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Abstract

From late 2017 to early 2018, clade 2.3.4.4B H5N8 highly pathogenic avian influenza

(HPAI) viruses caused mass die-offs of thousands of coastal seabirds along the south-

ern coastline of South Africa. Terns (Laridae) especially were affected, but high

mortalities in critically endangered and threatened species like African Penguins

(Spheniscus demersus) caused international concern and, exactly a year later, thedisease

recurred at a keyAfrican Penguin breeding site onHalifax Island, Namibia. Twenty-five

clade 2.3.4.4B H5N8 HPAI viruses from coastal seabirds and a Jackal Buzzard (Buteo

rufofuscus) were isolated and/or sequenced in this study. Phylogenetic analyses of the

full viral genomes and time to the most recent common ancestor (tMRCA) analyses

of the HA, NA, PB1 and PA genes determined that the South African coastal seabird

viruses formed a monophyletic group nested within the South African genotype 4

viruses. This sub-lineage likely originated froma single introduction by terrestrial birds

around October 2017. Only the HA and NA sequences were available for the Namib-

ian penguin viruses, but the phylogenetic data confirmed that the SouthAfrican coastal

seabird viruses from2017 to 2018were the source and themost closely related South

African virus was found in a gull. tMRCA analyses furthermore determined that the

progenitors of the five genotypes implicated in the earlier 2017 South African out-

breaks in wild birds and poultry were dated at between 2 and 4 months prior to the

index cases. tMRCAandphylogenetic data also showed that the novel genotype 6 virus

introduced to South Africa in 2018, and later also detected in Nigeria and Poland in

2019, most likely arose in late 2017 inWest, Central or East Africa.We propose that it

continued to circulate there, and that an unidentified reservoir was the source of both

the South African outbreaks in early 2018 and in Nigeria in mid-2019.
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1 INTRODUCTION

The fourth inter-continental wave of Goose/Guangdong (Gs/GD)

highly pathogenic avian influenza (HPAI) was caused by clade 2.3.4.4

sub-group B lineage H5Nx viruses that emerged in June 2016 in

the Russian Federation (Lee et al., 2017). As with three prior inter-

continental waves, HPAI viruses spread globally over long distances in

asymptomatic infections of migratory wild birds (Fusaro et al., 2019).

Thus, between November 2016 and January 2017, outbreaks of clade

2.3.4.4BH5N8HPAI viruses that originated in Europe, theMiddle East

or Central and South Asia (Khomenko et al., 2018; Fusaro et al., 2019)

were introduced towild birds and poultry in Egypt, Tunisia andNigeria,

followed by Niger, Cameroon and Uganda before reaching the Demo-

cratic Republic of the Congo (DRC) in April 2017 (Abolnik et al., 2019).

In May 2017, H5N8 HPAI broke out on a commercial poultry farm

near Harare, Zimbabwe, and a month later the first outbreaks were

reported about 1200 km further south in commercial poultry flocks at

Villers and Standerton, SouthAfrica (SA). Thesewere the first reported

cases of Gs/GD-lineage HPAI H5 viruses south of the tropic of Capri-

corn, disseminated via the climate-driven movements of Afro-tropical

waterfowl (Khomenko et al., 2018; Fusaro et al., 2019; Abolnik et al.,

2019).

The SA epidemic which started in the southern hemisphere winter

of 2017 was characterized by two genetically distinct spatial clus-

ters. The first cluster included the index cases and spanned adjacent

regions of the Gauteng, eastern Mpumalanga, North-West, northern

KwaZulu-Natal and northern Free State provinces, referred to here as

the north-central region of SA (Figures 1 and 2) (Abolnik et al., 2019;

