene by reassortment with H5N8 virus.



Altogether, molecular clock analysis shows variations in the timing of the reassortment events of the different H5N5 genotypes. The time at which the three genotypes emerged may have caused the differences in incidence and geographical distribution of the H5N5 viruses.




3.5. Cytopathogenicity and Replication of HPAI H5N5 Viruses in Primary Chicken and Duck Cells


We performed real-time cell analysis to determine the cytopathogenicity of HPAI H5N5 and H5N8 viruses in primary cultures of embryonic fibroblasts of chickens (CEF) and ducks (DEF). The cells were inoculated with viruses representing genotypes H5N5-GT1, H5N5-GT2, H5N5-GT3 and European H5N8 NL-Zeewolde-like virus (Table S4), and CPE was monitored by measuring the electrical impedance of the cell monolayer, which is expressed as the CI value. A decrease in CI value was observed between 10–12 hpi in inoculated CEF cells and between 12–14 hpi in inoculated DEF cells, marking the onset of virus-induced cytopathogenicity (Figure 3a,b). The CPE observed in the inoculated cultures increased over time, and resulted in complete cell death within 42 hours.



The time point at which half of the maximal CI value (CI50) was reached was determined to compare the cytopathogenicity of the different viruses. In CEF cells, the CI50 value was reached at 17.5 ± 0.7 hpi for H5N5-GT2 virus, at 18.9 ± 0.5 hpi for H5N5-GT3, and at 19.4 ± 0.8 hpi for H5N5-GT1 (Figure 3c). In DEF cells, cytopathogenicity for H5N5-GT2 was also highest (18.0 ± 0.5 hpi), followed by H5N5-GT3 (19.2 ± 0.4 hpi) and H5N5-GT1 (20.6 ± 0.5 hpi) (Figure 3d). Although the differences in cytopathogenicity between the viruses are small, these results suggest that genotype H5N5-GT2 is significantly more pathogenic to both primary chicken and duck cells compared to the other H5N5 genotypes (p < 0.001). In addition, H5N5-GT3 appeared more pathogenic to DEF cells than H5N5-GT-1 (p < 0.001). In contrast, upon inoculation with H5N8 virus, the CI50 value was reached at 21.3 ± 1.1 hpi in CEF cells and 21.3 ± 0.6 hpi in DEF cells, which was significantly slower compared to the H5N5 viruses (p < 0.001 and p < 0.05, respectively). This suggests that H5N8 is less pathogenic to primary chicken and duck cells compared to H5N5, although the measured differences are small.



In addition, we studied virus replication in CEF cells to investigate the relationship between cytopathogenicity and replication kinetics. Growth curves were generated by the collection of supernatants at four hour intervals (2–42 hpi), which were titrated to determine the infectious titres. Results show that H5N5 genotypes and H5N8 virus replicate to comparable virus titres in CEF cells (Figure 3e). The results suggest that the reassortment events may have resulted in minor changes in cytopathogenicity, whereas no changes in replication kinetics between H5N5 genotypes and H5N8 virus were observed in primary chicken cells.





4. Discussion


In 2016–2017, HPAI H5N8 clade 2.3.4.4 group B viruses caused a large-scale epizootic among wild birds and poultry in Europe. Concurrently, related HPAI viruses of subtype H5N5 were detected, although the number of birds detected with H5N5 infection was limited compared to H5N8. Genetic analysis demonstrates that three different genotypes of H5N5 were introduced into Europe. In this study, we analyzed the emergence, spread and in vitro characteristics of these genotypes.



Viruses of genotype H5N5-GT2 were most frequently isolated and geographically the most widespread in Europe. Phylogenetic analysis demonstrated that the European H5N5-GT2 viruses share a predicted common ancestor with the H5N5 virus isolated in the Kamchatka region of Russia at the beginning of October 2016. Most European H5N5-GT2 viruses were isolated in December 2016 and January 2017. Phylogenetic network analysis demonstrated genetic relationships between H5N5-GT2 viruses largely corresponding with collection locations, as the Russian Kamchatka virus was genetically distinct from the viruses isolated in Europe, and the H5N5 viruses detected in the Netherlands and Germany were genetically distinct from viruses isolated in south-eastern European countries (Poland, Czech Republic, Hungary, Croatia and Italy). The phylogenetic network further revealed a close genetic relationship between the Italian strains. The results therefore indicate multiple introductions of H5N5-GT2 viruses into Europe followed by local spread, similar to H5N8 viruses [46].



