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Abstract: In 2023, South Africa continued to experience sporadic cases of clade 2.3.4.4b H5N1
high-pathogenicity avian influenza (HPAI) in coastal seabirds and poultry. Active environmental
surveillance determined that H5Nx, H7Nx, HONx, H11Nx, H6N2, and H12N2, amongst other
unidentified subtypes, circulated in wild birds and ostriches in 2023, but that H5Nx was predominant.
Genome sequencing and phylogenetic analysis of confirmed H5N1 HPAI cases determined that
only two of the fifteen sub-genotypes that circulated in South Africa in 2021-2022 still persisted
in 2023. Sub-genotype SA13 remained restricted to coastal seabirds, with accelerated mutations
observed in the neuraminidase protein. SA15 caused the chicken outbreaks, but outbreaks in the
Paardeberg and George areas, in the Western Cape province, and the Camperdown region of the
KwaZulu-Natal province were unrelated to each other, implicating wild birds as the source. All
SA15 viruses contained a truncation in the PB1-F2 gene, but in the Western Cape SA15 chicken
viruses, PA-X was putatively expressed as a novel isoform with eight additional amino acids. South
African clade 2.3.4.4b H5NT1 viruses had comparatively fewer markers of virulence and pathogenicity
compared to European strains, a possible reason why no spillover to mammals has occurred here yet.

Keywords: high-pathogenicity avian influenza; clade 2.3.4.4b; H5N1; seabirds; poultry; phylogenetic
analysis; PA-X isoform; PB1-F2 truncation; wild bird disease surveillance

1. Introduction

The goose/Guangdong (Gs/GD) lineage of H5N1 subtype high-pathogenicity avian
influenza (HPAI) viruses emerged in China in 1996, and by 2005, it had entered wild
migratory bird populations and began to spread intercontinentally via the flyways. Over
the next decade, the Gs/GD H5 lineage diversified into numerous clades, which are defined
by the phylogeny of the haemagglutinin (HA) gene, and underwent genomic reassortments
with other low-pathogenicity avian influenza viruses [1,2]. Gs/GD H5Nx HPAIVs gained
the extraordinary capability to be maintained sub-clinically in wild water bird populations.
These birds contaminate their environments with enormous quantities of viruses shed in
oral fluids and feces that, upon contact, can cause lethal infections in poultry and a wide
range of other bird species [1,3].

Clade 2.3.4.4 H5Nx HPAI viruses have become the dominant clade in wild birds
since 2014, especially the clade 2.3.4.4 group b viruses that caused the two most recent
intercontinental epizootics, in 2016-2017 and 20202024 [1,4]. In duck species, clade 2.3.4.4b
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viruses are shed in significantly increased levels overall and from the cloaca, resulting in
more efficient transmission in wild bird populations [5]. Epizootics of clade 2.3.4.4b are
also intensifying in magnitude and distribution. The 20162017 wave, dominated by an
H5NS8 subtype, reached the southern tip of the African continent for the first time [6], with
49 countries in Asia, Europe, and Africa reporting outbreaks. The current wave, dominated
by H5N1, reached not only southern Africa but also new territories on the South American
continent and as far south as Antarctica [4,7-9]. To date, 81 countries on all continents
except Oceania have reported outbreaks. More alarmingly, in 2023, clade 2.3.4.4b viruses
began to increasingly infect mammals in Europe and the Americas, raising fears that a
pandemic human strain may soon emerge [10]. Aside from the catastrophic effects of clade
2.3.4.4b H5Nx HPAI on global poultry production, unprecedented outbreaks in wild birds
and marine mammals have had dire ecological and conservation impacts [10-13].

The source of South Africa’s clade 2.3.4.4b H5N1 viruses was ultimately Europe, via
West Africa. Palearctic-breeding ducks most likely carried the virus southward to over-
wintering grounds in the Senegalese region in December 2020. Intra-African movements
of wild waterfowl are believed to have then moved the virus further south in their sea-
sonal, rainfall-driven movements [7]. South Africa, Botswana, Lesotho, and Namibia were
affected by outbreaks in wild and domestic birds in 2021 [7,14-16]. A molecular epidemio-
logical study of the virus genomes from the South African epizootic in 2021 revealed that
seven distinct HSN1 HPAI sub-genotypes, namely SA1-SA5, SA7, and SAS8, were associated
with outbreaks in wild and domestic birds in the first six weeks of the outbreaks. Virus
diversity decreased after the winter season, outbreaks in commercial poultry ceased, and
only two sub-genotypes, SA13 and SA15, were still present in the country by summer of
2021/2022 [7]. SA13 was exclusively associated with coastal seabird outbreaks along the
southern Cape coastline but also spread up the west coast to Namibia to a Cape Cormorant
(Phalacrocorax capensis) colony on Bird Island, Walvis Bay, in December 2021 [7,15]. SA15 is
a unique southern African sub-genotype, initially implicated in outbreaks that started in
early June 2021 in Botswana [7,14]. It reached South Africa much later in 2022, where it
caused a single outbreak with a high mortality rate in commercial ostriches near the town
of Fauresmith in the Free State province in November.

There was a lull in reported H5N1 HPAIV cases in South Africa over the summer
of 2022/2023 until May 2023, when H5N1-confirmed cases in coastal seabirds in the
Western Cape province started to increase again. The species most affected were the Swift
tern (Thalasseus bergii) and African penguin (Spheniscus demersus), but the virus was also
detected in Common terns (Sterna hirundo), Kelp gulls (Larus dominicanus), Hartlaub’s gulls
(Chroicocephalus hartlaubii), and an African oystercatcher (Haematopus moquini) from along
the western and south-western coastline between Lambert’s Bay and Nature’s Valley, near
George. The virus was also detected in Swift terns in KwaZulu Natal (KZN) province for
the first time in July (wahis.woah.org (accessed on 8 May 2024)). Starting in mid-April
2023, five commercial layer chicken farms in the Paardeberg area, northwest of Paarl in
the Western Cape province, became infected with H5SN1 HPAI viruses. Only two farms
within the small 6 km diameter area of the outbreaks were unaffected. H5N1 HPAI virus
infection was next detected on two layer farms near George, Western Cape province, in late
May/early June, and from the beginning of July to September 2023, four outbreaks were
confirmed in layer breeders in the Camperdown region of KZN, approximately 1300 km
from the earlier cluster of cases. A total of 1.75 million chickens were culled in 2023 in
the Western Cape and KZN provinces to control the spread of HPAIL From September
to November, another six smaller outbreaks, from four more northern provinces, were
reported to the World Organization for Animal Health, but the virus was not available for
sequencing. At the time, there was speculation that the virus responsible for the coastal
seabird mortalities since March had spilled over to the commercial chickens in the Western
Cape province, spread from Paardeberg to the George region, and then to KZN with live
bird movements. Farmers expressed concerns that coastal seabirds were an HPAI virus
reservoir that posed a risk to commercial chicken farms in coastal areas. In the present
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study, we sequenced and analyzed the genomes of all the available H5N1 HPAI virus
outbreak strains from the Western Cape and KwaZulu-Natal provinces in 2023 in order to
elucidate the origins and spread of the outbreaks. Concurrently, we conducted a national
active surveillance program for avian influenza in wild ducks.

