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Abstract

:

The flyways of many different wild waterfowl pass through the Caspian Sea region. The western coast of the middle Caspian Sea is an area with many wetlands, where wintering grounds with large concentrations of birds are located. It is known that wild waterfowl are a natural reservoir of the influenza A virus. In the mid-2000s, in the north of this region, the mass deaths of swans, gulls, and pelicans from high pathogenicity avian influenza virus (HPAIV) were noted. At present, there is still little known about the presence of avian influenza virus (AIVs) and different avian paramyxoviruses (APMVs) in the region’s waterfowl bird populations. Here, we report the results of monitoring these viruses in the wild waterfowl of the western coast of the middle Caspian Sea from 2017 to 2020. Samples from 1438 individuals of 26 bird species of 7 orders were collected, from which 21 strains of AIV were isolated, amounting to a 1.46% isolation rate of the total number of samples analyzed (none of these birds exhibited external signs of disease). The following subtypes were determined and whole-genome nucleotide sequences of the isolated strains were obtained: H1N1 (n = 2), H3N8 (n = 8), H4N6 (n = 2), H7N3 (n = 2), H8N4 (n = 1), H10N5 (n = 1), and H12N5 (n = 1). No high pathogenicity influenza virus H5 subtype was detected. Phylogenetic analysis of AIV genomes did not reveal any specific pattern for viruses in the Caspian Sea region, showing that all segments belong to the Eurasian clades of classic avian-like influenza viruses. We also did not find the amino acid substitutions in the polymerase complex (PA, PB1, and PB2) that are critical for the increase in virulence or adaptation to mammals. In total, 23 hemagglutinating viruses not related to influenza A virus were also isolated, of which 15 belonged to avian paramyxoviruses. We were able to sequence 12 avian paramyxoviruses of three species, as follows: Newcastle disease virus (n = 4); Avian paramyxovirus 4 (n = 5); and Avian paramyxovirus 6 (n = 3). In the Russian Federation, the Newcastle disease virus of the VII.1.1 sub-genotype was first isolated from a wild bird (common pheasant) in the Caspian Sea region. The five avian paramyxovirus 4 isolates obtained belonged to the common clade in Genotype I, whereas phylogenetic analysis of three isolates of Avian paramyxovirus 6 showed that two isolates, isolated in 2017, belonged to Genotype I and that an isolate identified in 2020 belonged to Genotype II. The continued regular monitoring of AIVs and APMVs, the obtaining of data on the biological properties of isolated strains, and the accumulation of information on virus host species will allow for the adequate planning of epidemiological measures, suggest the most likely routes of spread of the virus, and assist in the prediction of the introduction of the viruses in the western coastal region of the middle Caspian Sea.
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1. Introduction


The influenza virus is one of the best-known pathogens, having a significant impact on public health and the global economy. According to the latest data of the International Committee on Taxonomy of Viruses (ICTV), the influenza virus is represented by the following four genera: Alphainfluenzavirus, Betainfluenzavirus, Deltainfluenzavirus, and Gammainfluenzavirus [1]. Alphainfluenzavirus (influenza virus A) has the greatest epidemiological significance and can be the cause of seasonal outbreaks and sometimes pandemics [2]. The influenza A virus is generally characterized as ‘multi-host’, that is, it has an ability to infect various species of mammals, including humans, horses, pigs, seals, and birds, causing epizootics primarily among the latter. This causes serious economic damage to poultry farming, resulting in the mandatory destruction of large numbers of farmed birds [3,4].



The avian influenza virus (AIV) can overcome the interspecies barrier because of its high rate of genome variability through reassortment, which can lead to the emergence of strains that are highly pathogenic for humans, such as H5N1. This strain is currently of considerable concern, as it has already spread rapidly in five continents, affecting wild and domestic birds and mammal species. According to the World Health Organization, during the monitoring period from 2003 to 2023, 868 cases of human infection with the H5N1 avian influenza virus were documented, 457 of which resulted in death [5].



In wild birds, which are a natural reservoir of the influenza A virus, the disease, as a rule, is not accompanied by pronounced clinical signs. Being asymptomatic, this facilitates the transfer of the pathogen over significant distances, particularly during seasonal migrations. Of all the subtypes known to date, 16 hemagglutinin subtypes and 9 neuraminidase subtypes, in various combinations, have been isolated from wild birds. The influenza A virus has been found more often in representatives of the Anseriformes and Charadriiformes orders, than in others [6,7].



In 2009–2010, the existence of new subtypes of influenza A was recognized, which were isolated from frugivorous representatives of the order Chiroptera in Guatemala (influenza A virus subtypes H17N10 and H18N11), which have the potential to reassort with human influenza viruses [8]. Recently, genomic evidence was reported for a new candidate HA subtype, nominally H19, with a large genetic distance to all previously described AIV subtypes [9].



Until the recent spread of the H5N1 zoonosis amongst mammals, the scientific monitoring of avian influenza viruses has been carried out primarily in the natural habitats of those wild bird species of the highest epidemiological importance in the spread of these viruses. Of particular significance, in the context of this study, are the various wetlands and coastal waters of the western region of the middle Caspian Sea basin, which serves as a flyway corridor for birds migrating between the Mediterranean basin, Africa, and Eurasia and provides suitable loci for mass gatherings of birds; for nutritional stopovers; breeding; and wintering [10].



Previous studies conducted in the Caspian region have detected the circulation of various influenza A viruses, for example in water birds on the southern coast of the Caspian Sea in Iran [11], as well as in neighboring Georgia [12].



Many outbreaks of highly pathogenic subtypes of avian influenza (HPAIV) have been recorded in the northern Caspian region among wild avifauna; the first HPAIV outbreak, with mass deaths of at least 400 mute swans, occurred in 2005 [13] and the most recent occurred in 2022 of more than 30,000 gulls, terns, and pelicans [14]. In addition to influenza A viruses, there are other viruses associated with wild waterfowl. These are the avian paramyxoviruses (APMVs) belonging to subfamily Avulavirinae, order Paramyxoviridae [1], the first detection of which was in the Caspian region, where avian paramyxovirus APMV-4 was discovered in the western middle Caspian littoral [15].



All the above facts determined the relevance and purpose of this present study—to assess the genetic diversity, ecological features, and basic biological properties of avian influenza viruses and Avian paramyxoviruses in wild bird populations on the western coast of the middle Caspian Sea. The field and related laboratory work was undertaken in the period of 2017–2020, as described below.




2. Materials and Methods


2.1. Ethical Issues


This study was conducted with the approval of the Biomedical Ethics Committee of FRC FTM SB RAS, Novosibirsk (Protocols No. 2019-3 and 2021-10). The bird specimens were collected during the hunting season, with a license from the regional Ministries of Ecology and Natural Resources, as part of the annual collection of biological material (i.e., the Program for the Study of Infectious Diseases of Wild Animals, FRC FTM, Novosibirsk).




2.2. Sample Collection


Cloacal swabs of freshly hunted wild waterfowl were collected during the official hunting season in individual 2 mL tubes filled with 1 mL of viral transport medium without glycerol, consisting of phosphate-buffered saline (PBS, pH 7.5), amphotericin B (15 µg/mL), penicillin G (100 units/mL), and streptomycin (50 µg/mL). The tubes were immediately stored in liquid nitrogen and were transported to the FRC FTM SB RAS laboratory for analysis [16]. The collection of material was undertaken during the autumn–winter periods of 2017–2020, in places of the highest density of bird populations in the Republic of Dagestan, as follows: in the wetlands of Lake Adzhi (Papas), Lake South Agrakhan, Agrakhan Bay, the Terek River delta, and the Achikol system of lakes. Sampling points were selected based on previously compiled data from key ornithological territories [10].




2.3. Avian Influenza Virus and Avian Paramyxovirus Isolation Using Chicken Embryos


For the isolation of AIVs and APMVs, an aliquot was taken for each sample, was mixed using a vortex shaker, and then the suspension was centrifuged for 3 min at 3000× g. Antibiotics (penicillin and gentamicin) were added to the supernatant, which was transferred to a new test tube to avoid bacterial infection. Next, 100 µL of each sample were inoculated into the allantoic cavity of two specific pathogen-free (SPF) chicken embryos and incubated at 37 °C for 72 h in our Biosafety level-3 (BSL-3) laboratory [17]. After cultivation, 2 mL of each allantoic fluid were extracted and used for a hemagglutination test (HA) with 5% chicken red blood cells [18]. All HA-positive samples were aliquoted for AIV M gene and APMV RNA-dependent RNA polymerase (RdRp) gene PCR testing.




2.4. RNA Extraction, Reverse Transcription, and PCR


2.4.1. Avian Influenza Virus Detection


All samples with HA activity were tested for the presence of influenza A. For this, RNA was extracted from the allantoic fluid using the RIBO-sorb kit (AmpliSens, Moscow, Russia). The resulting RNA was used in the reverse transcription reaction using the REVERTA-L kit (AmpliSens, Russia). The presence of conserved M gene regions of the influenza A virus was determined using real-time PCR using the AmpliSens Influenza virus A/B-FL kit (AmpliSens, Moscow, Russia), developed to detect both human and avian influenza virus.




2.4.2. Avian Paramyxovirus Detection


HA-positive allantoic fluid was also tested for the presence of APMVs using RT-PCR. For this purpose, RNA was isolated and cDNA was synthesized, as described above. APMVs were detected using family wide oligonucleotides specific to the conserved region of the viral polymerase [19]. The reaction mixture contained 25 μL of Quick-Load Taq 2x Master Mix (New England Biolabs, Ipswich, MA, USA), 1 μL of forward and reverse oligonucleotides at a concentration of 50 pmol/μL each, 18 μL of water, and 5 μL of cDNA. The reaction mixture was incubated at 94 °C for 1 min, followed by 40 cycles at 94 °C for 15 s, 41 °C for 30 s, 68 °C for 30 s, and a final extension at 68 °C for 7 min.



Electrophoresis in 1.5% agarose gel was used to visualize PCR products. If a target fragment (121 nt) was detected, samples were prepared for whole-genome sequencing.





2.5. Intravenous Pathogenicity Index in Chickens


All animal experiments were conducted in Biosafety level-3 facilities and were approved by the Ethics Committee of the Federal Research Center of Fundamental and Translational Medicine (No. 2019-3).



For the intravenous pathogenicity index (IVPI) test, which was performed and calculated according to the WOAH standard protocol [17], we used 10 six-week-old specific pathogen-free white Leghorn chickens. Chickens were intravenously inoculated with 0.1 mL of 1:10 diluted infectious allantoic fluid (containing 106.0 EID50 of the virus) and were monitored daily for clinical signs and were monitored for mortality for 10 days. The pathogenicity index, IVPI, was calculated according to the protocol as the mean score per bird per observation.



On day 14, post-inoculation (p.i.) blood samples were collected from chickens, which all survived, and sera were harvested and stored in laboratory collection for further possible studies and antigenic analysis.




2.6. Sequencing of AIV and APMV


For complete genome sequencing of the viruses collected between 2017 and 2018, RNA was isolated from allantoic fluids using the GeneJET viral DNA/RNA purification kit (Thermo Fisher Scientific, Waltham, MA, USA) and treated with TURBO DNase (Thermo Fisher Scientific, USA). Up to 200 ng of RNA was used for preparation of the DNA libraries, using the NEBNext Ultra RNA Library Prep kit (New England Biolabs, USA). Sequencing of the DNA libraries was conducted with a Reagent kit Version 3 (600-cycle) using the MiSeq genome sequencer (Illumina, San Diego, CA, USA) in the Genomics Core Facility (ICBFM SB RAS, Novosibirsk, Russia). Full-length genomes were assembled de novo with CLC Genomics Workbench v.9.5.3 (Qiagen, Hilden, Germany). The raw data of the sequences that were used for assembly have not been deposited and are stored and available in the “Genomics Core Facility” (ICBFM SB RAS, Novosibirsk, Russia).