Most H5N5-GT2 viruses were detected during the peak of the HPAI H5N8 outbreak in Europe, when high mortality rates among wild birds and multiple outbreaks in commercial poultry were reported [46,47]. Molecular clock analysis indicated that the European H5N5-GT2 viruses share a predicted common ancestor in November 2016, which is in accordance with molecular clock analysis that was performed for Italian strains [22]. The European H5N5-GT2 viruses share a common ancestor with the Russian Kamchatka virus in August 2016, after European H5N8 viruses emerged between May–August [21,22,26]. Similar results were obtained in a previous study on the emergence of H5N5-GT2 [26]. These results suggest that genotype H5N5-GT2 presumably emerged in the summer of 2016 on the breeding grounds of migratory wild birds in the northern part of Russia. The emergence of the virus at the end of the breeding season, just before or after the start of autumn migration, may have resulted in limited spread compared to H5N8. The Kamchatka region is located in the Russian Far East, at a large distance from the known breeding sites for migratory wild birds in Russia. Therefore, the virus may have been dispersed from the common breeding areas to both Europe and the Kamchatka region during migration via separate flyways.



Phylogenetic analysis further indicated that, although belonging to genotype H5N5-GT2, one German virus (H5N5-3) obtained a novel MP gene by reassortment with H5N8 virus. This reassortment event resulted in a larger distance to other German H5N5-GT2 viruses (H5N5-6 and -11) and the Dutch H5N5-GT2 virus (H5N5-4). In the phylogenetic network, 6 out of 9 nucleotide differences between H5N5-3 and the predicted common ancestor of H5N5-3 and H5N5-11 were present in the MP gene.



The second most frequently detected HPAI H5N5 genotype is H5N5-GT3. Genetic analysis of the newly isolated H5N5 virus in the Netherlands revealed that this virus also belongs to genotype H5N5-GT3. The virus was isolated in May 2017, after a two-month gap of H5N5 detections in Europe. Phylogenetic analysis with other European H5N5 viruses showed that the virus shares a predicted common ancestor with viruses detected in Germany. Viruses with this gene constellation were solely detected in the northern part of Germany and in the Netherlands, indicating local virus circulation. The H5N5-GT3 viruses show a close genetic relationship with viruses of genotype H5N5-GT2, but contain reassorted PB1 and NP genes. These reassorted genes were genetically most closely related to LPAI viruses detected in the Netherlands in 2014, which may be explained by the intense wild bird surveillance activities in the Netherlands and the lack of recent sequence data. Molecular clock analysis estimated a common ancestor for the reassorted genes in September and October 2016. Possibly, an ancestor virus containing both gene segments has been circulating between 2014–2016 and was involved in the emergence of genotype H5N5-GT3 by reassortment with H5N5-GT2 virus during a single reassortment event. The timing of the reassortment event suggests that this occurred after the start of autumn migration, locally in Europe. No viruses of genotype H5N5-GT3 were detected on the breeding grounds, suggesting that relatively small amounts of wild birds became infected resulting in limited spread in Europe.



Genotype H5N5-GT1 was detected once, and this was the first detection of HPAI H5N5 virus in Europe. This detection was made in the Netherlands in November 2016, concurrently with the first cases of H5N8 in the Netherlands [21], and other European countries [16,48]. As previously reported, this genotype clustered phylogenetically with H5N8 viruses found in the Netherlands [21]. Therefore, H5N5-GT1 virus likely derived from reassortment of HPAI H5N8 and co-circulating LPAI viruses in the PA and NA genes [21,23,24]. As no viruses with the same gene constellation were detected and recent sequence data on genetically related LPAI viruses was missing, molecular clock analysis could not be used to estimate the timing of the reassortment event giving rise to this genotype. However, the single detection of H5N5-GT1 may suggest that the reassortment event occurred after wild birds migrated from their breeding grounds, which may have prevented the virus to spread among large populations of birds.