Abolnik 2020). This cluster was characterized by high viral genetic

diversity with four different genotypes, which were named 1, 2, 3

and 5 for clarity only, detected in dead or moribund wild birds and

poultry between June and October 2017 (Abolnik et al., 2019). The

second and much larger southern cluster affected the Western and

Eastern Cape provinces, with the index case detected in commer-

cial ostriches 7 weeks after the first outbreaks in the north-central

region. The Western Cape province was the most severely affected

in the 2017 epidemic and more than 70% of the layer hen popula-

tion was culled to prevent further spread of the disease. Many wild

birds in the province were also affected, including pigeons and doves

(Columbidae), Spur-winged Geese (Plectropterus gambensis), Helmeted

Guineafowl (Numida meleagris), Blue Cranes (Anthropoides paradiseus),

House Sparrows (Passer domesticus), Peregrine Falcons (Falco pere-

grinus), Pied Crows (Corvus albus), African Sacred Ibis (Threskiornis

aethiopicus), Black-headed Herons (Ardea melanocephala) and Egyptian

F IGURE 1 Progression of H5N8 clade 2.3.4.4BHPAI cases in southern Africa based on data reported to theWOAH. Full details of the
outbreaks are described in (a) Khomenko et al. (2018) and Abolnik et al. (2019), (b) Khomenko et al. (2018), Roberts et al. (2022) and this study,
(c) Abolnik (2020) and (d)Molini et al. (2020). *Cases reported to theWOAH from routine surveillance in commercial ostriches afterMarch 2018
and in hunted Egyptian Geese in July 2019were based on the detection of H5-specific antibodies in sera without confirmation of the presence of
H5N8HPAI virus. The last confirmed detection of H5N8HPAI virus in South Africa was in July 2018, in a dead Blue Crane in the Theewaterskloof
District of theWestern Cape Province (Roberts, 2020).
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F IGURE 2 Geographic locations of clade 2.3.4.4BH5N8HPAI viruses analysed in this study. Locations are indicated in fortnightly increments,
according to the progression of the outbreak. Outbreak weeks 1–2 commencewith the last week of December 2017.

Geese (Alopochen aegyptiaca) (Roberts, 2018). All the outbreaks in this

southern cluster were caused by a single genotype, designated as 4 for

clarity (Abolnik et al., 2019).

By the spring of 2017, the outbreaks in poultry and wild terrestrial

birds in the Cape provinces and the rest of SA had subsided (Figure 1)

(Abolnik et al., 2019), but in the mid-summer period of December

2017, large numbers of sick and dead Swift (Greater-crested) Terns

(Thalasseus bergii) started being reported along the southwestern

coastline, with the cause confirmed by laboratory testing as H5N8

HPAI. The event was reminiscent of the 1961 outbreaks along the

same coastline, in which 1300 Common Terns (Sterna hirundo) per-

ished due to an H5N3 HPAI virus of unknown origin (Becker, 1966).

This time, however, the spread of H5N8 HPAI to other threatened

and critically endangered wild birds like African Penguins (Spheniscus

demersus), Cape Gannets (Morus capensis) and African Oystercatch-

ers (Haematopus moquini) was alarming. Between December 2017 and

May 2018, an estimated 7415 birds of 15 species, including Swift

Terns (forming the majority), African Penguins, Cape Gannets, Com-

mon Terns, Sandwich Terns (Thalasseus sandvicensis), Hartlaub’s Gulls

(Chroicocephalus hartlaubii), Cape Cormorants (Phalacrocorax capen-

sis), Crowned Cormorants (Microcarbo coronatus) and African Oys-

tercatchers, succumbed to suspected or confirmed H5N8 HPAI, at

31 sites along a 1000-km stretch of the southern coastline of SA

from the Olifants River Estuary to Gqeberha (formerly Port Elizabeth)

(Khomenko et al., 2018; Roberts, 2018; Roberts et al., 2022). Clinical

signs included diarrhoea, corneal oedema, weakness and incoordina-

tion, circling and/or the inability to fly, neurological signs like head

tremors, poor balance, torticollis, seizures and death (Roberts, 2018).

Concurrently, a new cluster of H5N8 HPAI outbreaks appeared in

the north-central region, commencing in mid-February 2018 in the

Limpopo province and lasting until early June 2018, affecting free-

living backyard poultry, ornamental birds, wild birds, a meat-type

Japanese quail farm and a commercial chicken farm. Phylogenetic anal-

ysis determined that these outbreaks were caused by a novel sixth

genotype that was possibly a new introduction to SA (Figure 1; Abol-

nik, 2020). Relatedviruseswere later found inOgunState,Nigeria from

a Guineafowl sampled at a live bird market in July 2019 (Laleye et al.,

2022), and in an outbreak in commercial turkeys in Poland at the end of

December 2019 (Świętoń et al., 2020).