Some of the strains were sequenced as part of a joint international program with the National Institute of Animal Health (Tsukuba, Japan). Thus, isolation of RNA from allantoic fluid was carried out using the RNeasy Mini kit (QIAGEN, Hilden, Germany). We used the NEBNext Ultra II RNA Library Prep Kit for Il-lumina (New England Biolabs, Ipswich, MA, USA) to prepare cDNA libraries. In total, 10 pM of libraries were mixed with 10 pM of PhiX Control V3 (Illumina) before sequencing. Sequencing was performed using the MiSeq genome sequencer (Illumina), using the MiSeq Reagent Kit v.2 (Illumina). Consensus sequences were constructed using Workbench software v.9.5.3 (QIAGEN, Germany). The most relevant and reference sequences from the U.S. National Center for Biotechnology Information (NCBI) GenBank database were included in the analysis.




2.7. Phylogenetic Analysis of Avian Influenza Virus


The subtyping of eight isolates was carried out using a BLAST analysis (Basic Local Alignment Search Tool, https://blast.ncbi.nlm.nih.gov/Blast.cgi last accessed on 15 March 2024) of the assembled HA and NA sequences. Specifically, the subtype was determined by the high percentage identity of the nucleotide sequences of the HA and NA gene of each isolate [20].



For each of the sequences of the segments of influenza viruses obtained, a search was carried out for identical or the most similar sequences using the BLAST algorithm (with an analysis depth of 50) from the GISAID database.



The resulting sequence sets were subjected to multiple alignment using the MAFFT v7.520 multiple alignment algorithm (downloadable version) [21] using the default parameters, as follows: gap opening penalty: 1.53 and gap extension penalty: 0.0. Files containing multiple alignments were then opened in the Unipro UGENE program [22], where sites containing deletions were manually checked and sites containing deletions were removed from the final alignment.



Using IQ-TREE software version 1.6 [23], phylogenetic trees were constructed using the ML (maximum likelihood) method and branch support was assessed using ultrafast bootstrap [24], as well as the SH-aLRT branch test with the number of iterations being equal to 1000. For each gene segment, the model of nucleotide substitutions was determined using ModelFinder through IQ-TREE version 1.6 [25].



Tree visualization and topology analysis were performed in iTOL v.6 [26].



In each of the six resulting phylogenetic trees, strains from different clades distributed throughout the tree were selected for better visualization. For example, phylogenetically similar repeats collected during the study in the same region and at the same time were excluded.



After this, the above operations, starting with multiple sequence alignment, were repeated again for the final sample.



Manipulations with files containing sequences were carried out, including with the aid of Biopython 1.81 [27] and the SeqKit toolkit [28].




2.8. Phylogenetic Analysis of Newcastle Disease Virus


For phylogenetic analysis, the complete F gene coding sequence (CDS) was used (1662 nt). To determine the genotype and sub-genotype, we used the data set described by Dimitrov et al. [29]. Multiple sequence alignments were produced using the MUSCLE alignment algorithm. The tree was constructed using the maximum likelihood method, based on the Tamura 3-parameter model with a discrete gamma distribution (+G); statistical analysis was based on 1000 bootstrap replicates, as implemented in MEGA X [30]. An additional tree was then constructed for the identified genotypes using the most closely related sequences found in BLAST. Multiple alignment and parameters for tree construction were the same as described above.




2.9. Phylogenetic Analysis of Avian Paramyxovirus 4


For phylogenetic analysis, the complete F gene CDS (1701 nt) was used. Multiple sequence alignments were produced using the MUSCLE alignment algorithm. The tree was constructed using the maximum likelihood method, based on the Tamura 3-parameter model with invariant sites (+I), with statistical analysis based on 1000 bootstrap replicates, as implemented in MEGA X [30].




2.10. Phylogenetic Analysis of Avian Paramyxovirus 6


For phylogenetic analysis, the complete F gene CDS (1668 and 1638 nt) was used. Multiple sequence alignments were produced using the MUSCLE alignment algorithm. The tree was constructed using the maximum likelihood method, based on the Tamura 3-parameter model with a discrete gamma distribution (+G) and allowing for invariant sites (+I); statistical analysis was based on 1000 bootstrap replicates, as implemented in MEGA X [30].





3. Results


3.1. Ecological Features of Study Area and Samples


As noted above, during 2017–2020, biological material from 1438 individual wild birds of 26 species on the western coast of the middle Caspian Sea was collected and studied. The collection activity took place over three periods. The first was from September 2017 to March 2018, the second was from September 2018 to March 2019, and the third was from September 2019 to March 2020.



The choice of these annual field collection seasons was determined on the basis of one of the principal ecological aspects of the faunal diversity of coastal waterfowl habitats, as determined via analysis of the literature and data from earlier reconnaissance expeditions. This aspect is that during this period of the year, there are significant, regular concentrations of wintering aquatic and semi-aquatic birds on the lagoons and coastal waters of the western coast of the middle Caspian Sea, which are zones providing temperate avian wintering conditions along migratory flyways [31]. The resultant contacts and sharing of habitats by large numbers of wild birds contribute to the spread of infectious diseases such as avian influenza viruses. In accordance with the above factors, we selected the collection points of the material (Figure 1).



The samples collected through this project belonged to wild birds of the following seven orders: Anseriformes, Charadriiformes, Galliformes, Ciconiiformes, Gruiformes, Podicipediformes, and Pelicaniformes. However, it should be noted that the sampled birds were mainly of two orders, Anseriformes and Gruiformes. The percentage of individual birds of these orders was 55.39% and 40.93% of the total number sampled, respectively. The remaining five orders of birds accounted for 3.68% of the total number sampled.



Of the 797 individuals of the order Anseriformes studied, there were mainly four species, as follows: mallard (Anas platyrhynchos n = 196), common teal (Anas crecca n = 158), garganey (Anas querquedula n = 102), and common pochard (Aythya ferina n = 138). The order Gruiformes was represented by two species, coot (Fulica atra) and common moorhen (Gallinula chloropus), with coot in the majority (n = 586).



All species sampled have a wide geographical distribution along the western coast of the middle Caspian Sea and migrate to the region to breed and, as the literature indicates, can also be vectors for the influenza A virus.



In addition to the principal species sampled, as given above, a small number of samples were also examined, which were collected from birds of less regionally represented species, such as shoveler (A. clypeata), northern pintail (A. acuta), European wigeon (A. penelope), greylag goose (Anser anser), and common shelduck (Tadorna tadorna). These Anseriformes species are also potential reservoirs of influenza viruses. Thus, their study and the detection of viruses carried by them is an important aspect of determining the natural reservoir of avian influenza pathogens.



The entire species diversity of wild birds, from which biological material was collected and studied in 2017–2020 on the western littoral of the middle Caspian Sea, is presented in Table 1.




3.2. Avian Influenza and Paramyxoviruses in Coastal Wild Birds of the Caspian Sea


During the 2017–2020 virological monitoring, 43 isolates of hemagglutinating agents were obtained from 1438 samples, which amounted to 2.99% of the total number of samples studied, 21 of which were identified as influenza A virus, thus amounting to 1.46% of the total number of samples studied. In total, 19 AIV isolates were obtained from individuals of the Anseriformes order (Anatidae family), constituting the largest share (83.7%) of all AIV isolates obtained. All representatives of the Anatidae sampled provided isolates. Most were obtained from mallard, garganey, and common teal, while six isolates were obtained from the coot (Fulica atra) of the rail family (Rallidae) and one isolate was obtained from the common pheasant (Phasianus colchicus) of the family Phasianidae (Figure 2).



A total of 15 hemagglutinating isolates related to avian paramyxoviruses (APMVs) were isolated, amounting to 1.04% of the total number of samples studied.



Of all the isolates obtained, 49% were avian influenza viruses, 35% were avian paramyxoviruses, but 16% of hemagglutinating agents could not be identified. Information about the isolates obtained is presented in Table S1, which can be found in the Supplementary Materials.



The results of subtyping determined that 21 isolated strains belonged to the following subtypes: HxNy (4), H1N1 (2), H3N8 (8), H4N6 (2), H7N3 (2), H8N4 (1), H10N5 (1), and H12N5 (1). Of all the strains identified, 38% were H3N8.



The birds from which the largest number of AIV isolates were obtained were common teal (n = 8). In total, six AIV isolates were obtained from mallard, eight AIV isolates from common teal, two AIV isolates from coot, and one isolate each was isolated from red-crested pochard and northern pintail.



Thus, according to the monitoring results for the period 2017–2020 (September to March collections), the isolation of influenza A virus amounted to 1.46% of the total number of samples studied.



The birds from which the largest number of isolates of hemagglutinating viruses were obtained in the first season belonged to common teal, amounting to nine individuals. Four isolates were isolated from mallard. Also, one isolate each was obtained from the following species: red-crested pochard, common teal, common pheasant, and northern pintail.



In the second season, the birds from which the largest number of isolates of hemagglutinating viruses were obtained belonged to common teal, amounting to five individuals, while three isolates were isolated from mallard, and two isolates from common teal. Also, one isolate each was obtained from coot, red-crested pochard, and northern pintail.



In the third season, the birds from which the largest number of isolates of hemagglutinating agents were obtained were coot, amounting to five individuals, while three isolates were isolated from mallard, two isolates each from common teal and garganey, and one isolate from tufted duck.




3.3. Phylogenetic Analysis of Avian Paramyxoviruses


In this study, we were able to sequence 12 avian paramyxoviruses of the following three species: Newcastle disease virus (n = 4), now referred to as the Orthoavulavirus; Avian paramyxovirus 4 (n = 5), now referred to as the Paraavulavirus [1]; and Avian paramyxovirus 6 (n = 3), now referred to as the Metaavulavirus [1] (Table 2).



3.3.1. Newcastle Disease Virus Analysis


During the current study, four Newcastle disease virus isolates were identified. All of them belonged to Class II (Table 2). Three isolates belonged to sub-genotype I.2 and one belonged to sub-genotype VII.1.1 (Figure 3a), according to the current classification [29] used in this study.



Sub-genotype I.2



As a result of phylogenetic analysis of complete F gene CDS (1662 nt), it was found that the isolate NDV/common teal/Dagestan/Russia/54/2017 (PP537563) is most closely related to isolates from Western Siberia (Russia), Yakutia (Russia), Mongolia, and China. The isolate NDV/common teal/Dagestan/Russia/111/2017 (MZ666236) is related to isolates from Ukraine, Western Siberia, and Nigeria. The isolate NDV/mallard/Dagestan/Russia/28d/2019 (MW927498) was also phylogenetically close to isolates from Ukraine, Western Siberia, and China.



Amino acid analysis of protein F showed that all isolates contained the cleavage site of protein F 112-GKQGR↓L-117, which is a characteristic of the lentogenic variants of the virus.