However, changes in virus characteristics, such as infectivity, transmissibility or pathogenicity may have also contributed to the limited spread of HPAI H5H5 viruses compared to H5N8 viruses. In this study, we infected primary chicken and duck cells to examine the cytopathogenicity and replication kinetics of the three H5N5 genotypes and H5N8 virus. For all tested viruses, infection of primary chicken and duck cells resulted in complete cell death within two days, demonstrating high cytopathogenicity. A comparison of the cytopathogenic effects revealed small differences between the three H5N5 genotypes and H5N8 virus in both primary chicken and duck cells. The H5N5 viruses appeared more cytopathogenic than the H5N8 virus, and cytopathogenicity of H5N5-GT2 was somewhat enhanced compared to H5N5-GT1 and H5N5-GT3. However, no changes in replication kinetics between the viruses were observed. The high in vitro cytopathogenicity and fast kinetics of virus replication are in accordance with the high IVPI scores that were reported for H5N5 viruses of genotypes H5N5-GT1 (3.00) ([21], unpublished results) and H5N5-GT2 (2.87–3.00) [22,24], which were comparable to H5N8 viruses (2.85–3.00) [13,22,23]. The H5N5 and H5N8 viruses carry the same HA, MP and NS gene segments, suggesting that the viral genetic factors associated with the high pathogenicity are likely present in these genes. The viruses contain the same HA cleavage site, which is the major determinant of the highly pathogenic phenotype. However, other genomic features may also contribute to the pathogenicity of the virus. A previous study identified truncations of the C-terminal of NS1 and the PB1-F2 protein, which are virulence factors associated with host adaptation [26]. These results indicate that the differences in the incidence and distribution between the viruses are no direct result from changes in pathogenicity or replication efficiency.



An important limitation of this study is that we used an in vitro system to investigate differences in pathogenicity and replication that will not fully represent the in vivo situation. The primary duck cells were obtained from Pekin ducks, a domestic duck breed derived from the mallard, while the viruses studied were isolated from a variety of wild bird species. In addition, pre-existing immunity in the wild bird population due to previous infections with related LPAI viruses may have protected wild birds against HPAI H5N5 infection, thereby influencing the spread of HPAI H5N5 viruses in Europe. In recent years, H5N2 virus descending from H5N8 group A viruses in 2014–2015 in North America [11], and H5N6 virus descending from H5N8 group B viruses in 2017–2018 in Europe [18], have dominated and even replaced co-circulating HPAI strains. However, the emergence of H5N5 virus from H5N8 group B viruses in 2016–2017 resulted in only limited infections. H5N2 viruses isolated during the outbreaks in North America in 2015 exhibited an unusual long pre-clinical period, long mean death time, and high level of viral shedding in turkeys, which may have contributed to the widespread distribution of H5N2 viruses [49]. Although H5N8 and H5N5 viruses both affected various poultry types, the high number of H5N8 outbreaks in poultry compared to H5N5 may have contributed to the increased dissemination of H5N8 viruses in Europe. Further experimental animal studies comparing H5N5 and H5N8 viruses should be performed to obtain insight in the infection dynamics of these viruses.



In conclusion, this study suggests that the limited spread and the differences in geographical distribution of HPAI H5N5 viruses are related to the timing of the reassortment events and introduction into Europe rather than changes in virus pathogenicity or replication kinetics.








Supplementary Materials


The following are available online at https://www.mdpi.com/1999-4915/11/6/501/s1, Table S1. Viruses most closely related to the newly isolated H5N5 strain. Table S2. Detailed information on H5N5 virus sequences. Table S3. List of H5N8 cluster representatives. Table S4. Viruses used for in vitro experiments. Table S5. Low pathogenic avian influenza (LPAI) ancestor viruses of reassortant genes. Figure S1. Phylogenetic analysis of H5N5 viruses. Figure S2. Gene constellations of H5N5 viruses. Figure S3. Maximum clade credibility trees.