In mid-December 2018, exactly 1 year after the SA coastal seabird

outbreaks, mortalities started increasing in the protected African

Penguin breeding colony on Halifax Island, Namibia. More than 350
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penguins perished due to H5N8 HPAI infection by the end of Febru-

ary 2019. The causative viruseswere partially sequenced and shown to

be phylogenetically related to the 2017 SA terrestrial poultry and wild

bird strains, but the SA 2018 coastal seabird sequences were not avail-

able at the time for comparison (Molini et al., 2020). In this study, we

report on the isolation and sequencing of the SA H5N8 HPAI coastal

seabird viruses and their phylogenetic relationships with the Namib-

ian 2019 penguin cases. Furthermore, since the genetic sequences of

other viruses related to SA’s 2017–2018 outbreaks recently became

available (Nigeria and Poland, 2019), and because limited analyses

were initially performed on the southern African 2017–2018 out-

break viruses (Abolnik et al., 2019; Abolnik, 2020), here we applied

a molecular clock to the previous and new sequence data to gain

deeper insights into the origins and timing of the incursions of spe-

cific genotypes of clade 2.3.4.4B H5N8 HPAI viruses in southern

Africa.

2 MATERIALS AND METHODS

2.1 Sample collection

Seabirds that became moribund or died on beaches or at breeding

colonies in SAwere collected bymembers of the public, managing con-

servation authorities, rehabilitation centres and Veterinary Services

(Roberts et al., 2022). For this study, whole bird carcases or tissue sam-

ples transported in cool boxes with frozen ice packs were submitted

to theWesternCapeProvincial Veterinary Laboratory (WCPVL). Some

moribund birds were received and were humanely euthanized shortly

after arrival. In total, samples from 49 individual birds were received

for testing. All were coastal seabirds, apart from a raptor—a single

Jackal Buzzard (Buteo rufofuscus). Post-mortem findings included poor

body condition, green diarrhoea, enlarged livers and severe lung con-

gestion. Brain, oropharyngeal and cloacal swab sampleswere collected

using nylon flocked swabs (CopanDiagnostics Inc., Murrieta, CA, USA).

Swab sampleswere also taken from the internal contents (i.e. themixed

allantoic–amniotic fluidswithin each egg) of four abandoned Swift Tern

eggs collected at a breeding site at the Victoria & Alfred Waterfront

in Cape Town where large numbers of bird deaths due to HPAI were

recorded.

2.2 Virus detection and isolation

Oropharyngeal and cloacal swabswere pooled per bird and tested sep-

arately from the brain swabs. Swabs were vortexed in 0.5 ml sterile

PBS/Glycerol (50% v/v). Viral RNA was extracted from 150–200 µl
of each sample using Nucleospin® RNA Virus kits (Macherey-Nagel

GmbH & Co. KG) or a QIAcube HT® automated extraction system

with the Cador® Pathogen 96 QIAcube® HT kit (QIAGEN SA [Pty]

Ltd), according to the manufacturers’ instructions. One African Pen-

guin RNA sample (476266) was received from the Assurecloud (Pty)

Ltd laboratory in Oudtshoorn. Real-time RT-PCR (rRT-PCR) using Vet-

MAX™Gold AIV detection kits (Thermo Fisher: Life Technologies) that

simultaneously target theM and NP genes were used according to the

manufacturer’s protocol, to screen all samples for the presence AIV

group. For AIV-positive samples, H5 subtype detection was performed

using the primers and probes described by Slomka et al. (2007), and the

N8 primers and probes originally described by Hoffmann et al. (2016),

subsequently modified by APHA (2016), were used for N8 subtype

detection. rRT-PCR cycle threshold (Ct) values <40 were considered

positive.

Where swab samples were rRT-PCR positive for both H5 and

N8, virus isolation was carried out using tissue samples from the

corresponding birds. Liver, spleen, lung and/or brain tissue was pooled

for virus isolation in Specific Antibody Negative embryonated White

Leghorn chicken eggs, inoculated via the allantoic route, according to

the method described by the WOAH (2019). Pooled amnio–allantoic

fluid was harvested from all eggs on the day on which they died,

and from any live eggs remaining at the end of the incubation

period. The total incubation period was 7 days after the inocula-

tion. A second blind passage was performed on fluids harvested

from eggs that were still alive at the end of the 7-day incubation

period. Haemagglutination tests were performed on all harvested egg

amnio–allantoic fluids according to the standard method (WOAH,

2019).