Sub-genotype VII.1.1



The isolate NDV/common pheasant/Dagestan/Russia/33/2018 (PP537562) belonged to sub-genotype VII.1.1, according to [29]. This is the first case of detection of this sub-genotype in wild birds in Russia. (Figure 3b). Phylogenetic analysis has shown that this isolate is most closely related to highly pathogenic isolates and belongs to the cluster VII.1.1-l, formed by isolates from Iran.



As a result of the amino acid analysis of protein F, the cleavage site 112-RRQKR↓F-117 was established, which is characteristic of velogenic NDV variants.




3.3.2. Avian Paramyxovirus 4 and 6


The five avian paramyxovirus 4 isolates obtained in the current study belonged to the common clade in Genotype I (Figure 4a). According to the results of phylogenetic analysis, they were most closely related to the viral variants found in Russia, in Western Siberia, Primorye and Buryatia, and in China. The isolate APMV-4/mallard/Dagestan/59d/Russia/2019 (MZ852793) also had a close phylogenetic relationship with an isolate isolated in Belgium in 2021.



For most isolates, the fusion protein cleavage motif was 116-DIQPR↓F-121. Only the isolate APMV-4/mallard/Dagestan/92d/2018 had the substitution of isoleucine with valine at position 117 (Table 2).



Three isolates of Avian paramyxovirus 6 were identified (Table 2). Phylogenetic analysis showed that two isolates isolated in 2017 belong to Genotype I and the isolate identified in 2020 belongs to Genotype II (Figure 4b).



The isolates APMV-6/common teal/Dagestan/Russia/62/2017 (PP537560) and APMV-6/common teal/Dagestan/Russia/130/2017 (PP537561) were the closest to isolates from Kazakhstan, Ukraine, China, and Korea. The F protein cleavage site was typical for apathogenic variants of the 114-VPEPR-L-119 virus (Table 2).



The isolate APMV-6/mallard/Dagestan/194d/Russia/2020 (PP537564) appeared in a clade with phylogenetically similar isolates from the Russian Far East region, Canada, the USA, and the eastern part of China. The protein cleavage site F 104-IREPR↓L-109 was also characteristic of apathogenic variants of the virus (Table 2).





3.4. Phylogenetic Analysis of Avian Influenza Virus


To construct phylogenetic dendrograms, we used sequences of genome segments of the influenza virus strains isolated, as well as closely related sequences from around the world, which were identified using BLAST analysis.



3.4.1. Phylogenetic Analysis of Internal Segments of Genome


Phylogenetic analysis of internal segments showed that all are of Eurasian lineage. It is noteworthy that the NP segments of the strains studied belong to different clades, as follows: One clade contains NPs of various subtypes isolated in Europe and West Asia, as well as NPs of the highly pathogenic strain of the H5N8 subtype isolated in Korea. Another contains NPs of avian influenza viruses isolated, with the exception of the samples from Georgia, north Asia, east Asia, and south-east Asia. Additionally, both alleles of segment NS (A and B alleles) were detected among studied strains. A detailed description of the phylogenetic relationships of internal segments is presented in the Supplementary Material (Figures S1–S6). We also assessed the major amino acid substitutions in polymerase complexes (PA, PB1, and PB2) that were previously described in the literature as significant for the mammalian adaptation of AIVs. We found that the PA of all strains in the study had S149 amino acid mutations associated with limited lethality in mice [32]. PB1 had L598 amino acid mutation that is responsible for replication decreasing in MDCK [33]. The protein PB2 contained 391E and 627E amino acid mutations in key positions, suggesting a decrease in the virulence in ferrets and a decrease in the replication in mammalian cells, respectively [34,35].



We have shown the presence of substitutions that do not increase the risk of adaptation to mammals. However, a limitation of such findings is that the role of such substitutions has been described for H5N1 influenza viruses, but has not been proved for LPAIs.




3.4.2. Phylogenetic Analysis of Surface Glycoprotein Segments HA and NA


As the surface glycoproteins HA and NA are the main determinants of pathogenicity and antigenically relevant for vaccines, here we first analyzed the HA and NA segments of H1N1, H3N8, H4N6, H7N3, H8N4, H10N5, and H12N5, revealed in the Caspian Sea region.



Viruses A/mallard/Dagestan/1092/2018 and A/mallard/Dagestan/1093/2018 represent the subtype H1N1. According to the hemagglutinin H1 segment (Figure 5a), they belong to the Eurasian genetic lineage of avian influenza viruses and form one clade with AIVs circulated in the European part of the continent (Belgium, The Netherlands, and western Russia). A separate clade of the closest viruses from BLAST is formed by sequences of the HA segment of influenza viruses isolated in the Asian part.



The N1 neuraminidase gene sequence belonged to the Eurasian genetic lineage of avian influenza viruses and form a clade with “European” viruses, with the exception of one from Mongolia.



Viruses A/mallard/Dagestan/1050/2018 and A/mallard/Dagestan/1051/2018 representing the H7N3 subtype also belong to the Eurasian genetic lineage of avian influenza viruses according to the hemagglutinin H7 segment (Figure 6a). Interestingly, they form a single clade with viruses circulating in the Asian part of Eurasia. A separate clade is formed by sequences of the HA segment of influenza viruses isolated in North Africa (Egypt) and Georgia. For both H7N3 viruses, we showed the absence of basic amino acids at the HA cleavage site, indicating these viruses to be low pathogenic (PELPKGR/GLF). According to the neuraminidase N3 segment (Figure 6b), they also belong to the Eurasian genetic lineage of avian influenza viruses. Detailed characteristics of these Caspian H7N3 viruses have been described by us, in an earlier publication [36].



The sequence of the HA segment of the A/teal/Dagestan/57d/2018 (H8N4) virus (Figure 7a) belongs to the Asian clade and falls to the same clade as viruses from Bangladesh, Japan, and China, suggesting origination from or a relationship to Asian regions.



According to the N4 neuraminidase segment (Figure 7b), it also belongs to the Eurasian genetic lineage of avian influenza viruses. However, in this case, the sequence of the NA segment forms one clade with the sequence from Europe (Belgium), although this clade does not have reliable support.



The sequences of segments HA (Figure 8a) and NA (Figure 8b) of two H4N6 viruses, A/Common_Teal/Dagestan/34d/2019 and A/gadwall/Dagestan/156/2017, belong to the Eurasian genetic lineage and, according to the HA tree, form one clade with viruses from Bangladesh, Germany, and the Novosibirsk region of Russia. It suggests a wider connection with Eurasia. However, this clade does not have reliable branch support.



According to the neuraminidase N6 segment, they also belong to the Eurasian genetic lineage of avian influenza viruses. However, in this case, the studied samples are located in different clades. A/gadwall/Dagestan/156/2017 is closely related to the viruses from Belgium and Western Siberia (Novosibirsk region), but virus A/Common_Teal/Dagestan/34d/2019 is closely related to viruses from the Central Asia region (collected in Bangladesh).



All sequences of segments HA (Figure 9a) and NA (Figure 9b) of the eight H3N8 viruses studied belong to the Eurasian genetic lineage, which we divided formally into two clades. In general, the dendrogram contains H3N8 viruses mainly circulating in different Asian countries. A similar picture was found when analyzing the dendrogram of NA (N8).



All the studied segments HA (Figure 10a,b) and NA (Figure 10c) also belong to the Eurasian genetic lineage of Avian influenza viruses. The sequence of the HA segment of the A/mallard/Dagestan/004/2018, which has the H10 subtype, falls to the clade with viruses collected in Siberia (Novosibirsk Region). The A/teal/Dagestan/1017/2018 virus, which is of the hemagglutinin H12 subtype, is also related to the viruses collected at Lake Chany in Siberia; however, this clade also contains strains from Belgium and Poland.



Two neuraminidases N5 are not closely phylogenetically related to each other. However, it is interesting to note that the NA segment of the A/teal/Dagestan/1017/2018 (H12N5) virus shares one clade with Siberian H12N5 viruses, isolated from samples collected in the Lake Chany and Lake Ubinskoe systems—a very important breeding and stopover region for waterfowl in Asia.



In general, phylogenetic analysis of the surface protein segments did not reveal any specific pattern for viruses of the Caspian Sea region. All segments belong to the Eurasian clades of classic avian-like influenza viruses. This is consistent with the analysis of internal segments. The close phylogenetic relationships of some Caspian viruses with Asian and Siberian viruses on the one hand, and the close phylogenetic relationships with European viruses of other Caspian viruses on the other, suggest broad connections and ways of virus transmission throughout Eurasia. This is consistent with the data on the existence of numerous different flyways through the Caspian Sea basin of birds, which are hosts for such avian influenza viruses.





3.5. Intravenous Pathogenicity Index


Experimental infection of six-week-old specific pathogen-free chickens showed the absence of clinical signs of disease and deaths, including from the strains A/mallard/Dagestan/1092/2018 (H1N1), A/mallard/Dagestan/1093/2018 (H1N1), A/pochard/Dagestan/92/2017 (H3N8), A/teal/Dagestan/141/2017 (H3N8), and A/teal/Dagestan/44d/2018 (H3N8), in which, as a result of phylogenetic analysis, the NPs segments were found to be similar to those of the highly pathogenic subtype H5N8 from Korea.





4. Discussion


This summation of the results of the long-term monitoring of the influenza A virus in wild bird populations along the western littoral of the middle Caspian Sea is the first such undertaking. The high significance of the study area for the circulation of AIVs and APMVs among birds is determined by its location in an area of concentration of migratory flyways passing through a geomorphological “bottleneck” between the Black and Caspian seas and along the length of the Caspian basin itself [37].



Piedmont Dagestan, which occupies the north-eastern part of the northern macro-slope of the Greater Caucasus, has historically attracted the attention of ornithologists as an ecosystem which is biotopically differentiated and with varying precipitation characteristics, resulting in many variations in bird communities. Birds of the transitional ornithocomplexes of the foothills are interconnected with those of intramountain and high mountain Dagestan, as well as with the bird communities of the plains of the republic. Over a hundred species of Palearctic migratory birds which use the West Siberian–East African (or Eurasia–Africa) flyway pass through the main defiles of the Caucasus foothills, as the eastern flanks of the Caucasus mountains delineate a lowland zone along the western Caspian littoral, providing a substantial migration corridor for birds flying from further north or south, according to the season [38].



The nesting areas of these trans-Palaearctic migrant aquatic or semi-aquatic birds are concentrated in the Arctic, Subarctic, the West Siberian Plain, and Kazakhstan. Their primary wintering areas are located in the southern Caspian region (though—in response to climate change—some species are now wintering in the southern wetlands of the Dagestan coast), India (mainly for gulls), the Middle East, the Nile delta, and northeast Africa [39].



As noted above, along the Caspian part of the Republic of Dagestan, there are a number of aquatic habitats with high regional concentrations of aquatic or semi-aquatic populations of wild birds during seasonal migrations. Here, the intersection of migratory routes increases the likelihood of wild birds participating in the exchange of AIVs or APMVs over large geographical areas. The likelihood of the formation of virus variants with new antigenic properties within different populations and the risk of introducing strains of high pathogenicity avian influenza also increases through these eco-dynamics.