2. Materials and Methods
2.1. Collection and Testing of Wild Duck Fecal Samples

Wild duck environmental fecal samples were collected and tested during a national
active surveillance program in 2023. The procedures for the collection, pooling of 5 fecal
swabs, transportation, and testing were as previously described [7]. Sampling in the
Gauteng province at the Bon Accord Dam and Johannesburg Zoo Lake sites in February
and March 2023 was undertaken by the University of Pretoria (UP) and other samples
were collected by poultry veterinarians across the country, targeting dams and wetlands
in the vicinity of poultry farms. If any sick or dead wild birds were found, veterinarians
collected tracheal and cloacal swabs or tissues. No sampling was conducted in January or
December 2023 due to the summer holiday period. Total nucleic acids were extracted
from fecal swab fluids using IndiMag Pathogen kits in an IndiMag™ 48 instrument
(Indical BioSciences, Leipzig, Germany) and screened for the presence of viral matrix
(M) and nucleocapsid protein (NP)-specific RNA using real-time reverse transcription PCR
(rRT-PCR) with VetMAX™._Gold AIV Detection Kits (ThermoFisher Scientific, Waltham,
MA, USA), according to the kit instructions in a StepOnePlus instrument (ThermoFisher
Scientific). Samples with cycle threshold (Ct) values < 40 were considered as positive. For
subtyping of positive cases, VetMAX Plus RT-PCR kits (ThermoFisher Scientific) were used
with subtype-specific primers and probes for H5 [17], H7 [18], H9, H11 hemagglutinin (HA),
and N6 (neuraminidase) subtypes [19]. For H6, the forward, reverse, and probe sequences
in 5’ to 3’ orientation were as follows: H6 CkSA FOR: GAT GCA AAT GTG AAG AAC
CTA TA; H6 CkSA REV: TTT GAC AGA CTC CAT GCA ATC; H6 CkSA PRO: FAM-GCT
TTG ART TCT GGC ATA AAT GTG-MGB. These H6 oligonucleotides specifically detect
the endemic South African H6N2 lineage viruses and may have reduced sensitivity for
other Eurasian type H6 viruses [20]. The rRT-PCR thermal cycling conditions were used
for all subtyping assays were as follows: 48 °C for 15 min; 95 °C for 10 min; 40 cycles of
95 °C for 15 s and 50 °C for 45 s.

2.2. Poultry Samples

H5N1 HPAI outbreaks in commercial chickens and any avian influenza virus (AIV) in
commercial ostriches were diagnosed by accredited veterinary laboratories using validated
rRT-PCR-based methods [21]. RNA extracts from the swabs or tissues of confirmed H5
clinical cases in chickens or AlV-positive cases in ostriches were forwarded to UP for
genome sequencing. Our aim was to include at least one representative virus from each of
the H5N1 outbreaks, where possible. AssureCloud (Pty) Ltd. Laboratories, Cape Town,
South Africa, in Oudtshoorn and Centurion and SMT Veterinary Laboratory (Pty) Ltd. in
Midrand, South Africa contributed RNA to this study on the authorization of their poultry
industry clients.

2.3. Coastal Seabird Samples

Data on suspected HPAI cases in seabirds, which were not laboratory-confirmed, were
obtained from the Department of Forestry, Fisheries and Environment online reporting tool,
designed and managed through the National Oceans and Coasts Information Management
System. Suspected and confirmed HPAI cases in seabirds were reported, mostly by staff
of the SANCCOB seabird rehabilitation center in Table View, Cape Town, and City of
Cape Town municipal staff, from January to September 2023 (n = 151). Between one and
three cases were reported monthly from January to April and from August to September,
but there was an increase in reported cases from May to July, with a peak of 107 cases
in June. Most of the June cases (n = 87) were Swift terns, and most were from Simon’s
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Town, but reports were widely distributed in May and June. Most affected Swift terns,
where age was reported, were juveniles (51/66). African penguin cases peaked in June
and July, with 9/15 cases in Simon’s Town, though three other colonies were represented.
Samples were taken at SANCCOB and at the African Penguin and Seabird Sanctuary (APSS)
in Gansbaai. Seabirds were sampled either because they showed clinical signs of HPAI
(usually neurological signs such as head twitches or seizures) and/or did not demonstrate
a visible cause of death on postmortem examination. SANCCOB submitted brain samples
in viral transport medium (as described in [7]) for testing, and the samples submitted for
two penguins from Dyer Island, by APSS, comprised both a tracheal and cloacal swab
pool and an organ pool. AssureCloud Laboratory’s Oudtshoorn branch performed the
official AIV diagnosis on the coastal seabird samples. Samples were screened using the
rT-PCR RealTime ready RNA Virus Master kit (Roche Life Science, Basel, Switzerland),
targeting the IAV matrix gene with primers and probes [22], supplied by TIB Molbiol
Synthesis Laboratory (Berlin, Germany). Ct values < 35 were considered positive. AIV-
positive samples were tested with H5-specific primers and probes [18]. Ct values < 35 were
considered positive. RNA was forwarded to UP for genome sequencing.

2.4. Genome Sequencing and Bioinformatic Analysis

Genome amplification RT-PCR was performed on all samples with Ct values < 30,
as previously described [17,23]. The RT-PCR amplification products underwent Ion Tor-
rent next generation sequencing (NGS) at the Central Analytical Facility of Stellenbosch
University. Raw data were analyzed at UP, where the methods used for genome assembly,
sequence analysis, distance matrices, concatenation, maximum likelihood phylogenetic
trees, and reconstruction of Maximum Clade Credibility (MCC) trees were all performed
as previously described [7]. The exception was for the concatenated genomes, where the
output trees of the chain length of 70 million required to achieve an Estimated Sample
Size of >200 were down-sampled in the BEAST 2 package’s LogCombiner v2.6.7. program
prior to tree annotation. Statistical analysis of Ct values was performed in GraphPad Prism
version 10.2.1 software. The genomic sequences produced in this study were deposited in
the GISAID EpiFlu database (https://gisaid.org/ (accessed on 8 May 2024)).

3. Results
3.1. Molecular Epidemiology of HSN1 HPAIVs in South Africa in 2023 in Poultry and Wild Birds

The genomes of H5N1 influenza A viruses, from 21 samples from nine commercial
chickens outbreaks and 37 samples from wild birds in South Africa in 2023, were phyloge-
netically analyzed. The wild bird samples represented 95% (37/39) of AIV PCR-positive
samples from sick or dead birds in the Western Cape province, and 36/38 seabird viruses
that were sampled during the peak in suspected cases, from May to July. The concate-
nated genomes were analyzed in a time-scaled maximum clade credibility (MCC) tree
(Figures 1 and S1) and the individual genome segments were analyzed in Maximum Likeli-
hood phylogenetic trees (Figure S2). All wild bird viruses originated from coastal seabirds
except for a single virus from an Egyptian goose (Alopochen aegyptiaca), with neurological
clinical signs, that was sampled in the Western Cape province (A /Egyptian goose/South
Africa/249/2023). These phylogenetic data show that the 2023 outbreak viruses were
clearly split between two groups, sub-genotypes SA13 and SA15, that were previously
identified in the 2021-2022 outbreaks [7]. The SA13 sub-clade still comprised coastal
seabird viruses exclusively, whereas all the poultry viruses and three gull viruses fell within
sub-genotype SA15. No reassortment events with other LPAIVs were detected in any of the
viruses we analyzed (Figure S2). The two sub-clades will be described separately below.
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Figure 1. Time-scaled maximum clade credibility tree of the complete genomes of southern African
clade 2.3.4.4B H5N1 HPAI viruses. Sub-genotypes of the clades are in italics.
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3.1.1. Sub-Genotype SA13

The cluster of coastal seabird cases in 2023 were not descended from the latest
viruses sequenced in 2022, i.e., those from outbreaks in African penguins in October
and November. Instead, the most recent common ancestor was A/Common tern/South
Africa/22060305/2022, sampled much earlier in the Cape Town area, in June 2022. The
long branch connecting the 2023 cluster with the aforementioned ancestral virus indi-
cates a prolonged period of undetected circulation of this specific strain. The relatively
low genetic variation within the 2023 cluster points to a clonal expansion of an ancestral
virus, which, according to the tMRCA analysis, emerged in early March 2023 (95% highest
posterior density (HPD) February to March 2023) (Figure S1). The earliest viruses in the
2023 outbreaks, namely A /Kelp gull/South Africa/K137/2023 and A/Common tern/South
Africa/CMT004 /2023, were sampled at the end of March and formed an outgroup to the rest
of the viruses from 2023. Three genetic sub-clades, designated as A, B1, B2, and C (Figure 2),
could be identified in the 2023 coastal seabird viruses, with all groups circulating concurrently.
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Figure 2. Enlarged view of the concatenated genome time-scaled MCC tree showing sub-genotype
SA13 viruses. Sub-clades designated as groups A, B (Bl and B2), and C are indicated.