2.3 Genome sequencing

RNA extracted from amnio–allantoic fluid was submitted to the

Central Analytical Facility of the University of Stellenbosch for Ion

Torrent sequencing as described by Abolnik et al. (2019). Ion Tor-

rent reads were imported into the CLC Genomics Workbench 5.2.1

(QIAGEN CLC bio, Aarhus, Denmark; http://www.clcbio.com) and

assembled to the eight segments of an H5N8 genome reference

sequence (KY621531–KY621538). The following abbreviations for

proteins encoded in the eight genomic segments are referred to in

the text and figures: Polymerase Basic 2 (PB2) (segment 1); Poly-

merase Basic 1 (PB1) and PB1-F2 (segment 2); Polymerase A (PA)

(segment3);Hemagglutinin (HA) (segment4);Nucleoprotein (NP) (seg-

ment 5); Neuraminidase (NA) (segment 6); Matrix 1 (M1) and M2e

(segment 7); Non-structural 1 (NS1); andNuclear export protein (NEP)

(segment 8). The consensus sequences were exported and annotated

using the INCUBI Influenza Virus Sequence Annotation Tool (https://

www.ncbi.nlm.nih.gov/genomes/FLU/annotation/) prior to deposition

in GenBank (Table S1).

2.4 Phylogenetic and evolutionary analysis

Reference sequences were retrieved by BLAST of the NCBI (https://

www.ncbi.nlm.nih.gov/nucore) and GISAID Epiflu (https://www.gisaid.

org/) databases, and from a search of GISAID database for H5N8

viruses sampled in Africa and Europe between 1 November 2016 and

31December 2019. Duplicate sequenceswere removed and unrelated

http://www.clcbio.com
https://www.ncbi.nlm.nih.gov/genomes/FLU/annotation/
https://www.ncbi.nlm.nih.gov/genomes/FLU/annotation/
https://www.ncbi.nlm.nih.gov/nucore
https://www.ncbi.nlm.nih.gov/nucore
https://www.gisaid.org/
https://www.gisaid.org/
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clade 2.3.4.4 H5N8 viruses in the NCBI database were selected to root

the trees.

Nucleotide sequences were aligned in MAFFT v.7 (https://mafft.

cbrc.jp/alignment/server/), and the translated amino acid sequences

were examined for unique molecular markers in the encoded genes.

Maximum likelihood (ML) phylogenetic trees were generated with the

Tamura-Neimodel inMEGA-X (v.10.2.5) (Kumaret al., 2018),with1000

bootstrap replicates. The percentage of trees in which the associated

taxa clustered together is shown next to the branches. Trees were

drawn to scale, with branch lengths measured in the number of substi-

tutionsper site. Toassesswhether any reassortmentoccurredbetween

the coastal seabird viruses, the ML trees were visually inspected.

The letters A–H were assigned to the coastal seabird sub-lineage in

segments 1–8, respectively, and within each of these, sub-lineages

supported by bootstrap values of at least 95% were designated with

numbers, for example A1, A2 and so on, where no number indicated

taxa without statistical support. Results were tabulated to assign sub-

genotypes which were designated 4-1, 4-2, 4-3 and so on, and to

assess any reassortment events, which would be indicated by the

combinations of numbered letters.

BEAST v.2.6.7 software (Bouckaert et al., 2019) was used to pro-

duce dated maximum clade credibility (MCC) trees to determine

the time to the most recent common ancestor (tMRCA) of the tree

nodes. MCC trees were reconstructed using a Hasegawa–Kishono–

Yano (HKY)nucleotide substitutionmodelwith agammadistributionof

substitution rates, a Coalescent Bayesian Skyline model and a Relaxed

Lognormal clock. Markov chainMonte Carlo chains of between 50 and

80 million iterations were performed and assessed with Tracer v.1.7.2

(Rambaut et al., 2018) to ensure that an effective sample size of >200

was achieved, with statistical uncertainty of the nodes (i.e. tTMRCA)

reflected in values of the 95% highest posterior density. MCC trees

with common ancestor heights were summarized using TreeAnnota-

tor v.2.6.6, and visualized using FigTree v.1.4.2 (http://tree.bio.ac.uk/

software/figtree/).

3 RESULTS

3.1 Virus detection and isolation

Forty-six swab samples from eight coastal seabird species and a Jackal

Buzzard plus four abandoned Swift Tern eggs were screened for H5N8

AIV by rRT-PCR. All four Swift Tern eggs tested negative for the pres-

ence of AIV, but 35 (71.4%) of the coastal seabird swab samples tested

positive with Ct values ranging from 10.17 to 35.13. All rRT-PCR-

positive caseswere inoculated into embryonated chicken eggs for virus

isolation, but isolation attempts were only successful when the Ct

values were below 25.97. Twenty-seven H5N8 viruses were isolated,

of which 24, which represented a broad range in species, sampling

locations and dates, plus one RNA sample received from another lab-

oratory (A/African penguin/SouthAfrica/476266/2018)were selected

for genome sequencing (Table S1; Figure 2).