Dagestan habitats utilized by aquatic or semi-aquatic birds include shallow bays, estuaries of large rivers, lagoons, the coast itself, and off-shore islands. The wetlands of Lake South Agrakhan, Agrakhan Bay, Terek River delta, the Achikol lake system, and Lake Adzhi (Papas) are regularly used for authorized seasonal hunting of waterfowl. Lake Adzhi (Papas) is located approximately 250 km to the south of the other areas. The spatial separation of these various areas makes it possible to take samples from birds in different physical and geographical ecosystems of Caspian Dagestan. This is important for monitoring activities, as it ensures regional representation of target samples of species of birds monitored. In addition to a high diversity of species composition being a priority in choosing sampling sites, transport accessibility to these areas is also important, as this facilitates the efficient organization of sampling trips [10]. From the above, it is clear that the western coastal region of the middle Caspian Sea must play an important role in studies of the ecology of the influenza A virus in wild bird populations of aquatic ecosystems in Eurasia.



We have noted that during our long-term surveillance study among 1438 individuals of 26 bird species, we detected 21 AIV strains, amounting to a 1.46% isolation rate, most being H3N8 (43% of all AIVs). Here, it should be emphasized that in the present study, which monitored clinically healthy wild birds, no highly pathogenic H5Nx avian influenza was detected, although outbreaks have been reported in the region.



As our samples included not only ducks (which constitute the principal reservoir of such viruses), but also representatives of a number of other waterbird families, the percentage of AIV strains we detected was lower than indicated in similar studies of aquatic avifauna in neighboring biogeographical regions, in which avian influenza viral counts reflected a greater proportion of Anatidae sampled. For example, in the neighboring southern Caspian coast of Iran, AIVs were detected in approximately 3.4% of the samples. However, prevalence was higher (up to 8.3%) in some locations [11]. As in our present study, positive samples originated mainly from mallard and common teal, which are known principal vectors of AIVs.



In the neighboring region of Georgia, an increased AIV prevalence was also observed in ducks during the autumn postmolt aggregations and migration staging period. In this case, the AIV prevalence rate was found to be 6.3%, which is a higher rate than we found [12].



We were able to subtype and obtain complete genomes for 17 influenza viruses. Based on our phylogenetic analysis, we can conclude that the Caspian Sea littoral represents a unique region for the exchange of the genetic material of influenza viruses from various sources, including distant and disparate geographical regions. It is noteworthy that the strains isolated in Dagestan are genetically diverse and significantly different from each other. Individual segments of their genomes belong to different phylogenetic clades. In particular, according to the NS segment, the strains are clearly divided into two genetically distant phylogenetic clades.



Various strains from Dagestan are phylogenetically related in certain genome segments to influenza virus variants found in Siberia (Lake Chany and Lake Ubinskoe systems). In addition, genome segments similar to the genes of strains isolated in Europe (Germany, Czech Republic, The Netherlands, and Croatia) were identified.



Some of the genome segments analyzed are related to segments characteristic of East and Central Asia. Thus, among the strains studied, genetic material characteristics of various regions of Eurasia have been found.



In addition, similar segments of the influenza virus genome were found in Bangladesh (i.e., in south Asia), as well as in Egypt, the Sinai Peninsula, and northeast Africa. Genetically similar genome segments have also been identified in influenza viruses isolated in Georgia, which suggests the possibility of the spread of avian influenza viruses between the Caspian and Black Seas [40].



Differences in the phylogenetic environment of different segments of the same influenza virus strains isolated in Dagestan indicate reassortment events, leading to the emergence of virus variants with new combinations of genome segments.



It is noteworthy that some of the strains from Dagestan are related, in some genome segments, to the highly pathogenic variant of the influenza virus subtype H5N8. In particular, the strains A/pochard/Dagestan/92/2017 (H3N8) and A/teal/Dagestan/141/2017 (H3N8) are similar in the NP and PB1 segments to the strains of the H5N8 subtype and from different geographic regions (NP—from Asia, and PB1—from Europe), while the strain A/gadwall/Dagestan/156/2017 (H4N6) in the PB2 segment is related to strains of the H5N8 subtype from Bangladesh and Egypt. Thus, our study indicates the circulation of influenza virus variants that have arisen as a result of the exchange of genetic material between strains of different subtypes, including those which are highly pathogenic.



In summarizing the results of the phylogenetic analysis, we have determined that the avian influenza virus strains isolated in the Caspian Sea are genetically different from each other and form clusters of phylogenetically similar strains with influenza virus variants isolated throughout Eurasia, as well as in northeast Africa. Similar strains were isolated not only in the longitudinal direction or axis, which corresponds to migratory flight routes from north to south and vice versa, but also in the latitudinal direction. In the latter regard, the area of fixation of similar genomic segments in the latitudinal direction extends beyond individual flyways, which indicates mixing in large water areas and lake systems (as previously shown for the Lake Chany system, Western Siberia) of various genetic variants of the avian influenza virus, spreading along various flyways. However, for individual strains, the conservation of the distribution of genomic segments was also shown. For example, the nucleotide sequences of the genetic subclade of allele A of the phylogenetic dendrogram for the NS segment are characteristic of strains circulating in the east Asian region, while the NS sequences of the subclade of the same allele A are characteristic not only for Asian variants of the virus, but also for European ones. In addition, within the phylogenetic clades, the conservation of genome segments was shown throughout the entire period of work on the project. In the NP segment, in particular, strains A/teal/Dagestan/120/2017 and A/teal/Dagestan/57d/2018, as well as A/gadwall/Dagestan/156/2017 and A/teal/Dagestan/1017/2018, are pairwise maximally similar to each other, despite the fact that they were isolated from different seasons of sample collection.



As a result of our research, 15 avian paramyxoviruses (Paramyxoviridae, Avulavirinae) were identified in the Republic of Dagestan during the period 2017–2020. Of these, the species of virus was identified for 12 avian paramyxoviruses and genome-wide sequences were obtained.



The monitoring of avian paramyxoviruses in Russia is rare. However, recent results of a large-scale NDV study conducted from 2017 to 2021 [41] showed the presence of various NDV sub-genotypes in 28 regions of the country. The percentage of NDV release was 0.2% (15 out of 7410) for wild and synanthropic birds and 0.52% (63 out of 12,090) for domestic birds. In our study, this rate was 0.28% (4 out of 1438) (only wild birds were present in the samples). Guseva et al.’s study [41] identified strains of sub-genotype VII.1.1 in domestic birds. In our study, this sub-genotype was the first isolated from a wild bird (common pheasant) in Russia, in the Caspian Sea region.



Sub-genotype VII, Class II is represented by pathogenic variants of NDV detected in sick or dead wild and domestic birds. Strains of this genotype are currently predominant in the genotypes circulating in the world. Our NDV/common pheasant/Dagestan/Russia/33/2018 isolate belongs to sub-genotype VII.1.1, specifically to VII.1.1-l. Sub-genotype VII.1.1-l was formed by Iranian strains and probably appeared on the basis of strains of sub-genotype VII.1.1-d [42]. Strains of sub-genotype VII.1.1 were the cause of bird deaths in the Middle East, Asia, and Africa.



The sub-genotype VII.1.1 is responsible for ongoing outbreaks of Newcastle disease in Russia. Thus, in 2022, a mass death of birds was recorded at a backyard farm in the Moscow region [43]. The cause was a highly pathogenic strain of sub-genotype VII.1.1. Our results support the hypothesis that this sub-genotype can be spread by wild birds. The situation with the spread of the highly pathogenic NDV variant currently circulating in Russia may be complicated by the lack of vaccination of birds raised in domestic backyards. If wild birds such as the common pheasant do carry highly pathogenic variants of NDV, then unvaccinated poultry may become the foci of the spread of Newcastle disease to other regions of the Russian Federation.



Avian paramyxovirus 4 and Avian paramyxovirus 6 were also detected in our study. The isolation rate was 0.35% (5 out of 1438) and 0.21% (3 out of 1438), respectively. APMV-4 and APMV-6 are often detected during AIV monitoring in wild waterfowl in various regions of the world, including some neighboring the Caspian Sea [44,45,46]. It is currently unknown what role they play in the ecology of other viruses (for example AIVs). APMV-4 and APMV-6, which are probably non-pathogenic to their hosts, can interact with their immune system, making them immune to pathogenic variants of other APMVs.



Nevertheless, our long-term surveillance study has identified certain limitations that should be acknowledged. The main limitation is that we were unable to subtype several virus isolates and obtain their genome-wide sequences due to a lack of sequencing data quality. However, the complete genomes of 12 APMVs and 17 AIVs make a significant contribution to international databases for a further detailed analysis of viruses in the region, and Eurasia as a whole.




5. Conclusions


In conclusion, in 2017–2020, influenza A virus was monitored in wild bird populations of the western coast of the middle Caspian Sea. Samples from 1438 individuals of 26 bird species of 7 orders were collected, from which 21 strains of AIV were isolated, amounting to a 1.46% isolation proportion of the total number of samples analyzed. Strains were identified in representatives of the order Anseriformes, as follows: common teal (Anas crecca n = 8), mallard (Anas platyrhynchos n = 6), garganey (Anas querquedula n = 3), coot (Fulica atra n = 2), common pochard (Aythya ferina n = 1), and gadwall (Anas strepera n = 1). The following subtypes were determined and nucleotide sequences of isolated strains were obtained: H1N1 (n = 2), H3N8 (n = 8), H4N6 (n = 2), H7N3 (n = 2), H8N4 (n = 1), H10N5 (n = 1), and H12N5 (n = 1). Four isolates remained un-subtyped (HxNy, n = 4). Of all the identified strains, 43% were H3N8. No high pathogenicity influenza virus H5 subtype was detected. In total, 23 hemagglutinating viruses not related to influenza A virus were also isolated, of which 15 belonged to avian paramyxoviruses (APMVs). We were able to sequence 12 avian paramyxoviruses of the following three species: Newcastle disease virus (n = 4); Avian paramyxovirus 4 (n = 5); and Avian paramyxovirus 6 (n = 3). Newcastle disease virus of the VII.1.1 sub-genotype was first isolated from a wild bird (common pheasant) in Russia, of the Russian Federation in the Caspian Sea region. The five avian paramyxovirus 4 isolates obtained belonged to the common clade in Genotype I, whereas phylogenetic analysis of three isolates of Avian paramyxovirus 6 showed that two isolates isolated in 2017 belong to Genotype I and the isolate identified in 2020 belongs to Genotype II.



Phylogenetic analysis showed that all of these belong to Eurasian lineage. In general, phylogenetic analysis of internal segments and HA/NA segments did not reveal any specific pattern for viruses of the Caspian Sea region. All segments belong to the Eurasian clades of classic avian-like influenza viruses. The close phylogenetic relationships of some Caspian viruses with Asian and Siberian viruses on the one hand, and the close phylogenetic relationships with European viruses of other Caspian viruses on the other, suggest broad connections and ways of virus transmission throughout Eurasia. This is consistent with the data on the existence of numerous different flyways of birds passing through the Caspian Sea basin, which are the hosts of such avian influenza viruses. We also did not find the amino acid substitutions in polymerase complexes (PA, PB1, and PB2) that are critical for the increase in virulence or adaptation to mammals.