Group A comprised African penguin viruses (n = 5), a Swift tern virus, an African
oystercatcher virus, and a Common tern virus. Group A viruses were widely distributed
(Figure 3), and 6/8 were detected during the peak mortality in June. Group B1 consisted of
African penguin viruses (n = 3), Common tern viruses (n = 2), and a Swift tern virus, and
group B2 consisted of two African penguin viruses and a Common tern virus. Group B
viruses were also widely distributed, and 6/9 were detected in June. Group C comprised
Swift tern viruses (n = 9), African penguin viruses (n = 3), a Kelp gull virus, and a Common
tern virus and were only detected closer to Cape Town, with 6/14 sampled from Simon’s
Town (Figure 3). Seven of fourteen were detected in May and six in June.
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Figure 3. Map showing the locations of clade 2.3.4.4b H5N1 outbreaks in South Africa in 2023.

3.1.2. Sub-Genotype SA15

The SA15 viruses from 2023 formed three distinct sub-clades, designated here as
groups D, E, and F (Figure 4). Group D contains the first 2023 case of the SA15 sub-
genotype, A/Egyptian goose/South Africa/249/2023. The viral sequence was obtained
from the tissues of an Egyptian goose at the Vrolijkheid Nature Reserve near McGregor,
Western Cape province, on 18 April, just two days before the first case in the layer hens was
reported in the Paardeberg region, approximately 100 km away. It was one of approximately
75 Egyptian geese observed at the site, but no other suspected cases were reported. The
viruses from the poultry outbreaks were closely related to the Egyptian goose virus, with
an RCA that is dated very shortly before, in March 2023 (95% HPD February-April)
(Figures 4 and S1).
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Figure 4. Enlarged view of the concatenated genome time-scaled MCC tree showing sub-genotype
SA15 viruses. Sub-clades designated as groups D, E, and F are indicated. WC—Western Cape
province; KZN—KwaZulu-Natal province.
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Group E consists of the gull viruses (two Kelp gulls and a Hartlaub’s gull) from north
of Cape Town, about 35 km east of the Paardeberg, and chicken viruses that were detected
in George, Western Cape province, approximately 350 km east. The two chicken viruses in
group E, A/chicken/South Africa/717619/2023 and A /chicken/South Africa/719311/2023,
caused outbreaks a month apart in May and June and shared an RCA. Since only a partial
genome was recovered for one of the two outbreaks in George, a Maximum Likelihood
phylogenetic tree derived from six concatenated genome segments is also included in the
supplemental data (Figure S3).

Relatively longer branches within group E point to higher genetic variability, and the
inclusion of three gull viruses points to wild birds being likely the source of the chicken
outbreaks. The phylogenetic data furthermore shows that these outbreaks in George were
not directly related to those in wild birds and poultry in the McGregor/Paardeberg re-
gions. Groups D and E, however, share an RCA dated at early March 2023 (95% HPD
March-April), suggesting that wild hosts carrying these the viruses arrived in the Paarde-
berg, McGregor, and George regions of the Western Cape province almost simultaneously
in March 2023.

The phylogenetic data unequivocally determined that the outbreaks in KZN com-
mercial chickens from July to August 2023 (group F) were genetically unrelated to the
Western Cape cases (groups D and E). Closely related strains EP232013 and EP232014
were from 27-week- and 53-week-old layers, respectively, at different sites of the same
producer; therefore, secondary spread within the company is a strong possibility in
this case. The larger genetic distances between the aforementioned outbreaks that oc-
curred in late August 2023 and two others that occurred in early and late July, namely
A/chicken/South Africa/720743/2023 and 722490/2023, from a different producer, were
unrelated, however. The RCA for the Western Cape outbreaks (groups D and E) and the
KZN outbreaks (group F) is dated at mid-September 2022 (95% HPD February to June
2022-January 2023) (Figure S1). This was two months before the index case of SA15 in
South Africa in November 2022, on the Free State province commercial ostrich farm [7]. In
turn, the RCA for all South African SA15-related outbreaks in 2022-2023 is late July 2022
(95% HPD April-October 2022).

3.2. Environmental Wild Bird Surveillance

A total of 477 wild duck environmental fecal swab pools, representing £2385 indi-
vidual swabs, were received for testing from six of the nine South African provinces. No
samples were received from the Free State, Limpopo, or Northern Cape provinces (Figure 5;
Table 1). The majority of samples originated from the Gauteng, Western Cape, and KZN
provinces, which have the highest poultry densities. Overall, 287 pools tested AIV positive
(60.1%), and Gauteng had the highest prevalence (80.9%), followed by KZN (55.7%) and
the Western Cape (44.8%). A breakdown of cases per month per province is provided in
the supplemental data (Table S1). It must be noted that the sampling period in Gauteng
was purposefully targeted to the late summer/autumn months (February—March), when
AV prevalence peaks in ducks in this summer rainfall region [17].

Of the total AIV positive samples, 42.2% were identified as the H5 subtype, and among
the three provinces with the highest number of samples tested, Gauteng had the highest
HS5 subtype proportion (57.1%), followed by the Western Cape (32.9%) and KZN (20.5%).

The highest incidence of H5 in Gauteng was detected in February (47.4%) and March
(69.8%), but H5 was also detected in Gauteng in April, May, and August (Table S1), and
no samples were tested after August. In the Western Cape, H5 was detected in April
(62.5%), June (36.4%), and July (57.1%), corresponding with elevated precipitation in this
winter rainfall region, but not in the period before or after this. Unfortunately, no samples
from March were tested, when the SA15 virus is thought to have been introduced to the
region. In KZN, also a summer rainfall region, H5 was detected in April, June, August,
and September, in incidences ranging from 20 to 66.6% of AIV positive cases. Only two
(0.7%) H7-positive pools were identified from wild bird samples in South Africa in 2023,
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one from the Camperdown region of the KZN province in April and the other from the
Oudtshoorn region of Western Cape province in October. Neither of these tested positive
for the N6 subtype (an H7N6 HPAI outbreak occurred in South African poultry in 2023;
wahis.woah.org (accessed on 8 May 2024)). No chicken-lineage H6 subtype was detected
in the South African wild duck samples in 2023, but one H11 subtype virus was identified
at Muldersdrift in the Gauteng province (sampling date 25 April 2023), and one H9 virus
was identified in Oudtshoorn, Western Cape province (sampling date 3 October 2023). The
real-time PCR data also enabled a comparison of the relative sensitivity of the AIV and
Hb5 subtype detection assays. The mean Ct value for the AIV group detection assay was
34.3 & 2.29 for samples later classified as H5-positive, whereas the value for the H5 assay
was more than a log magnitude higher at 35.7 & 2.47 (Figure 5). Since only two samples
were H7-positive, they were excluded.
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Figure 5. Results of environmental wild bird surveillance in 2023. Pie chart sizes are proportional to
the numbers of samples tested. Inset: comparison of the cycle threshold (Ct) values for the real-time
rRT-PCR AlV screening assay vs. the H5 subtyping assay.
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Table 1. Avian influenza viruses (AIV) detected by real-time RT-PCR in wild duck environmental
fecal swab pools in South Africa in 2023.

Province Number of Pools Tested ~ AIV Positive ! H5 Subtype Positive?  H7 Subtype Positive 2 Othaesr{lg?;g::giﬁed
Eastern Cape 3 2 (66.7%) 0 0 2 (100%)
Free State 0 0 0 0 0
Gauteng 173 140 (80.9%) 80 (57.1%) 0 60 (42.9%) 3
KwaZulu-Natal 70 39 (55.7%) 8 (20.5%) 1(2.6%) 30 (76.9%)
Limpopo 0 0 0 0 0
Mpumalanga 10 7 (70%) 5 (71.4%) 0 2 (28.6%)
Northern Cape 0 0 0 0 0
North West 38 17 (44.7%) 1(5.9%) 0 16 (94.1%)
Western Cape 183 82 (44.8%) 27 (32.9%) 1(1.2%) 54 (65.9%) 4
Total 477 287 (60.1%) 121 (42.2%) 2(0.7%) 164 (57.1%)

! (percentage of pools tested) 2 (percentage of AIV positive pools) > One pool tested positive for the presence of
H11-specific viral RNA. The sample was collected in Muldersdrift on 25 April 2023. * One pool tested positive for
the presence of H9-specific viral RNA. The sample was collected in Oudtshoorn on 3 October 2023.

