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Abstract

:

In December 2022 and January 2023, we isolated clade 2.3.4.4b H5N1 high-pathogenicity avian influenza (HPAI) viruses from six American crows (Corvus brachyrhynchos) from Prince Edward Island and a red fox (Vulpes vulpes) from Newfoundland, Canada. Using full-genome sequencing and phylogenetic analysis, these viruses were found to fall into two distinct phylogenetic clusters: one group containing H5N1 viruses that had been circulating in North and South America since late 2021, and the other one containing European H5N1 viruses reported in late 2022. The transatlantic re-introduction for the second time by pelagic/Icelandic bird migration via the same route used during the 2021 incursion of Eurasian origin H5N1 viruses into North America demonstrates that migratory birds continue to be the driving force for transcontinental dissemination of the virus. This new detection further demonstrates the continual long-term threat of H5N1 viruses for poultry and mammals and the subsequent impact on various wild bird populations wherever these viruses emerge. The continual emergence of clade 2.3.4.4b H5Nx viruses requires vigilant surveillance in wild birds, particularly in areas of the Americas, which lie within the migratory corridors for long-distance migratory birds originating from Europe and Asia. Although H5Nx viruses have been detected at higher rates in North America since 2021, a bidirectional flow of H5Nx genes of American origin viruses to Europe has never been reported. In the future, coordinated and systematic surveillance programs for HPAI viruses need to be launched between European and North American agencies.
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1. Introduction


Waterfowls (Anseriformes) and shorebirds (Charadriiformes) are regarded as the major vectors for the propagation of both low-pathogenicity (LP) and high-pathogenicity (HP) avian influenza (AI) viruses as well as in the dissemination of these viruses to a wide range of avian species en route to breeding and wintering sites [1]. The GsGd (Goose/Guangdong) lineage of H5 HPAI viruses has steadily evolved into genetically and antigenically distinct clades with varying degrees of pathogenicity for avian hosts in the past 25 years [2,3]. An elevated frequency of H5 HPAI outbreaks in wild birds and gallinaceous poultry have caused mass mortality events and the culling of millions of poultry globally, resulting in significant economic losses. In Europe, clade 2.3.4.4a H5N8 HPAI viruses of Eurasian origin that were introduced by migratory birds in autumn 2014 had caused limited epizootics. However, the introduction of clade 2.3.4.4b H5N8 HPAI viruses by wild birds in 2016 inflicted major widespread outbreaks in poultry and wild birds during winter 2016/2017 in Europe. Subsequently, in autumn 2020, clade 2.3.4.4b H5N8 HPAI viruses re-emerged in Europe and spread across the northern hemisphere, causing severe outbreaks in the autumn and winter months of 2020/2021 [4,5]. Interspersed between the two major outbreaks that occurred in 2016/2017 and 2020/2021 was the detection of multisubtype H5Nx viruses causing local and sporadic epizootics at a smaller scale [5,6,7].



In 2021/2022 clade 2.3.4.4b H5N1 HPAI virus, a reassortant virus derived from H5N8 virus during the 2020/2021 epizootic, appeared in Europe and has dominated over all other subtypes, causing widespread epizootic diseases that has caused mass mortality events across several wild bird species with frequent spillover infections into mammals [8,9,10,11]. The significantly higher HPAI infection pressure in wild birds inhabiting all major regional and intercontinental wild bird migratory pathways has then resulted in further spread and generation of reassortant viruses [11,12,13]. The 2021 incursion of clade 2.3.4.4b H5N1 virus into Canada for the first time in almost a decade after detection of clade 2.3.4.4c H5N8 and its reassortant H5N2 and H5N1 subtypes in 2014, is an impeccable example of how infection pressure in Eurasia can contribute to the global dissemination of HPAI viruses [9]. The incursion into Canada was first confirmed in December 2021 from avian samples collected in St. John’s, Newfoundland and Labrador. Initially, species affected included silky chickens, guinea fowl, peafowl, emus, domestic ducks, geese and turkeys on an exhibition farm, and free-living great black-backed gulls (Larus marinus) but dissemination beyond the initial outbreaks occurred within a few months [9]. Incursions were also reported around the same time in the USA, whereby the virus was confirmed in hunter-collected American wigeons (Mareca americana) and with subsequent outbreaks being detected in domestic poultry along the east coast of the country [8]. The pre-emptive responses of restricting domestic poultry movements in and out of infected zones and poultry flock depopulation in infected and contact premises have cost the poultry industry billions of US dollars. Currently, the viruses are quickly spreading and have been detected in many wild waterfowl and shorebird species in the Americas. In addition, H5N1 HPAI viruses have inflicted mass die-offs in raptors, scavenger birds and several terrestrial and aquatic mammalian species. In one of the ecologically vital species in North America alone, the bald eagle (Haliaeetus leucocephalus), nest failure attributed to the death of breeding adults and nestlings due to H5N1 HPAI was significant [14]. In winter 2022, new threats and second primary incursions of H5N1 HPAI viruses were reported on the west coast of Canada in British Columbia. Phylogenetically, these viruses were found to be highly related to two viruses isolated in wild birds and domestic chickens from Japan in January 2022 [15].