The continued regular monitoring of AIVs and APMVs, the obtaining of data on the biological properties of isolated strains, and the accumulation of information on virus host species will allow for adequate future planning of epidemiological measures, suggest the most likely routes of spread of the virus, and assist in the prediction of the introduction of the virus in the western coastal region of the middle Caspian Sea [40].
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Figure 1. Sampling sites in the Republic of Dagestan (red color): 1—the delta of the Terek River; 2—Lake Adzhi (Papas). 
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Figure 2. Sample size and prevalence of influenza A virus. (A) The most represented bird species in the samples of the 2017–2020 period; (B) prevalence of influenza A virus among birds of the 2017–2020 period. 
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Figure 3. Common phylogenetic tree of the Newcastle disease virus F gene. (a) Phylogenetic analysis of NDV Class II isolates, based on the complete F gene CDS (1662 nt) constructed with the maximum likelihood method, based on the Tamura 3-parameter model with a discrete gamma distribution (+G) model in MEGA X. The percentage of trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. Isolates used in this study are shown in red. Roman numerals indicate the corresponding genotype and sub-genotype of each isolate according to the classification proposed by Dimitrov et al. [29]. (b) Detailed phylogenetic analysis of NDV genotype I and VII isolates with the identically closest strains based on the complete F gene CDS (1662 nt) constructed with the maximum likelihood method, based on the Tamura 3-parameter model with a discrete gamma distribution (+G) model in MEGA X. The percentage of trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. Isolates used in this study are shown in red. Roman numerals indicate the corresponding genotype and sub-genotype of each isolate according to the classification proposed by Dimitrov et al. [29]. The tree scale bar represents the number of substitutions per sites. 
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Figure 4. Phylogenetic tree of the Avian paramyxovirus 4,6 F gene. (a) Phylogenetic analysis of Avian paramyxovirus 4 isolates based on the complete F gene CDS (1701 nt) constructed with the maximum likelihood method, based on the Tamura 3-parameter model with invariant sites (+I) model in MEGA X. The percentage of trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. Isolates used in this study are shown in red. Roman numerals indicate the corresponding genotype. (b) Phylogenetic analysis of Avian paramyxovirus 6 isolates based on the complete F gene CDS (1668 and 1638 nt) constructed with the maximum likelihood method, based on the Tamura 3-parameter model with a discrete gamma distribution (+G) and allowing for invariant sites (+I) in MEGA X. The percentage of trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. Isolates used in this study are shown in red. Roman numerals indicate the corresponding genotype. The tree scale bar represents the number of substitutions per sites. 
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Figure 5. Phylogenetic analysis of H1N1 avian influenza viruses. (a) Maximum likelihood phylogenetic tree of the HA (H1) genome segment of avian influenza viruses isolated in the west Caspian region (2017–2020). (b) Maximum likelihood phylogenetic tree of the NA (N1) genome segment of avian influenza viruses, isolated in the west Caspian sea region samples (2017–2020). In both figures, the blue circle symbol denotes branches with values SH-aLRT > 80% and UFboot > 95%. The tree scale represents the number of substitutions per site. 
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Figure 6. Phylogenetic analysis of H7N3 avian influenza viruses. (a) Maximum likelihood phylogenetic tree of the HA (H7) genome segment of avian influenza, isolated in the western Caspian region samples (2017–2020). (b) Maximum likelihood phylogenetic tree of the NA (N3) genome segment of avian influenza viruses, isolated in the western Caspian region samples (2017–2020). In both figures, the blue circle symbol denotes branches with values SH-aLRT > 80% and UFboot > 95%. The tree scale represents the number of substitutions per site. 
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Figure 7. Phylogenetic analysis of H8N4 avian influenza viruses. (a) Maximum likelihood phylogenetic tree of the HA (H8) genome segment of avian influenza virus, isolated in western Caspian region samples (2017–2020). (b) Maximum likelihood phylogenetic tree of the NA (N4) genome segment of avian influenza virus, isolated in western Caspian region samples (2017–2020). In both figures, the blue circle symbol denotes branches with values SH-aLRT > 80% and UFboot > 95%. The tree scale represents the number of substitutions per site. 
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Figure 8. Phylogenetic analysis of H4N6 avian influenza viruses. (a) Maximum likelihood phylogenetic tree of the HA (H4) genome segment of avian influenza viruses, isolated in western Caspian region samples (2017–2020). (b) Maximum likelihood phylogenetic tree of the NA (N6) genome segment of avian influenza viruses, isolated in western Caspian region samples (2017–2020). In both figures, the blue circle symbol denotes branches with values SH-aLRT > 80% and UFboot > 95%. The tree scale represents the number of substitutions per site. 
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Figure 9. Phylogenetic analysis of H3N8 avian influenza viruses. (a) Maximum likelihood phylogenetic tree of the HA (H3) genome segment of avian influenza viruses, isolated in western Caspian region samples (2017–2020). (b) Maximum likelihood phylogenetic tree of the NA (N8) genome segment of avian influenza viruses, isolated in western Caspian region samples (2017–2020). In both figures, the blue circle symbol denotes branches with values SH-aLRT > 80% and UFboot > 95%. The tree scale represents the number of substitutions per site. 
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Figure 10. Phylogenetic analysis of H12N5 and H10N5 avian influenza viruses. (a) Maximum likelihood phylogenetic tree of the HA (H10) genome segment of avian influenza virus, isolated in western Caspian region samples (2017–2020). (b) Maximum likelihood phylogenetic tree of the HA (H12) genome segment of avian influenza virus, isolated in western Caspian region samples (2017–2020). (c) Maximum likelihood phylogenetic tree of the NA (N5) genome segment of avian influenza viruses, isolated in western Caspian region samples (2017–2020). In the three figures, the blue circle symbol denotes branches with values SH-aLRT > 80% and UFboot > 95%. The tree scale represents the number of substitutions per site. 
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Table 1. Sample size and results of virus detection in wild waterfowl of the western coast of the middle Caspian Sea.
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Order

	
Species

	
Numbers of Samples in Periods

	
Total Number

	
Number of HA Viruses

	
Number of AIV

	
Number of APMV

	
Virus Isolation Rate (CI 95%)






	

	

	
1

	
2

	
3

	

	

	

	

	




	
Anseriformes

n = 797

	
bean goose

(Anser fabalis)

	
0

	
1

	
0

	
1

	
-

	
0

	
0

	
0




	
Greylag goose

(Anser anser)

	
3

	
0

	
1

	
4

	
0

	
0

	
0

	
0




	
common pochard (Aythya ferina)

	
51

	
70

	
17

	
138

	
1

	
1

	
0

	
0.72% (0.02–3.97%)




	
red-crested pochard (Netta rufina)

	
0

	
1

	
7

	
8

	
1

	
0

	
1

	
12.50% (0.32–52.65%)




	
mallard

(Anas platyrhynchos)

	
90

	
60

	
46

	
196

	
10

	
6

	
4

	
5.10% (2.47–9.18%)




	
greater scaup

(Aythya marila)

	
0

	
2

	
0

	
2

	
0

	
0

	
0

	
0




	
common shelduck (Tadorna tadorna)

	
4

	
2

	
4

	
10

	
0

	
0

	
0

	
0




	
European wigeon

(Anas penelope)

	
12

	
6

	
10

	
28

	
0

	
0

	
0

	
0




	
gadwall

(Anas strepera)

	
33

	
15

	
22

	
70

	
1

	
1

	
0

	
1.43% (0.04–7.70%)




	
tufted duck

(Aythya fuligula)

	
15

	
11

	
3

	
29

	
1

	
0

	
1

	
3.45% (0.09–17.76%)




	
common teal

(Anas crecca)

	
121

	
5

	
32

	
158

	
13

	
8

	
4

	
8.23% (4.45–13.66%)




	
garganey

(Anas querquedula)

	
31

	
37

	
34

	
102

	
8

	
3

	
3

	
7.84% (3.45–14.87%)




	
northern pintail

(Anas acuta)

	
11

	
6

	
8

	
25

	
1

	
0

	
1

	
4%

(0.10–20.35%)




	
shoveler

(Anas clypeata)

	
7

	
8

	
11

	
26

	
0

	
0

	
0

	
0




	
Gruiformes

n = 588

	
coot

(Fulica atra)

	
73

	
254

	
259

	
586

	
6

	
2

	
0

	
1.02% (0.38–2.23%)




	
common moorhen

(Gallinula chloropus)

	
0

	
2

	
v

	
2

	
0

	
0

	
0

	
0




	
Podicipediformes

n = 2

	
great crested grebe

(Podiceps cristatus)

	
0

	
0

	
1

	
1

	
0

	
0

	
0

	
0




	
little grebe

(Tachybaptus ruficollis)

	
0

	
0

	
1

	
1

	
0

	
0

	
0

	
0




	
Galliformes

n = 1

	
common pheasant

(Phasianus colchicus)

	
1

	
0

	
0

	
1

	
1

	
0

	
1

	
100% *




	
Pelecaniformes

n = 8

	
great cormorant

(Phalacrocorax carbo)

	
2

	
4

	
0

	
6

	
0

	
0

	
0

	
0




	
grey heron

(Ardea cinerea)

	
1

	
0

	
1

	
2

	
0

	
0

	
0

	
0




	
Charadriiformes n = 38

	
black-headed gull

(Larus ridibundus)

	
0

	
0

	
25

	
25

	
0

	
0

	
0

	
0




	
common snipe

(Gallinago gallinago)

	
9

	
0

	
1

	
10

	
0

	
0

	
0

	
0




	
wood sandpiper

(Tringa glareola)

	
1

	
0

	
0

	
1

	
0

	
0

	
0

	
0




	
black-tailed godwit

(Limosa limosa)

	
2

	
0

	
0

	
2

	
0

	
0

	
0

	
0




	
Ciconiiformes n = 4

	
great bittern

(Botaurus stellaris)

	
0

	
0

	
4

	
4

	
0

	
0

	
0

	
0




	
7 orders

	
26 species

	
467

	
484

	
487

	
1438

	
43

	
21

	
15

	
-








CIs were determined using the Clopper-Pearson method; *—not reliable.













 





Table 2. Isolates of avian paramyxoviruses obtained in this study.
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	Isolate
	Host
	Class
	Genotype/

Sub-Genotype
	Cleavage Site of Fusion Protein
	Year of Isolation
	GenBank Accession No.





	NDV/common teal/Dagestan/Russia/111/2017
	common teal
	II
	I.2
	112 GKQGR↓L 117
	2017
	MZ666236



	NDV/common teal/Dagestan/Russia/54/2017
	common teal
	II
	I.2
	112 GKQGR↓L 117
	2017
	PP537563



	NDV/common pheasant/Dagestan/Russia/33/2018
	common pheasant
	II
	VII.1.1
	112 RRQKR↓F 117
	2018
	PP537562



	NDV/mallard/Dagestan/Russia/28d/2019
	mallard
	II
	I.2
	112 GKQGR↓L 117
	2019
	MW927498



	APMV-4/common teal/Dagestan/Russia/72_1/2017
	common teal
	-
	I
	116 DIQPR↓F 121
	2017
	PP537558



	APMV-4/common teal/Dagestan/Russia/114/2017
	common teal
	-
	I
	116 DIQPR↓F 121
	2017
	PP537557



	APMV-4/garganey/Dagestan/Russia/143/2017
	garganey
	-
	I
	116 DIQPR↓F 121
	2017
	PP537556



	APMV-4/mallard/Dagestan/92d/2018
	mallard
	-
	I
	116 DVQPR↓F 121
	2018
	MW880773



	APMV-4/mallard/Dagestan/59d/Russia/2019
	mallard
	-
	I
	116 DIQPR↓F 121
	2019
	MZ852793



	APMV-6/common teal/Dagestan/Russia/62/2017
	common teal
	-
	I
	114 VPEPR↓L 119
	2017
	PP537560



	APMV-6/common teal/Dagestan/Russia/130/2017
	common teal
	-
	I
	114 VPEPR↓L 119
	2017
	PP537561