Author Contributions


Conceptualization, S.A.B. and N.B.; Methodology, S.A.B., A.B. and N.B.; Software, S.A.B., A.B. and C.K.Y.H.; Validation, S.A.B.; Formal Analysis, S.A.B., C.K.Y.H. and R.H.; Investigation, S.A.B.; Resources, N.B.; Data Curation, S.A.B.; Writing—Original Draft Preparation, S.A.B.; Writing—Review & Editing, C.K.Y.H., A.B., R.H. and N.B.; Visualization, S.A.B.; Supervision, N.B.; Project Administration, N.B.; Funding Acquisition, 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


We thank Olav de Leeuw, Diana van Zoelen, Marc Engelsma, Romy Smit, Sandra Venema, Frank Harders, Evelien Germeraad and Sylvia Pritz-Verschuren for providing technical assistance, Guus Koch for his helpful suggestions during sequence analysis, and Ron Fouchier for his critical reading of this manuscript. We thank the dispatching service unit, the veterinary pathology department and the diagnostic unit of Wageningen Bioveterinary Research (WBVR) for handling and testing of outbreak samples. We acknowledge the Netherlands Food and Consumer Product Safety Authority (NVWA) and the GD Animal Health Service for excellent cooperation during the outbreak. We gratefully acknowledge the authors, originating and submitting laboratories of the sequences from GISAID’s EpiFlu™ Database on which this research is based. All submitters of data may be contacted directly via the GISAID website (http://www.gisaid.org) [33].




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xu, X.; Subbarao, K.; Cox, N.J.; Guo, Y. Genetic characterization of the pathogenic influenza a/goose/Guangdong/1/96 (H5N1) virus: Similarity of its hemagglutinin gene to those of H5N1 viruses from the 1997 outbreaks in Hong Kong. Virology 1999, 261, 15–19. [Google Scholar] [CrossRef] [PubMed]

	



Chan, P.K. Outbreak of avian influenza A (H5N1) virus infection in Hong Kong in 1997. Clin. Infect. Dis. 2002, 34 (Suppl. 2), S58–S64. [Google Scholar] [CrossRef]

	



Ellis, T.M.; Bousfield, R.B.; Bissett, L.A.; Dyrting, K.C.; Luk, G.S.; Tsim, S.T.; Sturm-Ramirez, K.; Webster, R.G.; Guan, Y.; Malik Peiris, J.S. Investigation of outbreaks of highly pathogenic H5N1 avian influenza in waterfowl and wild birds in Hong Kong in late 2002. Avian Pathol. 2004, 33, 492–505. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Wu, H.; Peng, X.; Xu, L.; Jin, C.; Cheng, L.; Lu, X.; Xie, T.; Yao, H.; Wu, N. Novel reassortant influenza A (H5N8) viruses in domestic ducks, Eastern China. Emerg. Infect. Dis. 2014, 20, 1315–1318. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.J.; Kang, H.M.; Lee, E.K.; Song, B.M.; Jeong, J.; Kwon, Y.K.; Kim, H.R.; Lee, K.J.; Hong, M.S.; Jang, I.; et al. Novel reassortant influenza a (H5N8) viruses, South Korea, 2014. Emerg. Infect. Dis. 2014, 20, 1087–1089. [Google Scholar] [CrossRef] [PubMed]

	



Bouwstra, R.; 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. 2015, 20, 21174. [Google Scholar] [CrossRef]

	



Harder, T.; Maurer-Stroh, S.; Pohlmann, A.; Starick, E.; Horeth-Bontgen, D.; Albrecht, K.; Pannwitz, G.; Teifke, J.; Gunalan, V.; Lee, R.T.; et al. Influenza A (H5N8) virus similar to strain in Korea causing highly pathogenic avian influenza in Germany. Emerg. Infect. Dis. 2015, 21, 860–863. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.H.; Torchetti, M.K.; Winker, K.; Ip, H.S.; Song, C.S.; Swayne, D.E. Intercontinental spread of Asian-origin H5N8 to north America through Beringia by migratory birds. J. Virol. 2015, 89, 6521–6524. [Google Scholar] [CrossRef] [PubMed]

	



Global Consortium for H5N8 and Related Influenza Viruses. Role for migratory wild birds in the global spread of avian influenza H5N8. In Science; AAAS: Washington, DC, USA, 2016; Volume 354, pp. 213–217. [Google Scholar]