Starting from the summer/autumn of 2021 and spring 2022, two lineages of clade 2.3.4.4b H5N1 viruses, designated as B1 and B2 based on the HA gene, were found to be independently carried into Iceland from Europe by migratory birds [12]. As the main route of H5Nx HPAI virus incursion, migratory birds carried the virus from Europe to Iceland/Greenland and further south migration in fall introduced the virus to both Canada and the USA [8,9]. Phylogenetic analysis supported this hypothesis as highly genetically similar viruses were found in Iceland, Europe and North America. Recent efforts to unravel the means of incursions into North America by retrospectively analyzing leg band data have shown that long-distance migratory aquatic birds from Eurasia primarily utilize the transatlantic [9] and also the Pacific routes [15] to move between ecological niches following seasonal changes [9]. Long-range pelagic movements of birds could also potentially disseminate the virus from Europe to North America. The hosts implicated as the major contributors for continuous virus evolution, generation of reassortant viruses and persistence in various ecologies, and dissemination beyond geographical borders are likely geese, dabbling ducks, seabirds and shorebirds.



The current study describes seven HPAI viruses belonging to clade 2.3.4.4b H5N1 virus isolated from dead American crows (Corvus brachyrhynchos) and a red fox (Vulpes vulpes) from Eastern Canada. Five of the viruses were reassortant viruses related to those already circulating in North America since 2021, but the other two isolates were wholly Eurasian H5N1 viruses associated with new incursions into Canada from Northern Europe, mediated by bird migration. These findings demonstrate that early surveillance of the virus in migratory birds along the Pacific and Atlantic flyways before active migration seasons begin can help define the risks these viruses pose to poultry and wildlife.




2. Materials and Methods


2.1. Clinical Samples


Brian tissues were collected from six dead American crows (Corvus brachyrhynchos) between 26 and 28 December 2022 in Prince Edward Island (PEI) and a red fox (Vulpes vulpes) in January 2023 from Newfoundland. The samples were tested in a provincial lab for influenza A viruses and submitted to the National Centre for Foreign Animal Disease (NCFAD), Winnipeg, Manitoba, for confirmatory testing. Total RNA was extracted from all brain tissue samples using the MagMax 1836 Nucleic Acid Isolation Kit using the KingFisher Duo prime platform (ThermoFisher Scientific, Waltham, MA, USA). As in previous studies, influenza A virus nucleic acid was detected initially using the matrix (M) gene and followed by H5 and H7 gene-specific real-time RT-PCR testing [16,17]. Moreover, viable viruses were isolated in specific pathogen-free embryonated chicken eggs as previously described [18].




2.2. Nanopore Sequencing and Genome Assembly


From clinical specimens and isolated viruses, the whole genome segments of IAVs were amplified by one step RT-PCR as described previously [19]. The Nanopore sequencing method was performed on an Oxford Nanopore GridION sequencer with an R9.4.1 flow cell after library construction using a rapid barcoding kit (SQK-RBK004 or SQK-RBK110.96). The sequence data obtained were treated as described previously [15].