	APMV-6/mallard/Dagestan/194d/Russia/2020
	mallard
	-
	II
	104 IREPR↓L 109
	2020
	PP537564
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A duck Bangladesh 41849 2019 A HIN3 HA 2019-12-09 EPI ISL 4071516
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A Mallard Anas platyrhynchos South Korea KNU2021-44 2021 A HIN1 unknown HA 2021-03-10 EPI ISL 14835465
A Bean Goose Anser fabalis South Korea KNU2021-42 2021 A HIN1 unknown HA 2021-03-10 EPI ISL 14835464
A Mallard Anas platyrhynchos South Korea KNU2021-9 2021 A HIN1 unknown HA 2021-01-18 EPI ISL 14835460
A Mallard Anas platyrhynchos South Korea KNU2021-45 2021 A HIN1 unknown HA 2021-03-15 EPI ISL 14835466

A mallard Russia Primorje 94T 2020 A HIN1 unknown HA 2020-10-03 EPI ISL 1184531

Tree scale: 0.01 ———————
Aduck Bangladesh 18B428 2021 A H6N1 NA 2021-01-04 EPI ISL 9953028
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2018
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Aduck Saga 411117 2013 AH6N1 NA 2013-11-01 EPI ISL 237137
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A Anser fabalis China Anhui L221 2014 A H6N1 NA 2014-12-22 EPI ISL 244553
A Anser fabalis China Anhui L256 2014 A H6N1 NA 2014-12-22 EPI ISL 244555
A Bean Goose Hubei chenhu VI54 2015 A H6N1 NA 2015-02-05 EPI ISL 302766
A Bean Goose Hubei chenhu VI14 2015 A H6N1 NA 2015-02-05 EPI ISL 302765
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ﬂ A Chicken Netherlands 11008325 2011 A H8N4 HA 2011-05-10 EPI ISL 309806
A mallard Netherlands 1 2006 A H8N4 HA 2006-01-01 EPI ISL 33854
A mallard Sweden 99377 2009 A H8N4 HA 2009-09-03 EPI ISL 189339
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A Chicken Netherlands 10009401 2010 A H8N4 HA 2010-06-04 EPI ISL 309800
A Common Teal Netherlands 12002960 2012 A H8N4 HA 2012-02-12 EPI ISL 291186
A Chicken Netherlands 11004004 2011 A H8N4 HA 2011-03-09 EPI ISL 309804
A mallard Sweden 4486 2004 A H8N4 HA 2004-07-23 EPI ISL 189328
A mallard Sweden 8 2003 A H8N4 HA 2003-05-27 EPI ISL 73390
A mallard Netherlands 06026212-002 2006 A H8N4 HA 2006-09-15 EPI ISL 804055
A mallard Sweden 60041 2007 A H8N2 HA 2007-10-13 EPI ISL 189322
A garganey Ukraine 05835-NAMRU3 2006 A H8N4 HA 2006-08-13 EPI ISL 120214
Ateal Chany 444 2009 A H8N8 HA 2009-08-29 EPI ISL 96126
A ruddy shelduck Mongolia 593 2010 A H8N4 HA 2010-06-22 EPI ISL 161002
A duck Hokkaido W285 2007 A H8N4 HA 2007-10-25 EPI ISL 293519
A duck Chiba 17 2008 A H8N4 HA 2008-01-01 EPI ISL 262476
A duck Hokkaido 207 2014 A H8N2 HA 2014-10-28 EPI ISL 301614
A duck Tsukuba 382 2010 A H8N4 HA 2010-01-01 EPI ISL 262484
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A Arenaria interpres Belgium 3125 0002 2022 A HION4 NA 2022-03-04 EPI ISL 14393464
A teal Dagestan 5

7d 2018 A H8N4 NA 2018-09-15 EPI ISL 337411
A mallard Netherlands 18003625-015 2018 A H8N4 NA 2018-03-07 EPI ISL 814560
A duck Cambodia 14T-24-1-D11 2018 A NA 2018-04-10 EPI ISL 399748
A duck Cambodia C50W8M1 2018 A H7N4 NA 2018-02-24 EPI ISL 399743
A duck Cambodia 12T-24-1-D1 2018 A H7N4 NA 2018-03-22 EPI ISL 399740
Aduck Cambodia 12T-24-1-D17 2018 A H7N4 NA 2018-03-22 EPI ISL 399742
A Chicken Jiangsu 103 2018 H7N4 A H7N4 NA 2018-01-06 EPI ISL 293286

L O— A Duck Jiangsu 16 2018 H7N4 A H7N4 NA 2018-01-06 EPI ISL 293291

Aduck Jiangsu 2 2018 A H7N4 NA 2018-01-25 EPI ISL 332401

A chicken Jiangsu 2 2018 A H7N4 NA 2018-01-25 EPI ISL 332395

— A mallard Chany 126K-2 2014 A H8N4 NA 2014-09-11 EPI ISL 240681
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A mallard Republic of Georgia 12 2011 A HION4 NA 2011-02-11 EPI ISL 189692

A duck Mongolia 258 2011 A H8N4 NA 2011-09-03 EPI ISL 290235

A Chicken Netherlands 10007882 2010 A H7N4 NA 2010-05-14 EPI ISL 309799
A Cygnus olor Belgium 11638 0002 2021 A H10N4 NA 2021-09-06 EPI ISL 14388281
A mallard Ningxia WZ49 2017 H10N4 A H10N4 NA 2017-03-07 EPI ISL 13984069

A mallard Bangladesh 37909 2019 A H8N4 NA 2019-01-15 EPI ISL 503500

A duck Bangladesh 37630 2019 A H1I0N4 NA 2019-01-17 EPI ISL 503481

A duck Bangladesh 37626 2019 A H1ION4 NA 2019-01-17 EPI ISL 503483






media/file11.jpg
(b)






media/file6.png
11.11a AY935490 chicken A Ii

21334 2002
1999

12 M24692 chi

11.
11.2.21d AB465607 chicken Japan Ishi 1962

966

STUSA AK

136 2009

1.1.2.1 1 ¢ KX352834 gull Russia Tyva 14 2014
1.1.2.11 c EF564816 redknot USA NJ A 101 1383 2001
12

AK 44493 716 2009

NDV/common tealIDagestanIRusslals412017
NDV/mallard/Dagestan/Russia/28d/2019
NDV/common teal/Dagestan/Russia/111/2017

i i 121 2008

P

TX 1302011

X
XXb 1999
1111 GU978777 chicken USA TX GB 1948
111l AF077761 chicken USA Lasota 1946
w00 L 111l JN872151 chicken USA Hitchner B1 1947
8

100

19406
111 I GU182327 chicken Pakistan SPVC Karachi 1 1974
IiL Il EF201805 avian Mukteswar 1940

Selo 1161 1995

VIV lovdiv 1153 1959

MG 725 2008

1 X1
VIII VIl AY734534 chicken Argentina Trenque Lauquen 1970
VIl VIl JX012096 Malaysia AF2240 1960

YVI IX015242 chick

4 1986

1947 1947
VAiVb P 1982

V.2V 462 2004

XIX V a KC433530 cormorant USA FL 41105 201

YVI XVI I1X015243

100

V1.1 VI b AF109885
.1 VI Db AF

X1.2 VIi KU377535 T 12VIR1876 1 2012
XXI.1.1 Vl g JF824032 pigeon Russia Vladlmlr 687 2005
1900
NDV/common pheasantIDagestanIRussia/33/201 8
VIL1.1 VIl 1 KX268351 chicken Iran Behshahr 2

100

VIL1.1VIIDE 1998
ViL1.2 Vit GQ338309 pigeon China 18 2003
VII.2 VIl h MF622047 chicken South Africa RBWW 3 2013

Vil.2 10 2010

1
Xll.2 Xll b JN627504 goose Chlna GD 122011
45445 3 1995

'akistan SF

42 2008

_
0.050

Vi.21.1.1 VI n MG018211 ECDO USA T 1185 kldney 269813 A 2015

|VII.1.1

Xil
Xii
XIv
Xvil
[xvin

Genotype

%) MZ666233 NDV/european wigeon/Yakutia/Russia/41/2018
666234 NDV/garganey/Yakutia/Russia/43/2018

MZ6662:
0R25

OR2! golia/N427/2016
NDVlcommon teaI/Dagestaanussla/54I2017
MZ666229 NDV/gadwall/Chany Lake/Russia/317/201
OR253508 NDV/EasternSpot-billedDuck/Ningxia/China/n97G/2018
MW464632 NDV/wild bird/Korea/1310-4-4/2020

V/common teal/Novosibirsk region/2150k/Russia/2019

0Q584350 NDV/shelduck/Chur KllersonlUkraIneﬂ 52112017

OR253502 NDV/CommonBlack-headedGull/Hebei/g1549/2013

OR253522 NDV/WildDuck/Anhui/a2256/Chi nal20

OR253501 NDV/TaigaBeanGoose/Hubei/b861,

MN632534 NDVIAnseriformeslTaIwanIAHRh 36[201 8

‘OR085375 NDV/Pigeo!
R099824 NDV/Tul

MH289844 NDV/Anser fabalis/CN/HB/F3-144-2/2016

KX352836 NDV/teal/Novosibirsk region/320/2010
MZ101338 NDVI/1
MZ101340 NDV/mediterranian gull/lUkraine/Smalanyi/5-11-07/2013
DVIcommon leall g taanussIa/ﬁ 1/2017
121 b HG326605 spur winged Nigeria NIEO8 121 2008
0R25351 9 NDVIWIIdDucleeﬂongjlunglchlnalXZiI201 7
1.2 1 b AY965079 duck Russia FarEast 2713 200

1.1.11a AY935490 chicken Australia 2 1334 2002
1.1.1 1a AY935495 chicken Australia 99 868 hi 1999
111 I a M24693 chicken Australia Queenslan:

l1.211¢c EF564816 redknot USA NJ A 1011383 2001
I ¢ KX352834 gull Russia Tyva 14 2014
.211¢ GQMBZBA) black headed gull swede 1994
11.221d Am5607 chicken Japan Ishi 1962

136 2009

poll Rt
ViL.2 Vil k KY'H'M'IQ chicken Namibia 5620 2016

VII.2 VIl a JN986837 chicken Netherlands 152608 ancestral 1993

VII.2 VIl h MF622047 chicken South Africa RBWW 3 2013
ViL.2 VII 1KU862293 Paral(eet Pal I(lsban Karachi AW 1 2014

VI 1 1 vi h EF589133 pheasant China 98 Guizhou 1998

VII.1.1 VIl j KC542905 chicl k en Chlna Liaoning 12009 2009
HM748944 NDV/chicken/China/S|
VII.1.1 VIl d EF579733 chicken chma ‘Shandong Pyan 2004
FJ872531 NDVIMuscovy duck/China(Fujian)/FP1/02

I T370496 NDV/S!
MT370499 NDV/chicken/Wasit/3/irag/2005
'common pheasant/Dagestan/Russia/33/2018
KU201409 NDV/chicken/Iran/SMV-2/2011

IV-8/2013
en/iran/SMV-7/2013
MF417546 NDV/chicken/Beh/lran/.