3.3. Identification of AIVs in Ostriches

Two AlV-positive tracheal swab pools, collected from commercial ostriches in the West-
ern Cape province, had sufficiently low Ct values (<30) for AIV genome amplification and
sequencing. The closest relatives to all eight genome segments were identified by BLAST
analysis (Table S2). A/ostrich/South Africa/AI9145-P42 /2023, sampled in July 2023 on a
farm near Oudtshoorn, was identified as a Eurasian-lineage H6N2 strain. A /ostrich/South
Africa/761940/2023, sampled in May on a farm in the Ladismith area, was identified as
an H12N2 strain. In both viruses, some of the genes shared RCAs with viruses previously
identified in wild birds or ostriches in the southern African region. Ostriches have frequent
contact with wild birds in their camps and are highly susceptible to infection with AIVs.
They act as sentinels for viruses that are present in the wild bird population. H6N2 and
H12N2 viruses were evidently circulating in wild birds of the Western Cape province
in 2023.

3.4. Molecular Markers of Host Tropism, Increased Virulence and Resistance to Antivirals

The translated protein sequences of all South African H5N1 HPAI viruses from 2021
to 2023 outbreaks were examined for known molecular markers (amino acid mutations) of
pathogenicity and mammalian adaptation. The HA proteins contained only two mutations
which are associated with increased binding of the virus to mammalian-type «2-6 sialic
acids [24], namely T156A and V182N (H5 numbering), but these mutations are also common
in the clade 2.3.4.4 viruses circulating in other continents [4,25]. The H5N1 viruses that
circulated in Europe in 2021-2023 contained comparatively more mutations in HA that
confer the ability to bind «2-6 sialic acids, such as S123P paired with R497K, S133A, S154N,
5155N, K218Q paired with S223R and E251K, S107R paired with T108I, and K394E, that
confer other virulence traits [24,25]. Polymorphisms in the NA protein that confer antiviral
resistance [24] were not detected in any South African virus sequences.

The PB2 proteins contained multiple mutations that are associated with enhanced
polymerase activity and consequently increased virulence in mammals. These include
a pairing of L89V, G309D, T339K, R447G, 1495V, K627E, A676T, K251R, G309D, T339K,
Q368R, K389R, H447Q), R477G, 1495V, V598T, K627E, and K676T singly. K627E is specifically
associated with increased virulence in chickens [24-26]. However, the aforementioned
mutations are also described in clade 2.3.4.4 viruses from other regions and are not unique
to the South African strains [24,26]. A number of virulence-associated mutations that are
present in European viruses were absent from the South African strains, namely E249G,
1292V, D701N, and T6311I [24-26].
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Of the fifteen mutations or mutational combinations in the PB1 protein associated
thus far with increased polymerase activity and/or viral replication in mammals [24],
only A/ostrich/South Africa/21070586/2021 (H5N1) contained a K577E mutation, and all
contained D3V and D622 mutations, but the latter two mutations were also present in other
European clade 2.3.4.4 viruses [25].

The N66S mutation in the PB1-F2 sequence, which is associated with enhanced repli-
cation, virulence, and antiviral responses, and the T51M mutation, which is associated with
decreased polymerase activity, replication, and virulence in ducks [24], were present in Eu-
ropean clade 2.3.4.4 H5N1 viruses [25] but were absent from all South African strains. Most
interestingly, the SA15 viruses, with one exception (A /chicken/South Africa/722490/2023;
group F), had a truncated PB1-F2 protein, which is associated with increased polymerase
activity and virulence in mice [27]. All other South African H5N1 viruses expressed a
full-length PB1-F2 protein.

Of twenty-one mutations or mutational combinations in the PA protein known to
confer increased virulence in mice or mammalian cells [24], eight of which are present
in European clade 2.3.4.4 H5N1 viruses [25], only four were present in all South African
strains, namely S37A, P190S, N383D, and N409S. Some of the viruses in sub-genotypes
SA10, 11, and 12, which circulated in chickens in 2021-2022 [7], additionally contained the
K142E mutation, which is associated with increased virulence in mice, but this mutation
was not present in any viruses from 2023 that were sequenced in the present study.

In the PA-X protein, the majority of South African strains since 2021 contained the
untruncated, full-length 252 amino acid sequence. An exception was noted in the SA15
sub-genotype, specifically the viruses that caused the Western Cape outbreaks in 2023
(groups D and E, Figure 4), but not group F viruses. In these viruses, a transitional mutation
of two adjacent adenine nucleotides at position 769-770 (PA gene numbering) to guanine
converted the stop codon and the subsequent thymine (T) amino acid to tryptophan (W) and
alanine (A), respectively. These PA-X proteins are consequently extended at the C-terminal
by eight amino acids, with the sequence WAPELSHF*.

The NP genes of all South African H5N1 viruses, including those in 2023, contained
two mutations that are demonstrated to increase virulence in chickens, namely M105V
and A184K, but none of the other mutations known to increase polymerase activity in
mammalian cells [24]. The K198R mutation, associated with decreased polymerase activity
in mammalian cells [24], was present in the coastal seabird viruses of SA13 and a single
virus from 2021, A/cormorant/South Africa/21120147/2021 (H5N1), but was absent from
all other South African H5N1 viruses since the outbreaks started in 2021. A single virus
from 2022, A/Cape gannet/South Africa/702625 G123/2022 (H5N1), contained the N319K
mutation associated with increased polymerase activity, whereas it was absent from all
other SA viruses in 2021-2023. One NP mutation, 141V, found in European clade 2.3.4.4b
viruses, was absent from all South African strains. This mutation is also responsible for
increased polymerase activity and, hence, virulence [24,25].

Three of the four M1 protein mutations that promote virulence in mice, which were
present in European H5N1 viruses since 2021 [25], are also present in the South African
viruses, namely N30D, I43M, and T215A. T139A, which is present in the clade 2.3.4.4 viruses
of other regions, was, however, absent from South African viruses. None of the mutations
in M2 that confer a reduced susceptibility to amantadine and rimantadine [24] were present
in the South African strains, with the exception of eight viruses sequenced in the previous
study [7], namely A/Cape cormorant/South Africa/21110001/2021, A/chicken/South
Africa/JB2201/2022, A /chicken/South Africa/DW2201/2022, A /chicken/South Africa/
DW2202/2022, A/European white stork/South Africa/BA107/2022, A/chicken/South
Africa/PRL118/2022, A/chicken/South Africa/697683/2022, and A/Cape cormorant/
South Africa/21110015 D2095/2021. In the aforementioned viruses, S31N, a mutation that
increases resistance to amantadine and rimantadine, was present.

The NS1 protein is a notorious virulence antagonist, containing at least 16 mutations
or mutational combinations associated with increased virulence or decreased antiviral
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activity [24]. The presence of P42S, L103F paired with [106M or 1106 M alone, and V149 was
observed in all clade 2.3.4.4 South African as well as European strains since 2021, and these
mutations are associated with an increased virulence and decreased antiviral responses
in mice [24,25]. Only six viruses from a variety of wild and domestic species in the local
2021 outbreaks contained the D74N mutation that enhances viral replication in mammalian
cells [24], and only one virus, A/ African fish eagle/South Africa/21060065/2021 (H5N1),
contained a D92E mutation that increases the virulence in swine and mice [24]. The majority
of South African viruses since 2021 also contained the C138F mutation, which increases
replication in mammalian cells and downregulates the interferon response [24]. The notable
exception was the KZN outbreaks strains from 2023 (group F), which contained a C138L
mutation, the phenotypic effect of which is unknown. Like many other clade 2.3.4.4b
viruses, all South African viruses contained the C-terminal sequence of 227-ESEV-230,
which, in other H5N1 viruses, decreased viral replication in mammalian and avian cell
lines, but in HIN1 and H7N1 viruses, increased viral replication and virulence in mice [24].
Finally, all SA viruses contained a T47A mutation the NS2/NEP protein, which, when
paired with a N205S mutation in NS1, which is present, was previously demonstrated to
decrease antiviral responses in ferrets [24].