2.3. Phylogenetic Analysis


H5N1 whole-genome sequences originating from Europe, North America and South America between 1 October 2021, through to 24 February 2023, and deposited in the Global Initiative on Sharing All Influenza Data (GISAID) were used in our analysis. To these sequences, we added the seven sequences generated from samples collected from Prince Edward Island (PEI) and Newfoundland, Canada (Table 1), as well as four unpublished avian H5N1 sequences from the United Kingdom, generated by the Animal and Plant Health Agency, UK (Table S1). Sequences were aligned using MAFFT v7.487 [20] and manually trimmed to the open reading frame using AliView. Phylogenetic trees were then inferred using the maximum-likelihood approach in IQ-Tree v2.1.4 [21] with ModelFinder [22] to infer the appropriate phylogenetic model and using 1000 ultrafast bootstraps [23]. Ancestral sequence reconstruction and inference of molecular-clock phylogenies were performed using TreeTime [24]. Phylogenetic trees were visualized using R version 4.1.1, with libraries ggplot2, ggtree [25] and treeio [26]. Times for the most recent common ancestor (TMRCA) were calculated in TreeTime.





3. Results and Discussion


Since 2020, Clade 2.3.4.4b H5N1 HPAI outbreaks have affected a wider range of avian species, including birds of prey and scavenger species, than previous epizootics. The 2014/2015 HPAI outbreaks in Canada were caused by a reassortant clade 2.3.4.4c H5N2 HPAI virus [27] that arose from an East Asian H5N8 HPAI virus introduced via the Beringian Crucible before spilling into wild birds of the Pacific and central flyways [28]. These viruses were detected in a small range of wild birds, rarely in birds of prey or scavenger birds, and none were detected in mammals [29]. The typical characteristics of clade 2.3.4.4b H5N1 infection in scavenger birds including American crows and in mammals are manifested in the form of neurological disease and hyper-acute mortality [30,31,32].



In December 2022, six American crows were found dead on Prince Edward Island, Canada. In January 2023, a red fox was also found dead in Newfoundland, Canada. Brain tissue samples were collected and tested for the presence of HPAI viruses. All samples were found to be positive for the presence of H5N1 HPAI virus, and whole-genome sequencing (WGS) was performed. To confirm the origin and the time of introduction of these viruses, phylogenetic analyses were performed using contemporary H5N1 sequences from North and South America, Europe, Asia and Africa. All seven Canadian H5N1 HA sequences were found to belong to clade 2.3.4.4b viruses. One of the sequences obtained from an American crow (A/American crow/PEI/FAV-0019-01/2022) and the sequence obtained from a red fox (A/Red fox/NL/FAV-0075/2023) were clustered with the European H5N1 viruses belonging to the B2 HA sub-lineage [5] (Figure 1) and are hereafter referred to as Group 1. Across the other gene segments (PB2, PB1, PA, NP, NA, M and NS), the sequences of these two viruses were also found to cluster with the European sequences (Figure S1), with the closest relative (>97% nucleotide identity compared to Group 1 sequences across all gene segments) being a sequence obtained from a poultry outbreak on the Orkney Islands, Great Britain, from October 2022. The dates for the most recent common ancestor of the Group 1 sequences to which the two recent H5N1 viruses belong range from October 2022 to December 2022 (lower bound: May 2022, higher bound: December 2022) (Table 2). The avian species that most likely play a role in the transfer of the virus from Europe to Eastern Canada, potentially via Icelandic/pelagic routes, were discussed in our previous study [9]. However, a number of intercontinental migratory birds could contribute to such long-distance dissemination. Several wild bird species including gulls are important in spreading viruses to ducks, geese and scavenger birds [9,15].



The remaining five H5N1 sequences generated in the current study from American crows (referred to as Group 2 hereafter) were clustered with North and South American H5N1 sequences within the B1 lineage for the HA gene (Figure 1). The same clustering pattern was observed for the other gene segments (Figure S1).