	



Lee, D.H.; Bahl, J.; Torchetti, M.K.; Killian, M.L.; Ip, H.S.; DeLiberto, T.J.; Swayne, D.E. Highly pathogenic avian influenza viruses and generation of novel reassortants, United States, 2014–2015. Emerg. Infect. Dis. 2016, 22, 1283–1285. [Google Scholar] [CrossRef]

	



Li, M.; Liu, H.; Bi, Y.; Sun, J.; Wong, G.; Liu, D.; Li, L.; Liu, J.; Chen, Q.; Wang, H.; et al. Highly pathogenic avian influenza A (H5N8) virus in wild migratory birds, Qinghai Lake, China. Emerg. Infect. Dis. 2017, 23, 637–641. [Google Scholar] [CrossRef]

	



Lee, D.H.; Sharshov, K.; Swayne, D.E.; Kurskaya, O.; Sobolev, I.; Kabilov, M.; Alekseev, A.; Irza, V.; Shestopalov, A. Novel reassortant clade 2.3.4.4 avian influenza a (H5N8) virus in wild aquatic birds, Russia, 2016. Emerg. Infect. Dis. 2017, 23, 359–360. [Google Scholar] [CrossRef]

	



Marchenko, V.Y.; Susloparov, I.M.; Komissarov, A.B.; Fadeev, A.; Goncharova, N.I.; Shipovalov, A.V.; Svyatchenko, S.V.; Durymanov, A.G.; Ilyicheva, T.N.; Salchak, L.K.; et al. Reintroduction of highly pathogenic avian influenza A/ H5N8 virus of clade 2.3.4.4. In Russia. Arch. Virol. 2017, 162, 1381–1385. [Google Scholar] [CrossRef]

	



Lee, D.H.; Bertran, K.; Kwon, J.H.; Swayne, D.E. Evolution, global spread, and pathogenicity of highly pathogenic avian influenza H5Nx clade 2.3.4.4. J. Vet. Sci. 2017, 18, 269–280. [Google Scholar] [CrossRef] [PubMed]

	



Napp, S.; Majo, N.; Sanchez-Gonzalez, R.; Vergara-Alert, J. Emergence and spread of highly pathogenic avian influenza a (H5N8) in Europe in 2016–2017. Transbound. Emerg. Dis. 2018, 65, 1217–1226. [Google Scholar] [CrossRef]

	



Kwon, J.H.; Jeong, S.; Lee, D.H.; Swayne, D.E.; Kim, Y.J.; Lee, S.H.; Noh, J.Y.; Erdene-Ochir, T.O.; Jeong, J.H.; Song, C.S. New reassortant clade 2.3.4.4b avian influenza a (H5N6) virus in wild birds, South Korea, 2017–2018. Emerg. Infect. Dis. 2018, 24, 1953–1955. [Google Scholar] [CrossRef] [PubMed]

	



Beerens, N.; Koch, G.; Heutink, R.; Harders, F.; Vries, D.P.E.; Ho, C.; Bossers, A.; Elbers, A. Novel highly pathogenic avian influenza a (H5N6) virus in the Netherlands, December 2017. Emerg. Infect. Dis. 2018, 24, 770. [Google Scholar] [CrossRef]

	



Brown, I.; Mulatti, P.; Smietanka, K.; Staubach, C.; Willeberg, P.; Adlhoch, C.; Candiani, D.; Fabris, C.; Zancanaro, G.; Morgado, J.; et al. Avian influenza overview October 2016–August 2017. EFSA J. 2017, 15, 5018. [Google Scholar]

	



Marchenko, V.; Goncharova, N.; Susloparov, I.; Kolosova, N.; Gudymo, A.; Svyatchenko, S.; Danilenko, A.; Durymanov, A.; Gavrilova, E.; Maksyutov, R.; et al. Isolation and characterization of H5Nx highly pathogenic avian influenza viruses of clade 2.3.4.4 in Russia. Virology 2018, 525, 216–223. [Google Scholar] [CrossRef]

	