3.5. Unique Markers or Unknown Phenotype That Emerged in the Coastal Seabird Lineage SA13

The SA13 sub-genotype that first emerged in 2021 and persisted to 2023 only affected
coastal seabirds. We therefore identified and tabulated the unique amino acid mutations
that may have played a role in this host species adaptation (Table 53). Some unique
mutations that emerged in 2021 were retained to 2023, for example PB2-E6K, HA-A102V,
and others, whereas some other mutations first emerged in 2022, for example NP-M3711
and NS1 V84M. A third category of mutations was unique to the SA13 viruses in 2023,
for example PB2-T238N. In contrast to 16 unique mutations distributed across the SA13
viruses’ genomes in 2021, by 2023, 40 mutations had emerged, 92.5% of which were found
in all strains. None of these unique markers is known to be associated with any specific
phenotypic traits, apart from NP-K198R, which was already present since 2021 and is
associated with decreased polymerase activity in mammalian cells [24]. HA-E201K occurs
near the receptor binding site in the 190 helix (H3 numbering) and may influence receptor
binding in the late SA13 viruses. The proteins that accumulated the most changes over
time, proportionally, were PA, with six mutations in 2023 vs. two in 2021, and NA, with six
mutations, none of which were present in 2021. The NA- 1267V and V346l mutations first
emerged 2022 but were only present in some of the viruses.

The HA and NA proteins play crucial roles in host cell receptor binding and infection
and in virus release, respectively. A102V in the HA protein emerged early in SA13 viruses
and was retained. E201K was present in some viruses in 2021 and all viruses in 2022, but
only in the group Bl viruses and A/Common tern/South Africa/CMT004/2023. S336N
only emerged in 2023 but was present in all viruses. All three mutations in HA occurred in
the globular head region where most antigenic epitopes and the receptor binding site are
located. In the NA protein, one of the unique mutations that emerged in 2023, I7T, occurred
in the NA transmembrane region, [40R and N42I occurred in the stalk region, and three
new mutations occurred in the globular head region, namely 1267V, V346I, and S450G.

When the SA13 viruses from 2022 were compared to the SA13 viruses from 2023 using
amino acid sequence distance matrices of the of H5 HA protein (576 aa; Table S54) and N1
NA (470 aa; Table S5), the mean number of mutations in the HA protein was 2.1 (1-5), but in
the NA protein, it was 8.1 (1-13). Percentagewise, the mean amino acid mutations in HA in
SA13 increased by 0.36% between 2022 and 2023, and in NA, the value was 1.72%. Overall,
there were 4.7-fold more mutations in the NA protein compared to the HA protein. For
comparison, when the SA15 viruses from 2023 were compared with all other sub-genotypes
from 2021-2022 (SA1 to SA14), the mean number of mutations in HA was 6.4 (3-11), and
in NA, it was 20.5 (18-25), which is anticipated since SA15 is a phylogenetically distinct
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virus, but there were only 3.2-fold more mutations in NA compared to HA in these vastly
different sub-genotypes.

4. Discussion

Detections of clade 2.3.4.4b H5N1 HPAI viruses, identified in South Africa since April
2021, waned again by the summer in late 2022 but resumed in March 2023 in the Western
Cape province, with a peak in June. Confirmed cases in coastal seabirds from around
Cape Town came first, followed a month later by a case in an Egyptian goose inland and
a localized outbreak in commercial layer hens. When a new cluster of poultry outbreaks
appeared in George in May, followed by another in the KZN province in July, secondary
spread was suspected. To investigate the source/s of these outbreaks, we sequenced
the viral genomes to trace the epidemiology of these new H5N1 outbreak viruses. The
sequence analysis clearly distinguished the 2023 epizootic in coastal birds from those in
poultry in South Africa. Apart from three gull viruses found just north of Cape Town,
within 40km of the affected Paardeberg poultry farms, all coastal seabird viruses were
identified as a resurgence of sub-genotype SA13. In contrast, all the outbreaks in chickens
were caused by sub-genotype SA15. SA15 is a unique southern African variant that was
first associated with outbreaks in Botswana in mid-2022 [13] and was the cause of a single
outbreak in commercial ostriches in South Africa’s Free State province in November 2022 [7].
Furthermore, the three clusters of SA15-associated poultry outbreaks in the Paardeberg
and George areas and KZN were phylogenetically unrelated.

The similar timing of the outbreaks in the Western Cape seabirds and the chickens may
have been due to the heavy rainfall that occurred in the southwestern part of the province
in early March and again throughout June. Cape Town International Airport had received
rainfall equal to the annual long-term average (500 mm) by mid-June, and the amount
usually received by the end of August, after the winter rainfall period (approx. 375 mm),
had already been reached by mid-May (E Heyneke, South African Weather Services, pers.
comm.). High rainfall in March may have attracted wild waterfowl that introduced SA15
virus to poultry in the Paardeberg area and possibly also to the gulls. Given the narrow
temporal range of the poultry farm outbreaks and the close genetic relationship between
the viruses, it is not possible to determine if the infection spread between Paardeberg farms
or if there were separate introductions by wild birds. Four of the five affected poultry
farms were also infected with the H5N8 virus in 2017, which suggests this area is prone
to AIV introductions. The gulls infected with SA15 viruses were found relatively close to
the Paardeberg area, but there were no mass mortalities and no further detections, which
suggests incidental exposure. Hartlaub’s gulls frequent coastal wetlands up to 30 km
from the coast and Kelp gulls can be seen on agricultural land, up to 50 km inland [27],
which makes contact with waterfowl and their habitats possible. The peak in seabird
mortalities from May to July involved all three SA13 subclades, which had been detected
previously, so a new virus introduction may not be the direct cause, but rough weather may
have increased susceptibility. Juvenile Swift terns, that would have fledged in April/May
and would have still been dependent on their parents [28], may have succumbed to a
combination of cold, wet weather, and their first exposure to HPAI virus.

The progenitors to the H5N1 outbreaks in the two affected provinces in 2023 had
evidently persisted in the wild bird reservoir over the previous summer, but no large wild
bird mortalities, other than those reported in this study, were recorded. The persistence
of H5NT1 in the wild reservoir is supported by active wild bird surveillance data. Of all
AlV positive wild bird fecal samples, 42% tested positive for the H5 subtype, but the actual
proportion may be slightly higher due to the difference in sensitivity/specificity of the
ALV group detection rRT-PCR vs. the H5 subtyping assay. It was not possible to confirm
which of these H5-positive samples were clade 2.3.4.4 H5N1 viruses and which were other
Eurasian low-pathogenicity viruses, but H5 viruses were certainly the dominant subtype
and were present in most of the provinces in 2023. Surprisingly, Gauteng, where a high
incidence of H5 was detected (especially in February and March) has, like the Western Cape
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and KZN provinces, a high-density poultry producing area, yet only three H5 outbreaks
on small-scale farms were reported there in October and November 2023. An H7N6 HPAI
outbreak affected Gauteng and surrounding provinces in 2023, but this will be reported
on elsewhere. There was no evidence that HPAI or LPAI H7NG6 viruses circulated in high
numbers in wild birds in 2023; according to our surveillance data. 57% of AlV-positive
wild bird samples were subtypes other than H5 or H7, and we identified HINx and H11Nx
in two cases. H6N2 and H12N2 viruses detected in ostriches indicated that these subtypes
were also circulating in the local wild bird reservoir in 2023. The identity of the other
subtypes could not be established, but HINx, H2Nx, and H10Nx viruses are likely as these
were identified in Zambian wild birds in recent years [29].

In an event that was remarkably similar to clade 2.3.4.4b H5N8 in 2017-2018, a sub-
genotype of H5N1 viruses that was restricted to seabird species, SA13, emerged in South
Africa in 2021 and spread up the coastline to Namibia. The worst affected South African
species in 2018 was the Swift tern (approximately 5400; [30]), and in 2021, it was the Cape
cormorant (approximately 24,000; [7]). The largest number of suspected cases in 2022 was
in African penguins (n = 87), though less than in 2021 (n = 334; Roberts unpublished data),
and these were the origin of the last group of viruses detected in 2022 [7]. The total number
of suspected cases in seabirds in 2023 was similar to that in 2022, but there was a definite
shift from penguins to Swift terns. The eighty-two recorded Swift tern deaths in 2023 were
relatively low compared to other years and species, but it was the highest number of Swift
tern deaths recorded since 2018. It is therefore interesting that the viruses detected in 2023
were most closely related to a Common tern virus detected in June 2022 and not to more
recent penguin viruses. Confirmed and suspected Common tern cases may have been
higher than recorded. Approximately 40 old carcasses, mostly juveniles, were counted on
the west coast in early June, but date and cause of death could not be determined so they
were excluded.