3.2 Phylogenetic and reassortment analysis of
coastal seabird viruses

The phylogenetic analysis for each of the eight genome segments

showed that southern African coastal seabird (and Jackal Buzzard)

viruses formed a discrete sub-lineage within the previously described

genotype 4 group of South African 2017 H5N8 outbreak viruses,

where a genotype reflects genome constellations that aid in the iden-

tification of reassortants (Abolnik et al., 2019). Consequently, there

was no evidence of reassortment with any terrestrial bird viruses after

the coastal seabird sub-lineage’s emergence (Figures 3 and S1a–h).

Three coastal seabird sub-genotypes were identified in the ML tree

data, designated 4-1 to 4-3, based on a conservative 95% bootstrap

value cut-off (Table 1). Sub-genotype 4-1 represented the majority

of taxa, which did not form statistically supported sub-lineages. Sub-

genotype 4-2 contained three viruses, the earliest being Common

Tern/18010371 at Strand at the end of January 2018, with the closely

related Sandwich Tern/18020302 and Cape Cormorant/18020303

viruses sampled 2 weeks later at Dyer Island, 82 km away. Sub-

genotype 4-3 contained three viruses, Swift Tern/18020273 from

Bonnievale in mid-February was genetically closely related to Swift

Tern/18030478 sampled 2weeks later inCapeTown188kmaway, and

sub-genotype4-3wasdetected again approximately 2weeks after that

at Robben Island, namely Hartlaubs’ gull/18040224.

Only the HA and NA sequences were available for the Namibian

penguin viruses, but the ML and MCC trees clearly indicated that

that they shared a most recent common ancestor (MRCA) with the

SA coastal seabird viruses. In the HA gene, Hartlaub’s gull/18040367,

sampled towards the end of the outbreak at Milnerton in Cape Town

in April 2018, was the most closely related virus at the root of the

Namibian clade, but the bootstrap value of only 61%was relatively low

(Figures 3 and S2d).

Analysis of the translated HA protein sequences (not shown)

showed that the proteolytic cleavage site (HA0) motif in the coastal

seabird viruses from SA and Namibia was PLREKRRKR*GLF, consis-

tent with other clade 2.3.4.4B H5 HPAI viruses. Four unique amino

acidmutationswere identified in genes of the SA andNamibian coastal

seabird viruses, that is N11K and T29S in the HA protein, R95K in the

M1 protein and P559A in the PA protein. However, the latter mutation

was not found in Hartlaub’s gull/18040224, one of the sub-genotype

4-3 viruses.

3.3 Estimation of the tMRCA of southern African
viruses

To obtain a combined and more accurate estimate to overcome large

highest posterior densities (HDPs), which are a result of long branch

lengths in the phylogenies, we compared four genes in the tMRCA

analysis, namely HA, NA, PB1 and PA (Figures 3 and S2a–c; Table 2).

Sub-lineages in these four genes with BEAST analysis were generally

consistent with those in theML trees. The progenitor of the SA coastal

https://mafft.cbrc.jp/alignment/server/
https://mafft.cbrc.jp/alignment/server/
http://tree.bio.ac.uk/software/figtree/
http://tree.bio.ac.uk/software/figtree/
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F IGURE 3 Time-scaledmaximum clade credibility tree for the HA gene of H5N8HPAI viruses from southern Africa from 2017 to 2019, with
node bars representing the 95% highest posterior density
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TABLE 1 Reassortment analysis of SA coastal seabird H5N8 virus genomes