VIL1.1 VI 1 KX268351 chicken Iran Behshahr 2015
MN786516 NDV/CK/IR/EMA86/2017

MH481362 NDV/Ck/IRIMAM72/2018
s + MN481201 NDV/CK/IR/IEMA148/2019

—— IV IV AY741404 Fowl UK Herts 1933

P—
0.050

Vil
1.1

Sub-genotype Genotype





media/file15.jpg





nav.xhtml


  viruses-16-00598


  
    		
      viruses-16-00598
    


  




  





media/file16.png
(a)

Tree scale: 0.01 +
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Amallard duck Georgia 5 2016 A H4N6 HA 2016-09-30 EPI ISL 328968

A duck Mongolia 451 2018 A H4AN1 HA 2018-09-02 EPI ISL 697696

A mallard South Korea JB42-113 2020 A H4N6 HA 2020-02-19 EPI ISL 4072163

A Mallard Anas platyrhynchos South Korea KNU2021-1 2021 A H4N6 HA 2021-01-04 EPI ISL 14835602
A duck Bangladesh 41653 2019 A H4N2 HA 2019-12-08 EPI ISL 4071725
Amallard South Korea JB17-85 2019 A HAN6 HA 2019-09-21 EPI ISL 4072161

%

—0— Aduck Mongolia 820 2019 A H4AN2 HA 2019-09-20 EPI ISL 503356

]

A duck Mongolia 296 2019 A H4N2 HA 2019-09-12 EPI ISL 503345
A duck Mongolia 592 2019 A H4N6 HA 2019-09-13 EPI ISL 503348
— A duck Mongolia MN2018-224 2018 A H4N8 HA 2018-09-15 EPI ISL 4071307
A Mallard Anas platyrhynchos South Korea KNU2021-46 2021 A H4AN6 HA 2021-03-15 EPI ISL 14835603
A Mallard Anas platyrhynchos South Karea KNU2019-65 2019 A H4N6 HA 2019-10-30 EPI ISL 4071219
A Mallard Anas platyrhynchos South Korea KNU2019-42 2019 A HANG6 HA 2019-03-26 EPI ISL 4071220
A duck Yamaguchi 351201 2016 A H4N6 HA 2016-12-16 EPI ISL 242410
A duck Mongolia 543 2015 A H4N6 HA 2015-08-31 EPI ISL 209131
A duck Mongolia 652 2019 A H4N6 HA 2019-09-17 EPI ISL 503352
_O_| A duck Mongolia 729 2019 A H4N6 HA 2019-09-17 EPI ISL 503355
Lo—i A Mallard Anas platyrhynchos South Korea KNU2019-47 2019 A H4N6 HA 2019-09-17 EPI ISL 4071261

A swan Hokkaido 481103 2017 A HANG HA 2017-11-28 EPI ISL 370673

-

[A mallard Beijing 25 2016 A H4N6 HA 2016-04-01 EPI ISL 280495
A mallard Beijing 10 2016 A H4N6 HA 2016-04-01 EPI ISL 280493

A duck Mongolia MS2018-6 2018 A HAN6 HA 2018-09-10 EPI ISL 4071308

A Common Teal Buryatia 88i 2019 A H4AN6 HA 2019-09-03 EPI ISL 403714

A duck Mongolia 401 2018 A H4N6 HA 2018-09-02 EPI ISL 697694

Ateal Buryatia 57 2018 A H4N6 HA 2018-08-26 EPI ISL 338328

Ateal Buryatia 100 2018 A H4N6 HA 2018-09-14 EPI ISL 337400
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(b)

Tree scale: 0.01 ———

A duck Bangladesh 24268 2015 A HLONG6 NA 2015-01-23 EPI ISL 309174
A duck Bangladesh 26948 2015 A H3N6 NA 2015-12-09 EPI ISL 257079
A duck Bangladesh 33676 2017 A H4N6 NA 2017-09-28 EPI ISL 329573 0
A duck Mongolia 101 2015 A HAN6 NA 2015-08-30 EPI ISL 209112
—— A goose Bangladesh 19D764 2017 A H5N6 NA 2017-01-11 EPI ISL 333134
— A norther pintail Korea H895-3 2017 A H7N6 NA 2017-01-24 EPI ISL 309224
— A duck Mongolia MS2018-6 2018 A H4N6 NA 2018-09-10 EPI ISL 4071308
—— A Muscovy duck Quang Ninh 353 2017 A H5N6 NA 2017-11-14 EPI ISL 6780544
A wild waterfowl Korea F94-10 2017 A H4AN6 NA 2017-11-22 EPI ISL 381695
q A mallard Korea F94-16 2017 A HAN6 NA 2017-11-22 EPI ISL 381467
A duck Hunan 11.30 YYGK54E3-OC 2017 AH6N6 NA 2017-11-03 EPI ISL 696726
A Common Teal Amur region 30b 2019 A HANG NA 2019-09-02 EPI ISL 400265
A gadwall Dagestan 156 2017 A H4N6 NA EPI ISL 331287 04.10.2017
A Anas platyrhynchos Belgium 8751 0002 2020 A H4N6 NA 2020-08-27 EPI ISL 7593059
A common teal Novosibirsk region 3531k 2020 A HION6 NA 2020-08-29 EPI ISL 1240994
A common teal Chany 889 2018 A H3N6 NA 2018-09-01 EPI ISL 333611
A duck Sichuan 04.08 CDLQO033-O 2015 H4N6 A HAN6G NA 2015-04-08 EPI ISL 199167
A mallard Toguchin 19 2017 A H4N6 NA 2017-09-03 EPI ISL 332690
A duck Mongolia 374 2018 A HANG6 NA 2018-09-02 EPI ISL 697692
A Common Teal Dagestan 34d 2019 A H4N6 NA 2019-09-29 EPI ISL 403716
A Duck Bangladesh 55253 2022 A H4N6 NA 2022-08-07 EPI ISL 16840750
A duck Bangladesh 50268 2021 A H4N6 NA 2021-10-16 EPI ISL 14883811
A duck Bangladesh 37528 2019 A H4N6 NA 2019-01-17 EPI ISL 503523
A Shoveler Omsk Region 15 2019 A H4N6 NA 2019-08-31 EPI ISL 403726
A duck Bangladesh 19D1592 2021 A HAN6 NA 2021-01-13 EPI ISL 9956875
A duck Bangladesh 41512 2019 A H4N6 NA 2019-12-08 EPI ISL 4071721
A duck Bangladesh 41451 2019 A H3N6 NA 2019-12-08 EPI ISL 4071637
A mallard Novosibirsk region 3513k 2020 A H4N6 NA 2020-08-29 EPI ISL 1240999
A mallard Novosibirsk region 3286k 2020 A HAN6 NA 2020-08-29 EPI ISL 1184521
A mallard Novosibirsk region 3449k 2020 A HANG NA 2020-08-29 EPI ISL 1273442
A mallard Novosibirsk region 1894k 2019 A H4N6 NA 2019-09-08 EPI ISL 400274
A pintail Novosibirsk region 504k 2018 A HAN6 NA 2018-10-01 EPI ISL 337396
A pochard Buryatia 33 2018 A H4ANG6 NA 2018-08-25 EPI ISL 337148
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(a) Tree scale: 0.01 ————— ( C)

A common teal Novosibirsk region 3531k 2020 A H10N6 HA 2020-08-29 EPI ISL 1240994
A common teal Chany Lake 4 2020 A H1ON7 HA 2020-08-29 EPI ISL 1005678

A Northern pintail Egypt EMC-1 2012 A H1ION7 HA 2012-01-20 EPI ISL 169277
A mallard Republic of Georgia 14 2011 A HI0N7 HA 2011-12-13 EPI ISL 189714

Aavian Israel 543 2008 A HION7 HA 2008-05-01 EPI ISL 138758

A mallard Sweden 105536 2009 A HION1 HA 2009-12-03 EPI ISL 189389

A mallard Sweden 105565 2009 A HION1 HA 2009-12-03 EPI ISL 189390

A mallard Sweden 102214 2009 A H10N1 HA 2009-11-18 EPI ISL 189614

A mallard Sweden 105402 2009 A H1ION1 HA 2009-12-01 EPI ISL 189382
A mallard duck Netherlands 2 2011 A H1ION7 HA 2011-03-08 EPI ISL 243574

A mallard duck Netherlands 47 2010 A H10N7 HA 2010-11-26 EPI ISL 243500

A mallard duck Netherlands 50 2010 A H1ON7 HA 2010-12-03 EPI ISL 328996

A mallard Denmark 16109-4 2011-11-14 A H10N6 HA 2011-11-14 EPI ISL 166243
A mallard Sweden 133546 2011 A H10N4 HA 2011-11-23 EPI ISL 189392

A duck Shanghai 602 2009 A H10N8 HA 2009-12-01 EPI ISL 252870

A domestic duck Republic of Georgia 2 2010 A HION7 HA 2010-04-28 EPI ISL 189704
A mallard duck Netherlands 1 2012 A HION7 HA 2012-01-14 EPI ISL 243534
A mallard duck Netherlands 5 2012 A H10N7 HA 2012-05-12 EPI ISL 243456

A Seal Sweden SVA0546 2014 A HION7 HA 2014-04-16 EPI ISL 167225

A mallard duck Netherlands 32 2013 A HI0N7 HA 2013-08-05 EPI ISL 243491
A mallard duck Netherlands 1 2014 A HION7 HA 2014-02-17 EPI ISL 243504
A black-headed gull Netherlands 1 2007 A HA 2007-07-05 EPI ISL 329026

A shoveler Ubinskoe Lake 43 2017 A H12N5 NA 2017-09-02 EPI ISL 331306
Ateal Chany 324 2017 A H12N5 NA 2017-09-03 EPI ISL 331295

A B 1 0001 2020 A H12N5 NA 2020-08-27 EPI ISL 7592096
L A platyrt t Igium 7828 2018A H12N5 NA 2018-08-29 EPI ISL 502613 0
mallard Denmark 12947-12 2020-10-26 H7N5 A H7N5 NA 2020-10-26 EPI ISL 4808840
A oland F w25 mixed H12N5 2018 A H12N5 NA 2018-09-14 EPI ISL 17982402
A common teal Poland PO79w24 mi A H12N5 NA 2018-09-14 EPI ISL 17982398

C70W14M 2018 A H7N5 NA 2018-04-05 EPI ISL 399737

hick B 3-1P4 2021 A H5NS NA 2022-01-21 EPI ISL 12980521
A Garganey Omsk Region 118 2019 A H12N5 NA 2019-09-01 EPI ISL 400284
A Shoveler Chany Lake 68 2019 A H12N5 NA 2019-09-07 EPI ISL 400287
0-12 EPI ISL 400276
ild H12N5 NA 2019-10-28 EPI ISL 18300245
I;AGadwaII B ia 2252 2019 A H12N5 NA 2019-10-13 EPI ISL 400280
ibi i H12N5 NA 2018-10-01 EPI ISL 395082
A Common Teal Chany Lake 40 2019 A H12N5 NA 2019-09-07 EPI ISL 400270
A 0-08-29 EPI ISL 1241001
Agoose Russian Federatlon Omsk 1680-6 2020 A H5SN5 NA 2020-10-02 EPI ISL 626648
0-11-18 EPI ISL 660264
A greater white-fronted herland 7403-004 2020 A H5N5 NA 2020-11-07 EPI ISL 641378
b I 1 KN003624 2020 A H5N5 NA 2020-11-25 EPI ISL 722176
F83-2 2015 A HIN5 NA 2015-09-09 EPI ISL 203129
A Bean Goose HubEI chenhu 134 2014 HENS A HEN5 NA 2014-12-02 EPI ISL 212380
Aduck Kyoto 261007 2014 AHBN5 NA 2014-10-01 EPI ISL 237150