Overall, in 2023, 37 unique amino acid markers spread across all proteins, except for
the NS1/NEP, had emerged in the coastal seabird lineage SA13, which distinguished it
from all the other clade 2.3.4.4 viruses that circulated in SA in 2021 to 2023. We found that
the SA13 neuraminidase gene in particular was prone to antigenic drift. Immune adult
birds may have circulated the virus within colonies, and we speculate that the increase in
tern mortalities may have been due to the emergence of a novel antigenic variant that was
able to overcome the preexisting immunity to SA13 strains that circulated in 2021/2022. It
was possibly assisted by harsh weather that increased the vulnerability of juvenile birds.

It is encouraging that no endangered seabird species appeared severely affected by
HPALI in the Western Cape in 2023. It is hoped that herd immunity is now protective against
outbreaks of the endemic SA13 viruses. However, the recurrence of deaths in Swift terns,
although in relatively low numbers, demonstrates the potential for the viruses to either
break through waning herd immunity, or mutate to start evading existing immunity. The
effect of a future novel, freshly introduced virus is also difficult to predict. Environmental
factors and the general health status of the birds are also likely to play a role in their
resistance to the virus and underline the need for ongoing general conservation efforts to
preserve their environment and food sources.

The molecular dating estimated that SA15 was first introduced to South Africa circa
early July 2022. The virus evidently persisted in the wild bird populations over the course
of a year, spreading southwards to the Free State province by November 2022, and then
further south to the Western Cape province by April to June 2023, with simultaneous spread
and persistence in the KZN wild bird population by July and August 2023. It is plausible
that acquired immunity in wild ducks towards sub-genotypes SA1 to SA12 that circulated
in 2021-2022 was overcome by the antigenically different SA15 viruses, leading to elevated
replication levels of the virus, increased environmental contamination, and hence, the
spillover to poultry in these provinces. There are some indications that SA15 may be
more virulent than SA1-5A12, although in vivo pathogenicity testing would be required to
verify this. Poultry veterinarians observed that the virus causing the Paardeberg outbreaks
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caused higher mortalities in layers than outbreaks in the previous year (M. Oosthuizen,
pers. comm.), which were caused by sub-genotypes SA4 and 5 [7].

The PA-X protein may have contributed towards the perceived increase in virulence of
SA15. The PA-X gene encodes an endoribonuclease that selectively degrades host mRNAs
to cause host protein synthesis shutoff, including that of the host’s immune recognition.
The PA-X protein is consequently a potent virulence factor that promotes the virus’ own
replication [31,32]. The PA-X protein is produced by a ribosomal frameshift during PA
translation, fusing the PA N-terminal 191 amino acid (aa) leader sequence with the last 61
or 4laa of the C-terminal, termed the “X-open reading frame” (X-ORF). About 75% of all
known influenza A viruses have a 61-codon X-ORF to encode a full-length protein of 252 aa.
The remaining 25%, generally limited to the 2009 human pandemic H1N1, triple reassortant
swine H1N1, and some other mammalian viruses, bear a 41 amino acid X-ORF to encode a
truncated protein of 232 aa [32]. Gao and coworkers [31] conducted truncation experiments
on the C-terminal of PA-X using a 2009 HIN1 human pandemic virus, an avian HIN2 virus,
and a clade 2.3.4 H5N1 virus, demonstrating in all cases that the last 233-252 amino acids
of the PA-X protein increase viral replication and virulence, strengthen the viral-induced
inflammatory response and apoptosis, and elevate the host-shutoff ability. All of the South
African clade 2.3.4.4b H5N1 viruses from 2021 to 2023 contained the full-length PA-X
protein of 252 aa, except for the SA15 Western Cape viruses. The PA-X of the Western Cape
SA15 strains all contained an additional eight amino acids that extended the total length
to 260 aa. This extension was absent from the Botswana viruses, the Free State ostrich
case from 2021, and the 2023 KZN outbreak viruses. This PA-X isoform, designated as
PA-X8, was previously also identified in the sequences of least 45 HOIN2 subtype viruses in
Bangladeshi poultry from 2016-2019, deposited in GenBank [33]. The phenotypic effect
of the PA-X8 isoform of the SA15 viruses remains to be experimentally assessed. Another
interesting finding that may have a bearing on viral pathogenicity (or attenuation) was
that all but one of the KZN SA15 viruses bore a PB1-F2 truncation. PB1-F2 is an accessory
protein encoded on the PB1 segment, in the +1 alternate open reading frame. PB1-F2 targets
cellular membranes and plays a significant role in viral pathogenesis by modulating the
host innate immune response. It induces apoptosis in immune and epithelial cells, down-
regulates inflammatory responses, and enhances viral polymerase activity. The effects of
PB1-F2 differ between virus strains and host species, as do different lengths of PB1-F2 [34].
The effect of the PB1-F2 truncation on SA15 KZN strains would also make an interesting
comparative study to shed light on the role of this protein.

Overall, the South African clade 2.3.4.4b H5N1 viruses detected in 2023 continued to
be well-adapted to avian species, retaining a preferential binding for avian-like receptors.
In fact, European clade 2.3.4.4b viruses contained proportionally more markers that are
associated with host pathogenicity and mammalian adaptation across their genomes. This
might also partially explain why, in spite of large numbers of dead coastal seabirds, no sea
mammal infections were reported along South Africa’s coastline, unlike other countries
where H5N1 viruses have caused mass deaths in marine mammals [4]. Although there
appears to be a low zoonotic risk currently, with the clade 2.3.4.4b H5N1 HPAI strains that
have reached southern Africa thus far, the situation should be closely monitored.
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credibility tree of the concatenated genomes of southern African clade 2.3.4.4b H5N1 HPAI viruses.
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NS—non-structural protein; Figure S3: Maximum likelihood phylogenetic tree of the concatenated
HA, M, NA, NS, NP and PB2 genes of SA15 viruses (8766 nt); (721,913 lacks a PB1 and 719,311 lacks
PB1 and PA). Additional sequences are in boldface; Table S1: Monthly number of environmental


https://www.mdpi.com/article/10.3390/v16060896/s1

Viruses 2024, 16, 896

16 of 18

References

fecal swab pools (n = 130 a) from wild ducks tested for the presence of avian influenza (AIV) and
H5Nx/H7Nx subtype- specific viral RNA in 2023; Table S2: BLAST sequence homology results for
avian influenza viruses detected in commercial ostriches in 2023; Table S3: Unique markers in the
translated protein sequences that emerged in coastal seabird H5N1 HPAI sub-lineage SA13 viruses;
Table S4: Distance matrix for the HA protein expressed as number of differences; Table S5: Distance
matrix for the neuraminidase protein expressed as number of differences.

Author Contributions: Conceptualization, C.A.; methodology, C.A, L.C.R., C.S., AS. and D.G.R;;
formal analysis, C.A., L.C.R. and C.S,; investigation, C.A., L.C.R. and D.G.R,; resources, A.S.; data
curation, C.A. and L.C.R,; writing—original draft preparation, C.A.; writing—review and editing,
L.C.R,; visualization, C.A. and L.C.R,; funding acquisition, C.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Department of Science and Innovation (DSI)
and National Research Foundation (NRF) grant no. N00705/114612 and the National Department
of Trade and Industry (DTI) grant “Healthy Flocks-Quality Leather”, with contributions from the
Gauteng Department of Agriculture and Rural Development. Sampling and testing by SANCCOB
was funded by the Rupert Nature Foundation.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Research Ethics Committee of the University of Pretoria.
Collection and testing of environmental duck fecal samples and swabs or tissues from carcasses, and
genome sequencing of avian pathogens was approved by the University of Pretoria’s Animal Ethics
Committees (project nos. REC163-21 and REC(093-23) and the Department of Agriculture and Rural
Development (Section 20 permit numbers 12/11/1/1 (5062SS) and 12/11/1/1 (2812 AC)). Collection
and testing of environmental duck fecal samples and swabs or tissues from carcasses, and genome
sequencing of avian pathogens was approved by the University of Pretoria’s Research and Animal
Ethics Committees (project nos. REC163-21 and REC093-23) and the Department of Agriculture and
Rural Development (Section 20 permit numbers 12/11/1/1 (5062SS) and 12/11/1/1 (2812 AC)).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are presented within the manuscript or as Supplementary Mate-
rials. Sequences generated in this study are deposited in the GISAID EpiFlu database under accession
numbers: EPI_ISL_18799506 to EPI_ISL18809555. (https://gisaid.org/, accessed 8 May 2024).