Beerens, N.; Heutink, R.; Bergervoet, S.A.; Harders, F.; Bossers, A.; Koch, G. Multiple reassorted viruses as cause of highly pathogenic avian influenza a (H5N8) virus epidemic, the Netherlands, 2016. Emerg. Infect. Dis. 2017, 23, 1974–1981. [Google Scholar] [CrossRef]

	



Fusaro, A.; Monne, I.; Mulatti, P.; Zecchin, B.; Bonfanti, L.; Ormelli, S.; Milani, A.; Cecchettin, K.; Lemey, P.; Moreno, A.; et al. Genetic diversity of highly pathogenic avian influenza a (H5N8/H5N5) viruses in Italy, 2016–2017. Emerg. Infect. Dis. 2017, 23, 1543–1547. [Google Scholar] [CrossRef] [PubMed]

	



Pohlmann, A.; Starick, E.; Grund, C.; Hoper, D.; Strebelow, G.; Globig, A.; Staubach, C.; Conraths, F.J.; Mettenleiter, T.C.; Harder, T.; et al. Swarm incursions of reassortants of highly pathogenic avian influenza virus strains H5N8 and H5N5, clade 2.3.4.4b, Germany, Winter 2016/17. Sci. Rep. 2018, 8, 15. [Google Scholar] [CrossRef]

	



Savic, V. Novel reassortant clade 2.3.4.4 avian influenza a (H5N5) virus in wild birds and poultry, Croatia, 2016–2017. Veterinarski. Arhiv. 2017, 87, 377–396. [Google Scholar] [CrossRef]

	



Nagy, A.; Dan, A.; Cernikova, L.; Vitaskova, E.; Krivda, V.; Hornickova, J.; Masopust, R.; Sedlak, K. Microevolution and independent incursions as main forces shaping h5 hemagglutinin diversity during a H5N8/H5N5 highly pathogenic avian influenza outbreak in Czech Republic in 2017. Arch. Virol. 2018, 163, 2219–2224. [Google Scholar] [CrossRef]

	



Swieton, E.; Smietanka, K. Phylogenetic and molecular analysis of highly pathogenic avian influenza H5N8 and H5N5 viruses detected in Poland in 2016–2017. Transbound. Emerg. Dis. 2018, 65, 1664–1670. [Google Scholar] [CrossRef] [PubMed]

	



Fouchier, R.A.; Bestebroer, T.M.; Herfst, S.; Van Der Kemp, L.; Rimmelzwaan, G.F.; Osterhaus, A.D. Detection of influenza a viruses from different species by PCR amplification of conserved sequences in the matrix gene. J. Clin. Microbiol. 2000, 38, 4096–4101. [Google Scholar] [PubMed]

	



Slomka, M.J.; Pavlidis, T.; Banks, J.; Shell, W.; McNally, A.; Essen, S.; Brown, I.H. Validated H5 Eurasian real-time reverse transcriptase-polymerase chain reaction and its application in H5N1 outbreaks in 2005–2006. Avian Dis. 2007, 51, 373–377. [Google Scholar] [CrossRef]

	



Slomka, M.J.; Pavlidis, T.; Coward, V.J.; Voermans, J.; Koch, G.; Hanna, A.; Banks, J.; Brown, I.H. Validated realtime reverse transcriptase PCR methods for the diagnosis and pathotyping of Eurasian H7 avian influenza viruses. Influenza Other Respir. Viruses 2009, 3, 151–164. [Google Scholar] [CrossRef]

	



Gall, A.; Hoffmann, B.; Harder, T.; Grund, C.; Beer, M. Universal primer set for amplification and sequencing of HA0 cleavage sites of all influenza a viruses. J. Clin. Microbiol. 2008, 46, 2561–2567. [Google Scholar] [CrossRef]

	



Gall, A.; Hoffmann, B.; Harder, T.; Grund, C.; Ehricht, R.; Beer, M. Rapid and highly sensitive neuraminidase subtyping of avian influenza viruses by use of a diagnostic DNA microarray. J. Clin. Microbiol. 2009, 47, 2985–2988. [Google Scholar] [CrossRef]

	