Tree scale: 0.01 +———— HBNS5 NA 2014-11-01 EPI ISL 237141
(b) Ateal Chany 324 2017 A H12N5 HA 2017-09-03 EPI ISL 331295 Aturkcy Gcrmany SH AR827-L03306 2017 A H5N5 NA 2017-01-28 EPI ISL 436705
rmany-SH AR1609-L03307 2017 A HSN5 NA 2017-02-23 EPI ISL 436707
hynchos Belgium 7828 2018 A H12N5 HA 2018-08-29 EPI ISL 502613 0 A AR1802-L03309 2017 A HSNS NA 2017-03-02 EPI ISI. 436709
—A chlcken Croatia 104 2017 A H5N5 NA 2017-03-07 EPI ISL 261332
A common teal Poland PO79w25 mixed H12N5 2018 A H12N5 HA 2018-09-14 EPI ISL 17982402 SH R11505 2016 A H5N5 NA 2016-12-22 EPI ISL 243050
A common teal Poland PO79w24 mixed H12N5 2018 A H12N5 HA 2018-09-14 EPI ISL 17982398 m A ia 102 H5N5 NA 2016-12-27 EPI ISL 240101
A Anas platyrhynchos Belgium 8751 0001 2020 A H12N5 HA 2020-08-27 EPI ISL 7592096 5 Aturkey Germany-SH AR494-103296 2017 A HSN5 NA 2017-01-23 EPI ISL 436696
A mallard NOVDSIblI’Sk reglon 962k 2018 A H12N5 HA 2018-09-29 EPI ISL 337402 0 A gadwall ltaly 17VIR133-2 2017 A HSN5 NA 2017-01-10 EPI ISL 255189
A shoveler A H12N5 HA 2018-10-01 EPI ISL 337571 g war 2 2017 A H5N5 NA 2017-01-20 EPI ISL 243698
A mallard Novosibirsk region 3541k 2020 A H12N5 HA 2020-08-29 EPI ISL 1241001 R 4|_ A Mute swan Hungary 5879 2017 A H5N5 NA 2017-02-14 EPI ISL 256462
A Common Teal Chany Lake 40 2019 A H12N5 HA 2019-09-07 EPI ISL 400270 o 17 2017 H5N5 A H5N5 N, 1 ISL 250920
A Garganey Omsk Region 118 2019 A H12N5 HA 2019-09-01 EPI ISL 400284 g_ A turkey Germany SH AR495-102996 2017 A H5SN5 NA 2017-01-23 EPI ISL 436150
rA Shoveler Chany Lake 68 2019 A H12N5 HA 2019-09-07 EPI ISL 400287 1] _L 5N5 NA 2016-12-27 EPI ISL 262056
W6808 2019 A H12N5 HA 2019-10-28 EPI ISL 18300245 AM Swan NL-Groningen 16015826 001 2016 A H5N5 NA 2016-12-13 EPI ISL 287565
A common teal Shanghai JD3110203 2019 A H12N8 HA 2019-11-02 EPI ISL 501427
Duck HA 2022-08-07 EPI ISL 16840751
A Gadwall Buryatia 2206 2019 A H12N5 HA 2019-10-12 EPI ISL 400276
A Bewick swan Netherlands 1 2014 A H12N1 HA 2014-12-01 EPI ISL 267238
Alesser ingo Kenya 54 2008 A H12N2 HA 2008-06-28 EPI ISL 218647
A mallard Sweden 86 2003 A H12N5 HA 2003-10-12 EPI ISL 73392
A mallard Sweden 2213 2003 A H12N5 HA 2003-10-12 EPI ISL 189395
A mallard Sweden 343 2002 A H12N5 HA 2002-10-31 EPI ISL 189394
Ateal Norway 10 1836 2006 A H12N2 HA 2006-01-01 EPI ISL 22598
A mallard duck 2008 A H12N5 HA 2008-12-22 EPI ISL 329024 r:n
A mallard Sweden 69794 2007 A H12N5 HA 2007-11-12 EPI ISL 189401 3
A mallard Sweden 68529 2007 A H12N5 HA 2007-10-16 EPI ISL 189400 g
Aduck Vietnam G18 2009 A H12N5 HA 2009-01-01 EPI ISL 89573 =1
A lesser whistling-duck Thailand CU-W3941 2010 A H12N1 HA 2010-01-01 EPI ISL 110105 N
A lesser whistling-duck Thailand CU-W3947 2010 A H12N1 HA 2010-01-01 EPI ISL 110109 ;’—,
A watercock Thailand CU-W3699 2009 A H12N1 HA 2009-12-01 EPI ISL 110104 %

A wild g D ing C1037 2011 A H12N8 HA 2011-11-10 EPI ISL 140706
i 2012 A H12N1 HA 2012-10-04 EPI ISL 293518

A mallard Shanghai NH011204 2018 A H12N5 HA 2018-01-12 EPI ISL 499094

A duck Mongolia 850 2018 A H12N5 HA 2018-09-03 EPI ISL 368643

A duck Hokkaido 56 2017 A H12N2 HA 2017-10-31 EPI ISL 370663

A duck Fukui 181006 2015 A H12N5 HA 2015-10-30 EPI ISL 239416
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media/file12.png
(a)

Tree scale: 0.01 ———

A mallard duck Georgia 10 2016 A H7N7 HA 2016-09-30 EPI ISL 328976
Ateal Egypt MB-D-1250P 2015 A H7N3 HA 2015-01-27 EPI ISL 387969
Ateal Egypt MB-D-4870P 2016 A H7N3 HA 2016-01-28 EPI ISL 387968
Ateal Egypt MB-D-698C 2016 A H7N3 HA 2016-03-17 EPI ISL 387970
A northern shoveler Egypt MB-D-6900P 2016 A H7N3 HA 2016-03-17 EPI ISL 387966
Ateal Egypt MB-D-6980P 2016 A H7N3 HA 2016-03-17 EPI ISL 387964
A mallard Dagestan 1051 2018 A H7N3 HA EPI ISL 331290 23.01.2018
A mallard Dagestan 1050 2018 A H7N3 HA EPI ISL 331289 23.01.2018
Awild bird Shandong W1551 2020 A H7N7 HA 2020-03-15 EPI ISL 12627550
A duck Mongolia 1 2019 A H7N7 HA 2019-09-12 EPI ISL 503344
A Duck Sangiin Dalai lake 241 2019 A H7N7 HA 2019-05-08 EPI ISL 6795225

A Duck Sangiin Dalai lake 230 2019 AH7N7 HA 2019-05-08 EPI ISL 6795223
A mallard Tottori 31C 2019 A H7N7 HA 2019-01-13 EPI ISL 503006

A Mallard Anas platyrhynchos South Korea KNU2019-30 2019 A H7N7 HA 2019-03-11 EPI ISL 4071304
A Mallard Anas platyrhynchos South Korea KNU2019-14 2019 A H7N7 HA 2019-02-27 EPI ISL 4071215
A White-fronted goose Anser albifrons South Korea KNU2019-39 2019 A H7N7 HA 2019-03-19 EPI ISL 4071214

A White-fronted Goose South Korea KNU18-119 2018 A H7N7 HA 2018-12-31 EPI ISL 393520
A swan Shandong 799 2019 A H7N7 HA 2019-01-13 EPI ISL 12627547

A swan Shandong 769 2019 A H7N7 HA 2019-01-13 EPI ISL 12627546

A swan Shandong 824 2019 A H7N7 HA 2019-01-13 EPI ISL 12627548

A wild bird Shandong 3588 2018 H7N7 A H7N7 HA 2018-11-28 EPI ISL 12607934
A wild bird Shandong 3588 2018 A H7N7 HA 2018-11-28 EPI ISL 12627436

(b)

Treescale:0.01 ————

A Common Teal Chany Lake 29 2019 A H14N3 NA 2019-09-07 EPI ISL 400267
A mallard Chany Lake 18 2018 A HIN3 NA 2018-09-06 EPI ISL 339038
A duck Bangladesh 37529 2019 A H7N3 NA 2019-01-17 EPI ISL 503524
A duck Bangladesh 37631 2019 A H10N3 NA 2019-01-17 EPI ISL 503513
Aduck Bangladesh 37605 2019 A H10N3 NA 2019-01-17 EPI ISL 503507
A duck Bangladesh 38297 2019 A H1IN3 NA 2019-02-09 EPI ISL 503511
A duck Bangladesh 38827 2019 A H11N3 NA 2019-02-09 EPI ISL 503525
A duck Bangladesh 38803 2019 A H11N3 NA 2019-02-09 EPI ISL 503482

A mallard 2018 A H7N3 NA EPI ISL

] ] 1290 23.01.2018
A mallard Dagestan 1050 2018 A H7N3 NA EPI ISL 331289 23.01.2018
A Duck Mongolia 751 2017 A H7N3 NA 2017-09-01 EPI ISL 327464
A Duck Mongolia 786 2017 A H7N3 NA 2017-09-01 EPI ISL 327474
A Duck Mongolia 782 2017 A H7N3 NA 2017-09-01 EPI ISL 327473
A Duck Mongalia 652 2017 A H7N3 NA 2017-09-01 EPI ISL 328157
Ateal Egypt MB-D-4870P 2016 A H7N3 NA 2016-01-28 EPI ISL 387968
A northern shoveler Egypt MB-D-690C 2016 A H7N3 NA 2016-03-17 EPI ISL 387972
— A northern shoveler Egypt MB-D-6900P 2016 A H7N3 NA 2016-03-17 EPI ISL 387966
Ateal Egypt MB-D-6980P 2016 A H7N3 NA 2016-03-17 EPI ISL 387964
A northern shoveler Egypt MB-D-695C 2016 A H7N3 NA 2016-03-17 EPI ISL 387973
Ateal Egypt MB-D-698C 2016 A H7N3 NA 2016-03-17 EPI ISL 387970
A northern shoveler Egypt MB-D-6860P 2016 A H7N3 NA 2016-03-17 EPI ISL 387965
A mallard Chany 126K 2014 A HSN3 NA 2014-09-11 EPI ISL 240680
A mallard Chany 260U 2014 A H5SN3 NA 2014-09-10 EPI ISL 240673
A tufted duck Republic of Georgia 1 2012 A H2N3 NA 2012-12-22 EPI ISL 189729
Ablack-headed gull Netherlands 4 2016 A NA 2016-07-15 EPI ISL 328982 0
Atufted duck Georgia 1 2012 A H2N3 NA 2012-12-22 EPI ISL 267293

O

A gadwall Ningxia SZS151 2017 HION3 A H1ION3 NA 2017-07-07 EPI ISL 13984072
A mallard Ningxia SZS104 2017 H1I0N3 A H10N3 NA 2017-07-07 EPI ISL 13984071
A duck Bangladesh 38285 2019 A HIIN3 NA 2019-02-18 EPI ISL 503499
A duck Bangladesh 18D775 2017 A H2N3 NA 2017-01-23 EPI ISL 333089
A duck Bangladesh 19D684 2016 A H2N3 NA 2016-09-07 EPI ISL 333101

A duck Viet Nam HN-2633 2016 A NA 2016-02-10 EPI ISL 387335
A duck Mongalia 518 2015 A H10N3 NA 2015-08-31 EPI ISL 206694
A duck Mongolia 655 2015 A H2N3 NA 2015-08-31 EPI ISL 209132
A duck Mongolia 482 2015 A H2N3 NA 2015-08-31 EPI ISL 209128
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