Acknowledgments: We thank all veterinarians of the South African Veterinary Association’s Poultry
Group, Katta Ludynia, as well as Gerbrand van der Zel, Michelle Coetzee, Lindiwe Ntsepo for
sampling and City of Cape Town and SANParks staff for reporting and collecting seabird cases.
Thandeka Phiri, Etienne van Zyl, Phetholo Moroane, Frances Jordaan, Michele Maartens, Christine
Strydom, Zehaad Ismail, Carel van Heerden and Alvera Vorster are thanked for excellent support
and technical assistance.

Conflicts of Interest: Author Christine Strydom is employed by the company SMT Veterinary
Laboratory (Pty) Ltd. The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.
The funders had no role in the design of the study; in the collection, analyses, or interpretation of
data; in the writing of the manuscript; or in the decision to publish the results.

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

2. FAO2023. Situation Update. Available online: https:/ /www.fao.org/animal-health/situation-updates/global-aiv-with-zoonotic-
potential/en (accessed on 25 March 2024).

3. Seekings, A.H.; Warren, C.J.; Thomas, S.S.; Lean, FEZ.X,; Selden, D.; Mollett, B.C.; van Diemen, P.M.; Banyard, A.C.; Slomka,
M.]. Different Outcomes of Chicken Infection with UK-Origin H5N1-2020 and H5N8-2020 High-Pathogenicity Avian Influenza
Viruses (Clade 2.3.4.4b). Viruses 2023, 15, 1909. [CrossRef] [PubMed]

4. EFSA (European Food Safety Authority); ECDC (European Centre for Disease Prevention and Control); EURL (European Union

Reference Laboratory for Avian Influenza); Adlhoch, C.; Fusaro, A.; Gonzales, J.L.; Kuiken, T.; Mirinavi¢iateé, G.; Niqueux, E.;
Stahl, K.; et al. Scientific report: Avian influenza overview September-December 2023. EFSA ]. 2023, 21, 8539. [CrossRef]


https://gisaid.org/
https://doi.org/10.4142/jvs.2017.18.S1.269
https://www.fao.org/animal-health/situation-updates/global-aiv-with-zoonotic-potential/en
https://www.fao.org/animal-health/situation-updates/global-aiv-with-zoonotic-potential/en
https://doi.org/10.3390/v15091909
https://www.ncbi.nlm.nih.gov/pubmed/37766317
https://doi.org/10.2903/j.efsa.2023.8539

Viruses 2024, 16, 896 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Beerens, N.; Germeraad, E.A.; Venema, S.; Verheij, E.; Pritz-Verschuren, S.B.E.; Gonzales, ].L. Comparative pathogenicity and
environmental transmission of recent highly pathogenic avian influenza H5 viruses. Emerg. Microbes Infect. 2021, 10, 97-108.
[CrossRef] [PubMed]

Abolnik, C.; Pieterse, R.; Peyrot, BM.; Choma, P.; Phiri, T.P.; Ebersohn, K.; Heerden, C.J.V.; Vorster, A.A.; van der Zel, G.V,;
Geertsma, PJ.; et al. The Incursion and Spread of Highly Pathogenic Avian Influenza H5N8 Clade 2.3.4.4 Within South Africa.
Avian Dis. 2019, 63, 149-156. [CrossRef] [PubMed]

Abolnik, C.; Phiri, T.; Peyrot, B.; de Beer, R.; Snyman, A.; Roberts, D.; Ludynia, K,; Jordaan, F.; Maartens, M.; Ismail, Z.; et al. The
Molecular Epidemiology of Clade 2.3.4.4B H5N1 High Pathogenicity Avian Influenza in Southern Africa, 2021-2022. Viruses 2023,
15,1383. [CrossRef] [PubMed]

Stokstad, E. In Antarctica, scientists track a dangerous bird flu. Science 2024, 383, 1281. [CrossRef] [PubMed]

Sims, L.; Harder, T.C.; Brown, .H.; Gaidet, N.; Belot, G.; Von Dobschuetz, S.; Kamata, A.; Kivaria, EM.; Palamara, E.; Bruni,
M.; et al. Highly pathogenic H5 avian influenza in 2016 and early 2017—Observations and future perspectives. FAO Empress
Focus On 2017, 11, 16. Available online: https:/ /agritrop.cirad.fr/585953/ (accessed on 3 April 2024).

Plaza, PI.; Gamarra-Toledo, V.; Eugui, ].R.; Lambertucci, S.A. Recent Changes in Patterns of Mammal Infection with Highly
Pathogenic Avian Influenza A(H5N1) Virus Worldwide. Emerg. Infect. Dis. 2024, 30, 444-452. [CrossRef] [PubMed]

Rijks, ].M.; Leopold, M.E; Kiihn, S.; In 't Veld, R.; Schenk, F.; Brenninkmeijer, A.; Lilipaly, S.J.; Ballmann, M.Z.; Kelder, L.; de Jong,
J.W,; et al. Mass Mortality Caused by Highly Pathogenic Influenza A(H5N1) Virus in Sandwich Terns, the Netherlands, 2022.
Emerg. Infect. Dis. 2022, 28, 2538-2542. [CrossRef] [PubMed]

Jeglinski, J W.E.; Lane, ].V.; Votier, S.C.; Furness, RW.; Hamer, K.C.; McCafferty, D.].; Nager, R.G.; Sheddan, M.; Wanless, S.;
Matthiopoulos, J. HPAIV outbreak triggers short-term colony connectivity in a seabird metapopulation. Sci. Rep. 2024, 14, 3126.
[CrossRef] [PubMed]

Nagy, A.; Stard, M,; Cernikova, L.; Klickova, E.; Hordk, O.; Hofmannova, L.; Sedlak, K. Enzootic Circulation, Massive Gull
Mortality and Poultry Outbreaks during the 2022 /2023 High-Pathogenicity Avian Influenza H5N1 Season in the Czech Republic.
Viruses 2024, 16, 221. [CrossRef] [PubMed]

Letsholo, S.L.; James, J.; Meyer, S.M.; Byrne, A.M.P,; Reid, S.M.; Settypalli, T.B.K.; Datta, S.; Oarabile, L.; Kemolatlhe, O.; Pebe,
K.T.; et al. Emergence of High Pathogenicity Avian Influenza Virus H5N1 Clade 2.3.4.4b in Wild Birds and Poultry in Botswana.
Viruses 2022, 14, 2601. [CrossRef] [PubMed]

Molini, U.; Yabe, J.; Meki, L.K.; Ouled Ahmed Ben Ali, H.; Settypalli, T.B.K.; Datta, S.; Coetzee, L.M.; Hamunyela, E.; Khaiseb, S.;
Cattoli, G.; et al. Highly pathogenic avian influenza H5N1 virus outbreak among Cape cormorants (Phalacrocorax capensis) in
Namibia, 2022. Emerg. Microbes Infect. 2023, 12, 2167610. [CrossRef] [PubMed]

Makalo, M.RJ.; Dundon, W.G.; Settypalli, T.B.K.; Datta, S.; Lamien, C.E.; Cattoli, G.; Phalatsi, M.S.; Lepheana, R.J.; Matlali, M.;
Mahloane, R.G.; et al. Highly pathogenic avian influenza (A /H5N1) virus outbreaks in Lesotho, May 2021. Emerg. Microbes Infect.
2022, 11, 757-760. [CrossRef] [PubMed]

Abolnik, C.; Phiri, T.P; van der Zel, G.; Anthony, J.; Daniell, N.; de Boni, L. Wild Bird Surveillance in the Gauteng Province of
South Africa during the High-Risk Period for Highly Pathogenic Avian Influenza Virus Introduction. Viruses 2022, 14, 2027.
[CrossRef] [PubMed]

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

Hoffmann, B.; Hoffmann, D.; Henritzi, D.; Beer, M.; Harder, T.C. Riems influenza a typing array (RITA): An RT-qPCR-based low
density array for subtyping avian and mammalian influenza a viruses. Sci. Rep. 2016, 6, 27211. [CrossRef] [PubMed]

Abolnik, C. Spillover of an endemic avian Influenza H6N2 chicken lineage to ostriches and reassortment with clade 2.3.4.4b
H5N1 high pathogenicity viruses in chickens. Vet. Res. Commun. 2024, 48, 1233-1237. [CrossRef] [PubMed]

Istituto Zooprofilattico Sperimentale Delle Venezie (IZSVe). Diagnostic Protocols for Avian Influenza. Available online:
https:/ /www.izsvenezie.com/reference-laboratories /avian-influenza-newcastle-disease /diagnostic-protocols/ (accessed on 28
February 2024).