Isolate identification PB2 PB1 PA HA NP NA M NS Sub-genotype

A/Swift tern/South Africa/18010027/2018 (H5N8) A B C D E F G H 4-1

A/Swift tern/South Africa/18010028/2018 (H5N8) A B C D E F G H 4-1

A/tern/South Africa/18010043/2018 (H5N8) A B C D E F G H 4-1

A/tern/South Africa/18010107/2018 (H5N8) A B C D E F G H 4-1

A/Jackal buzzard/South Africa/18010106/2018 (H5N8) A B C D E F G H 4-1

A/Common tern/South Africa/18010259/2018 (H5N8) A B C D E F G H 4-1

A/Sandwich tern/South Africa/18010369/2018 (H5N8) A B C D E F G H 4-1

A/Swift tern/South Africa/18010370/2018 (H5N8) A B C D E F G H 4-1

A/Common tern/South Africa/18010371/2018 (H5N8) A B C D E F1 G H 4-2

A/African penguin/South Africa/18010422/2018 (H5N8) A B C D E F G H 4-1

A/African penguin/South Africa/18010423/2018 (H5N8) A B C D E F G H 4-1

A/tern/South Africa/18010417/2018 (H5N8) A B C D E F G H 4-1

A/Swift tern/South Africa/18020273/2018 (H5N8) A1 B C D E F G H 4-3

A/Sandwich tern/South Africa/18020302/2018 (H5N8) A B C D E F1 G H 4-2

A/Cape cormorant/South Africa/18020303/2018 (H5N8) A B C D E F1 G H 4-2

A/African penguin/South Africa/18020304/2018 (H5N8) A B C D E F G H 4-1

A/African penguin/South Africa/18020408/2018 (H5N8) A B C D E F G H 4-1

A/African penguin/South Africa/476266/2018 (H5N8) A B C D E F G H 4-1

A/Crowned cormorant/South Africa/18030213/2018 (H5N8) A B C D E F G H 4-1

A/African oystercatcher/South Africa/18030214/2018 (H5N8) A B C D E F G H 4-1

A/Swift tern/South Africa/18030478/2018 (H5N8) A1 B C D E F G H 4-3

A/Hartlaub’s gull/South Africa/18040224/2018 (H5N8) A1 B C D E F G H 4-3

A/Swift tern/South Africa/18040275/2018 (H5N8) A B C D E F G H 4-1

A/Hartlaub’s gull/South Africa/18040367/2018 (H5N8) A B C D E F G H 4-1

A/African penguin/South Africa/18050256/2018 (H5N8) A B C D E F G H 4-1

seabird epidemic was dated at October 2017 (the widths of the poste-

rior distributions are given inTable2) in theHA,PB1andPAMCCtrees,

with maximum posterior probability scores of 1. In the NA MCC tree,

the coastal seabird progenitor was estimated weeks earlier in Septem-

ber 2017, with a posterior probability of .94. The progenitor to the

Namibian penguin outbreaks, for which only HA and NA sequences

were available, and a single SA virus Hartlaub’s gull/18040367 was

dated to March and January 2018, respectively, but the posterior

probability of theMRCA nodewas .83 compared to .26.

The following results were obtained for the virus genotypes 1–6

identified in the previous studies (Abolnik et al., 2019; Abolnik, 2020),

and the origins of these will now be discussed in detail. One SA geno-

type 1 virus was implicated in one of two simultaneous poultry index

cases, at Villiers in mid-June 2017, and all four MCC trees dated the

genotype 1MRCA toApril 2017with high posterior probability scores,

that is at least 2months before the strainwas detected in SA. The other

index case at Standertonwas a genotype 2 strain, only detected once in

the outbreak, and genotype 3 (n= 2) was identified in wild birds about

a month later (Abolnik et al., 2019). The Zimbabwean virus 810/2017

shared anMRCAwith genotypes 2 and/or 3 in most of its genome seg-

ments, but the SA outbreak strains were not directly derived from it

(Abolnik et al., 2019; Figures 3 and S1a–h). The MRCA for the Zim-

babwe virus and SA genotypes 2/3was dated atMarch 2017 in theHA,

PB1 and PA MCC trees (posterior probabilities of .95–1) and at April

2017 in the NAMCC tree (posterior probability of .98); therefore, the

consensus places theMRCA at least 2months prior to the detection of

H5N8 in Zimbabwe and 3months prior to detection in SA.

SA genotype 2 and 3 viruses were closely related in the PB1-,

HA-, NP-, NA-, M- and NS-encoding segments, but not segments 1 and

3where reassortmentwith regional low pathogenicity viruseswas evi-

dent (Abolnik et al., 2019). TheMRCA for genotypes 2/3 in the HA and

PB1MCC trees was dated at February 2017 with high posterior prob-

ability scores, that is 4 months before either genotype was detected in

SA. For genotype 3 individually, the estimated MRCA range was wider

between the four MCC trees (April to June 2017), but both the PB1

and PA MCC trees estimated the MRCA at June 2017 with maximum

probability scores. Genotype 3 was therefore likely a newer type that

emerged just prior to or around the time of its introduction to SA.