This study represents the first report on the presence of H5N1 HPAI viruses with different genome constellations/reassortment patterns in Prince Edward Island of Canada since the initial introduction of the H5N1 virus in late 2021. During the 2021/2022 HPAI outbreaks in Canada, H5N1 reassortant viruses were first reported in central and Mississippi flyways in Canada in the spring of 2022 which then disseminated widely. The reassortant viruses identified in the American crows in Prince Edward Island in December 2022 contain PB2, PB1, NP and NS segments from unidentified North American lineage avian influenza viruses that have been circulating in North American wild birds and the other four segments from Eurasian viruses described in our previous study [30]. To date, we were able to identify clade 2.3.4.4b H5N1 viruses with different patterns of genome constellations involving Eurasian and North American lineage viruses in all regions and territories of Canada, with the exception of Newfoundland and Labrador where all H5N1 viruses characterized so far are entirely of Eurasian origin [30]. Reassortant H5N1 viruses with PB2, PB1, NP and NS segments from North American lineage H5N1 viruses were initially predominantly detected in central and, to a lesser extent, Pacific Mississippi wild bird flyways in spring/summer of 2022. However, starting from fall of 2022, we started to observe a continued geographical expansion of viruses with the same genome constellation pattern in the Atlantic and Mississippi flyways.



The patterns of relationships of gene segments within European viruses forced us to explore the connection between migratory wild bird flyways and virus maintenance. The higher infection pressure and detection rate of H5N1 HPAI viruses in wild birds in Western Europe in all seasons from 2021 to 2022 possibly enhanced the dissemination of the virus to birds migrating mainly to Iceland. The Atlantic flyway, which is the prominent flyway connecting Europe and Canada via Iceland or Greenland, was regarded as the means of introduction of emerging H5N1 viruses to the most eastern parts of Canada and the USA before dissemination to other provinces or states [9]. Starting from the summer/autumn of 2021 and spring 2022, two sub-lineages of clade 2.3.4.4b H5N1 viruses, designated as B1 and B2 based on HA gene clustering, were independently introduced into Iceland from Europe by migratory birds [12]. Previous works that analyzed banding records collected from migratory birds showed that a vast majority of migratory waterfowls can migrate as far as to Iceland and Greenland due to seasonal changes and hence can translocate viruses from congregation sites and likely contribute to the intercontinental spread of H5N1 HPAI viruses. The re-introduction of new viruses and recurring local expansions of divergent or reassortant HPAI viruses within the East Coast of Canada and the USA could impact the genetic landscape within the North American flyways. Moreover, the continued movements of birds through the North American flyways that consist of three hotspots for avian influenza virus, the Delaware Bay for shorebirds and gulls, Alberta for ducks, and Chesapeake Bay, wherein millions of birds congregate, may have long-term consequences for virus diversity and new variant generation [33,34].



Here, we demonstrated a new incursion of a genetically distinct H5N1 HPAI virus into Eastern Canada during late 2022, representing a second incursion into this region after clade 2.3.4.4b HPAIV first arrived in North America in late 2021. On both occasions, the most parsimonious explanation is that the virus had been translocated by migratory birds from Northern Europe via the transatlantic route. The continual emergence of clade 2.3.4.4b viruses in avian hosts [35] requires vigilant surveillance for avian influenza in wild birds, particularly in areas of the Americas that are entry points for long-distance migratory birds from Europe and Asia. This complex and intertwining inter-continental seasonal connectivity of wild birds has led to the introduction of H5Nx HPAI viruses to Canada four times so far during 2014/2015, late 2021, winter/spring 2022 and winter 2022/2023, and raises the possibility that this could become a regular occurrence if these viruses remain circulating in wilds birds. To date, this flow of viruses has only been detected from Europe to North America, but the continued circulation of these viruses in wild birds and their increasing expansion in host ranges (including new bird taxa) creates increased opportunity for the spread of the virus through multiple wild bird migratory pathways, both short and long. The possibility of bi-directional translocation of viruses is highly plausible given the known wild bird movement pathways (albeit smaller in scale than north to south routes) and considering the genetic diversity, increasing the likelihood that viruses which have evolved independently in the Americas could be detected on the eastern Atlantic seaboard. This level of risk reinforces the need for enhanced genetic surveillance, which is crucial to identifying such occurrences.
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