Spackman, E.; Senne, D.A.; Myers, T.].; Bulaga, L.L.; Garber, L.P.; Perdue, M.L.; Lohman, K.; Daum, L.T.; Suarez, D.L. Development
of a real-time reverse transcriptase PCR assay for type A influenza virus and the avian H5 and H7 hemagglutinin subtypes.
J. Clin. Microbiol. 2002, 40, 3256-3260. [CrossRef]

Zhou, B.; Donnelly, M.E.; Scholes, D.T.; George, K.S.; Hatta, M.; Kawaoka, Y.; Wentworth, D. Single-Reaction Genome Amplifica-
tion Accelerates Sequencing and Vaccine Production for Classical and Swine Origin Human Influenza A Viruses. J. Virol. 2009, 83,
10309-10313. [CrossRef]

Suttie, A.; Deng, Y.M.; Greenhill, A.R.; Dussart, P.; Horwood, P.E; Karlsson, E.A. Inventory of molecular markers affecting
biological characteristics of avian influenza A viruses. Virus Genes 2019, 55, 739-768. [CrossRef]

Byrne, A.M.P,; James, J.; Mollett, B.C.; Meyer, S.M.; Lewis, T.; Czepiel, M.; Seekings, A.H.; Mahmood, S.; Thomas, S.S.; Ross,
C.S,; et al. Investigating the Genetic Diversity of H5 Avian Influenza Viruses in the United Kingdom from 2020-2022. Microbiol.
Spectr. 2023, 11, e0477622. [CrossRef]

Nguyen, N.M.; Sung, HW.,; Yun, K.-J.; Park, H.; Yeo, S.-J. Genetic Characterization of a Novel North American-Origin Avian
Influenza A (H6N5) Virus Isolated from Bean Goose of South Korea in 2018. Viruses 2020, 12, 774. [CrossRef]


https://doi.org/10.1080/22221751.2020.1868274
https://www.ncbi.nlm.nih.gov/pubmed/33350337
https://doi.org/10.1637/11869-042518-Reg.1
https://www.ncbi.nlm.nih.gov/pubmed/31131572
https://doi.org/10.3390/v15061383
https://www.ncbi.nlm.nih.gov/pubmed/37376682
https://doi.org/10.1126/science.adp3271
https://www.ncbi.nlm.nih.gov/pubmed/38513011
https://agritrop.cirad.fr/585953/
https://doi.org/10.3201/eid3003.231098
https://www.ncbi.nlm.nih.gov/pubmed/38407173
https://doi.org/10.3201/eid2812.221292
https://www.ncbi.nlm.nih.gov/pubmed/36418000
https://doi.org/10.1038/s41598-024-53550-x
https://www.ncbi.nlm.nih.gov/pubmed/38326368
https://doi.org/10.3390/v16020221
https://www.ncbi.nlm.nih.gov/pubmed/38399998
https://doi.org/10.3390/v14122601
https://www.ncbi.nlm.nih.gov/pubmed/36560605
https://doi.org/10.1080/22221751.2023.2167610
https://www.ncbi.nlm.nih.gov/pubmed/36632773
https://doi.org/10.1080/22221751.2022.2043729
https://www.ncbi.nlm.nih.gov/pubmed/35171076
https://doi.org/10.3390/v14092027
https://www.ncbi.nlm.nih.gov/pubmed/36146838
https://doi.org/10.1111/j.1750-2659.2009.00083.x
https://doi.org/10.1038/srep27211
https://www.ncbi.nlm.nih.gov/pubmed/27256976
https://doi.org/10.1007/s11259-023-10258-z
https://www.ncbi.nlm.nih.gov/pubmed/37966679
https://www.izsvenezie.com/reference-laboratories/avian-influenza-newcastle-disease/diagnostic-protocols/
https://doi.org/10.1128/JCM.40.9.3256-3260.2002
https://doi.org/10.1128/JVI.01109-09
https://doi.org/10.1007/s11262-019-01700-z
https://doi.org/10.1128/spectrum.04776-22
https://doi.org/10.3390/v12070774

Viruses 2024, 16, 896 18 of 18

27.
28.

29.

30.

31.

32.

33.

34.

Ryan, P. Guide to Seabirds of Southern Africa, 1st ed.; Struik Nature: Los Angeles, CA, USA, 2017.

Crawford, R.J.M.; Hockey, P.A.R.; Tree, A.J. Greater Crested Tern. In Roberts Birds of Southern Africa, 7th ed.; Hockey, P.A.R., Dean,
W.RJ., Ryan, P.G,, Eds.; Trustees of the John Voelcker Bird Book Fund: Cape Town, South Africa, 2005.

Kalonda, A.; Saasa, N.; Kajihara, M.; Nao, N.; Moonga, L.; Ndebe, J.; Mori-Kajihara, A.; Mukubesa, A.N.; Samutela, M.; Munyjita,
S.; et al. Surveillance and Phylogenetic Characterisation of Avian Influenza Viruses Isolated from Wild Waterfowl in Zambia in
2015, 2020, and 2021. Transbound. Emerg. Dis. 2023, 2023, 4606850. [CrossRef]

Roberts, L.C.; Abolnik, C.; Waller, L.]J.; Shaw, K.; Ludynia, K.; Roberts, D.G.; Kock, A.; Makhado, A.B.; Snyman, A.; Abernethy, D.
Descriptive Epidemiology of and Response to the High Pathogenicity Avian Influenza (H5N8) Epidemic in South African Coastal
Seabirds, 2018. Transbound. Emerg. Dis. 2023, 2023, 2708458. [CrossRef]

Gao, H,; Sun, H.; Hu, J.; Qi, L.; Wang, ].; Xiong, X.; Wang, Y.; He, Q.; Lin, Y,; Kong, W.; et al. Twenty amino acids at the C-terminus
of PA-X are associated with increased influenza A virus replication and pathogenicity. J. Gen. Virol. 2015, 96, 2036-2049. [CrossRef]
Hu, J.; Ma, C; Liu, X. PA-X: A key regulator of influenza A virus pathogenicity and host immune responses. Med. Microbiol.
Immunol. 2018, 207, 255-269. [CrossRef]

Burnham, A.J; Miller, J.R.; Singh, L; Billings, E.A.; Rush, M.A.; Air, G.M.; Bour, S. Novel isoforms of influenza virus PA-X and
PB1-F2 indicated by automatic annotation. Virus Res. 2021, 304, 198545. [CrossRef]

Kamal, R.P; Alymova, LV,; York, I.A. Evolution and Virulence of Influenza A Virus Protein PB1-F2. Int. J. Mol. Sci. 2017, 19, 96.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2023/4606850
https://doi.org/10.1155/2023/2708458
https://doi.org/10.1099/vir.0.000143
https://doi.org/10.1007/s00430-018-0548-z
https://doi.org/10.1016/j.virusres.2021.198545
https://doi.org/10.3390/ijms19010096

	Introduction 
	Materials and Methods 
	Collection and Testing of Wild Duck Fecal Samples 
	Poultry Samples 
	Coastal Seabird Samples 
	Genome Sequencing and Bioinformatic Analysis 

	Results 
	Molecular Epidemiology of H5N1 HPAIVs in South Africa in 2023 in Poultry and Wild Birds 
	Sub-Genotype SA13 
	Sub-Genotype SA15 

	Environmental Wild Bird Surveillance 
	Identification of AIVs in Ostriches 
	Molecular Markers of Host Tropism, Increased Virulence and Resistance to Antivirals 
	Unique Markers or Unknown Phenotype That Emerged in the Coastal Seabird Lineage SA13 

	Discussion 
	References