Genotypes 4 (n = 41) and 1 (n = 9) shared a common ancestor

according to the ML tree analyses, but although they formed statisti-

cally supported sub-lineages for the PB2, PB1, PA,NAandMgenes, the

distinctionwas less clear in theHA,NPandNSgenes. TheHAMCCtree
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dated theMRCA for genotypes 1/4 to February 2017 (posterior proba-

bility of .99), but the RCA for genotype 4 specifically was dated to April

2017 (NA) or May 2017 (PB1 and PA), all with high posterior probabil-

ity scores. Genotype 4’s MRCA was therefore dated by consensus at

April toMay 2017.

Genotype 5, for which a sole representative was detected in 2017,

produced MCC trees with a wide range of estimates from July 2016

to January 2017, but only the PA gene was supported by a strong pos-

terior probability score (1) with the most likely MRCA was thus dated

November 2016.

Only two representatives for SA genotype 6were available for anal-

ysis, quail/AI5930 and chicken/499723, and theMCC trees for HA, NA

andPB1all dated theMRCAatFebruary2018with themaximumprob-

ability scores of 1. The PA MCC tree dated the MRCA a month earlier

but with a probability score of .57. The MRCA of the two SA geno-

type 6 strains and guinea fowl/OG-G-11T-19VIR8424-7 (Nigeria, early

July2019) and turkey/23 (Poland, lateDecember2019)wasdatedwith

the maximum posterior probability scores at November and Decem-

ber 2017 in the PB1 and PA MCC trees, respectively, whereas the HA

MCC tree dated the ancestral virus at April 2018 (posterior probability

of .98) and in the NA MCC tree at February 2018 (posterior probabil-

ity score of .54). Thus, the consensus MRCA of November–December

2017 is most likely. The Nigerian and Polish strains shared an MRCA

that was dated at either January 2019 (HA) or September 2018 (NA

andPA), allwithmaximumposterior probability scores. ThePB1MRCA

could not be assessed because the Polish virus PB1 gene was derived

from reassortment with other European LPAI viruses (Świętoń et al.,

2020).

4 DISCUSSION

Clade 2.3.4.4B H5N8 HPAI viruses caused unprecedented and devas-

tating outbreaks in 2017 in the South African poultry industry which

waned with the arrival of spring. However, an ecological disaster was

triggered in the summer with the mass die-offs of thousands of coastal

seabirds along the southern coastlines of the Western and Eastern

Cape provinces. Terns especially were affected, but mortalities in criti-

cally endangered and threatened species like African Penguins caused

international concern, and exactly a year later the disease recurred

at a key African Penguin breeding site on Halifax Island, Namibia. In

this study, we detected, isolated and/or sequenced 25 viral genomes of

isolates made from SA coastal seabirds and a Jackal Buzzard, and iden-

tified all as clade2.3.4.4BH5N8HPAI strains. Phylogenetic and tMRCA

analyses determined that the SA coastal seabird viruses formed a

monophyletic group, nestedwithin the SAgenotype 4 group. Genotype

4 was identified previously as the sole genotype associated with the

southern cluster terrestrial outbreaks from August to October 2017

in the Eastern and Western Cape provinces (Abolnik et al., 2019). The

ML andMCC data pointed towards a single introduction of a genotype

4 virus into the coastal seabird population in October 2017, coincid-

ing with the tail end of the outbreaks in terrestrial birds. It is possible

that a bridge species such as Egyptian Geese or Sacred Ibis, which

have been observed mingling with seabirds at coastal areas, could

have introduced the virus to a seabird colony (Roberts et al., 2022),

but gulls also scavenge on carcasses of other birds opportunistically

(Khomenko et al., 2018) and may have become infected before trans-

mitting the virus to terns at shared roosting and feeding sites. Kelp

Gulls (Larus dominicanus) are commonly recognized as scavengers of

carcasses (Reusch et al., 2020) and the lack of virus detection in sick

anddeadbirds of the species, despite someeffort (Roberts et al., 2022),

may either indicate lack of infection, or subclinical infections and a pos-

sible role in HPAI virus transmission. Hartlaub’s Gulls, where H5N8

virus was detected, have not often been observed scavenging car-

casses (pers. comm.) but may do so nonetheless, as they are known,

for example, to scavenge fish regurgitated by cormorants (Ryan, 1987).