Watson, S.J.; Welkers, M.R.; Depledge, D.P.; Coulter, E.; Breuer, J.M.; de Jong, M.D.; Kellam, P. Viral population analysis and minority-variant detection using short read next-generation sequencing. Philos. Trans. R Soc. Lond. B Biol. Sci. 2013, 368, 20120205. [Google Scholar] [CrossRef] [PubMed]

	



Shu, Y.; McCauley, J. GISAID: Global initiative on sharing all influenza data—from vision to reality. Euro. Surveill. 2017, 22, 30494. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [Google Scholar] [CrossRef]

	



Bandelt, H.J.; Forster, P.; Rohl, A. Median-joining networks for inferring intraspecific phylogenies. Mol. Biol. Evol. 1999, 16, 37–48. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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

	



Shapiro, B.; Rambaut, A.; Drummond, A.J. Choosing appropriate substitution models for the phylogenetic analysis of protein-coding sequences. Mol. Biol. Evol. 2006, 23, 7–9. [Google Scholar] [CrossRef]

	



Van Zaane, D.; Brinkhof, J.M.; Westenbrink, F.; Gielkens, A.L. Molecular-biological characterization of marek’s disease virus. I. Identification of virus-specific polypeptides in infected cells. Virology 1982, 121, 116–132. [Google Scholar] [CrossRef]

	



OIE. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals. 2015. Available online: http://www.oie.int/standard-setting/terrestrial-manual/access-online/ (accessed on 25 April 2019).

	



Peeters, B.; de Wind, N.; Hooisma, M.; Wagenaar, F.; Gielkens, A.; Moormann, R. Pseudorabies virus envelope glycoproteins gp50 and gii are essential for virus penetration, but only gii is involved in membrane fusion. J. Virol. 1992, 66, 894–905. [Google Scholar] [PubMed]

	



Reed, L.J.; Muench, H. A simple method of estimating fifty percent endpoints. Amer. J. Trop. Med. Hygiene 1938, 27, 493–497. [Google Scholar]

	



Atienza, J.M.; Yu, N.; Kirstein, S.L.; Xi, B.; Wang, X.; Xu, X.; Abassi, Y.A. Dynamic and label-free cell-based assays using the real-time cell electronic sensing system. Assay Drug Dev. Technol. 2006, 4, 597–607. [Google Scholar] [CrossRef]

	



Poen, M.J.; Bestebroer, T.M.; Vuong, O.; Scheuer, R.D.; van der Jeugd, H.P.; Kleyheeg, E.; Eggink, D.; Lexmond, P.; van den Brand, J.M.A.; Begeman, L.; et al. Local amplification of highly pathogenic avian influenza h5n8 viruses in wild birds in the Netherlands, 2016 to 2017. Euro. Surveill. 2018, 23, 17-00449. [Google Scholar] [CrossRef]

	



Kleyheeg, E.; Slaterus, R.; Bodewes, R.; Rijks, J.M.; Spierenburg, M.A.H.; Beerens, N.; Kelder, L.; Poen, M.J.; Stegeman, J.A.; Fouchier, R.A.M.; et al. Deaths among wild birds during highly pathogenic avian influenza a (h5n8) virus outbreak, the Netherlands. Emerg. Infect. Dis. 2017, 23, 2050–2054. [Google Scholar] [CrossRef]

	



Globig, A.; Staubach, C.; Sauter-Louis, C.; Dietze, K.; Homeier-Bachmann, T.; Probst, C.; Gethmann, J.; Depner, K.R.; Grund, C.; Harder, T.C.; et al. Highly pathogenic avian influenza h5n8 clade 2.3.4.4b in germany in 2016/2017. Front. Vet. Sci. 2017, 4, 240. [Google Scholar] [CrossRef] [PubMed]

	



Spackman, E.; Pantin-Jackwood, M.J.; Kapczynski, D.R.; Swayne, D.E.; Suarez, D.L. H5N2 highly pathogenic avian influenza viruses from the us 2014–2015 outbreak have an unusually long pre-clinical period in turkeys. BMC Vet. Res. 2016, 12, 260. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 11 00501 g001 550]





Figure 1. Gene constellations of HPAI H5N5 genotypes. Schematic representation of reassortment events that resulted in the emergence of three highly pathogenic avian influenza (HPAI) H5N5 genotypes detected during the HPAI H5 2016-2017 epidemic (H5N5-GT1, H5N5-GT2 and H5N5-GT3). Novel genes were obtained by reassortment of HPAI viruses with co-circulating low pathogenic avian influenza (LPAI) ancestor viruses. Gene segments are colored according to their phylogenetic cluster, as shown in Figure S1. 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. 
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Figure 2. Spatiotemporal distribution and phylogenetic network analysis of HPAI H5N5 genotypes. (a) Map of Europe showing the geographical distribution of highly pathogenic avian influenza (HPAI) H5N5 viruses isolated during the HPAI H5 2016–2017 epidemic, with countries reporting HPAI H5N5 virus infection (blue) and the collection locations of HPAI H5N5 viruses, colored by genotype. (b) Number of HPAI H5N5 viruses isolated during the HPAI H5 2016–2017 epidemic per month, colored per genotype. (c) Median-joining network analysis of viruses belonging to genotypes H5N5-GT2. (d) Median-joining network analysis of viruses belonging to genotype H5N5-GT3. The number of nucleotide substitutions between strains are shown as values near branches. Detailed information on the virus sequences is provided in Table S2. 
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Figure 3. Cytopathogenicity and replication of HPAI H5N5 viruses in primary avian cells. (a,b) Cytopathogenicity of highly pathogenic avian influenza (HPAI) H5N5 and H5N8 virus in primary chicken embryo fibroblast (CEF) and duck embryo fibroblast (DEF) cells measured by the real-time cell analysis (RTCA) system. The electrical impedance of the cell-covered electrodes was displayed as cell index (CI) value and normalized at two hours post infection (hpi). Virus was inoculated at a multiplicity of infection (MOI) of 0.001. Mock-infected cells were taken along as negative controls (grey). (c,d) The mean time at which the CI value decreased to 50% of the maximum (CI50) value after infection of primary CEF and DEF cells with HPAI H5N5 and H5N8 virus. The p-value was calculated using a two-tailed unpaired Student’s t-test with p < 0.05 considered statistically significant. (e) Growth curves of HPAI H5N5 and H5N8 virus in primary CEF cells. Virus was inoculated at a MOI of 0.001. Samples were taken at four hour intervals from 2 to 42 hpi and titrated to determine the medium tissue culture infective dose (TCID50) titres. Error bars indicate standard deviations (SD). 
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Table 1. HPAI H5N5 viruses. Highly pathogenic avian influenza (HPAI) H5N5 viruses isolated during the HPAI H5 2016–2017 epidemic, ordered by genotype. Detailed information on the virus sequences is provided in Table S2.
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	H5N5 Genotype
	H5N5 Isolate Number
	Host
	Collection Date
	Collection Location





	H5N5-GT1
	1
	Tufted duck
	2016-11-14
	Netherlands



	H5N5-GT2
	2
	Environment
	2016-10-01
	Russia



	
	3
	Swan
	2016-12-13
	Germany



	
	4
	Mute swan
	2016-12-13
	Netherlands



	
	5 a
	Barnacle goose
	2016-12-22
	Germany



	
	6
	Greylag goose
	2016-12-27
	Germany



	
	7
	Mute swan
	2016-12-27
	Croatia



	
	8
	Eurasian wigeon
	2016-12-29
	Italy



	
	9
	Gadwall
	2017-01-10
	Italy



	
	10
	Mute swan
	2017-01-20
	Croatia



	
	11
	Grey heron
	2017-01-22
	Germany



	
	12 a
	Mute swan
	2017-01-31
	Poland



	
	13
	Common buzzard
	2017-02-06
	Germany



	
	14
	Mute swan
	2017-02-14
	Hungary



	
	15
	Chicken
	2017-03-07
	Croatia



	H5N5-GT3
	16
	Turkey
	2017-01-22
	Germany



	
	17
	Cormorant
	2017-01-30
	Germany



	
	18
	Egret
	2017-02-14
	Germany



	
	19
	Goose
	2017-05-22
	Netherlands



	Unknown
	20 a
	Mute swan
	2017-02-09
	Czech Republic



	
	21 a
	Spo