Hartlaub’s Gulls also nest in colonies with other species such as Swift

Terns (Gaglio & Sherley, 2014), so close contact and contaminated

regurgitated fish are other routes of infection with HPAI viruses. The

Jackal Buzzard may also have been infected by scavenging (Hockey,

Dean & Ryan, 2005), though may have travelled to the area where it

was found because the few carcasses thatwere reported from the area

were only discovered 2months later (unpublished laboratory data).

There was no obvious evidence of reassortment within the coastal

seabird viruses, and no discernible association between sub-genotypes

and specific locations, but our data showed that specific viruses were

disseminated by coastal seabirds over almost 200 km within a 2-week

period. None of the unique mutations identified in the HA, M1 and PA

proteins of the coastal seabird viruses are known to be associatedwith

any specific phenotype in functional studies, for example enhanced

replication or virulence (Suttie et al., 2019), but they may represent

viral adaptation to the marine hosts. Alternatively, they reflect new

sub-lineages that were emerging, and in fact shorebirds have been

found to support higher viral mutation rates than wild ducks (Kim

et al., 2022). The SA coastal seabird epidemic appeared to end by May

2018 with no further mortalities reported, but there was no ongo-

ing active sampling of coastal seabirds due to a lack of resources. The

last laboratory-confirmed detection of H5N8 HPAI virus in SA was in

July 2018, in a dead Blue Crane in the Theewaterskloof District of the

Western Cape Province (Roberts, 2020).

The H5N8 HPAI virus-linked mortalities in Namibian penguins

exactly a year after the SA event were unexpected. Our analyses show

that the SA coastal seabird strains were the source of the Namibian

outbreaks and the MRCA for Namibia’s viruses was dated at March

2018, consistentwith the timing of the SA epidemic in coastal seabirds.

The H5N8 virus probably continued to circulate in the coastal shore-

bird population off the western coast between SA and Namibia after

April 2018. In May 2018, about 20 Swift Terns roosting on Mercury

Island, roughly 105 km north of Halifax Island, died after showing clin-

ical signs typical of HPAI. The deaths were suspected to have been

caused by H5N8 HPAI viruses (Molini et al., 2020) and may have been

the precursor to the outbreak on Halifax Island 7 months later. Unfor-

tunately, no samples were collected from the affected Swift Terns for

laboratory diagnosis and further analysis. African Penguins may travel

considerable distances between colonies, and individual birds from the

Eastern Cape province have been known to travel over 1700 km to
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Ichaboe Island on the Namibian coast (Whittington et al., 2005), but

these migrations are uncommon, whereas flights of Cape Cormorants,

Kelp Gulls, African Oystercatchers and Swift Terns between breeding

sites on the western SA and Namibia coasts may be more common

(Underhill et al., 1999; Le Roux 2006; Rao, Hockey, and Montevec-

chi, 2014). The regional movements of Swift Terns were previously

suggested as the vector (Molini et al., 2020), but based on our phylo-

genetic evidence, gulls are just as likely to have introduced the virus.

Interestingly, no other birds that were resident on Halifax Island, for

exampleKelpGulls, CrownedCormorants, Swift Terns,Hartlaub’sGulls

and AfricanOystercatchers, manifested any disease symptoms (Molini

et al., 2020), though H5N8 HPAI virus was detected in most of these

species in SA a year prior and Swift Terns appeared highly suscepti-

ble. Their apparently healthy status suggests that some or all of these

species may have acted as immune carriers. Why southern African

coastal seabird populations became prone to HPAI in the peak of sum-

mer in two consecutive years is unknown, though congregation at

breeding sites could explain the peaks in mortality. Swift Tern deaths

started before congregation for peak breeding season, but the bulk of

the carcasseswere chicks counted at two breeding colonies later in the

outbreak, in April and May. Peak breeding for African Penguins gener-

ally tends to be around winter in SA, but it usually falls in summer in

Namibia (Hockey, Dean & Ryan, 2005; Kemper et al., 2007), so higher

densities could have played a role there. Cooler and drier conditions

during winter throughout most of SA is thought to favour the trans-

mission and survival of H5N8 HPAI virus (Khomenko et al., 2018) and

although theWesternCape peninsula has awinter rainfall climatewith

a dry summer, the 2017/2018 Cape drought may have created more

suitable conditions for the virus to survive throughwinter.

West Africa, a key overwintering destination for Palaearctic-

breeding ducks, has been an important origin of Gs/GD H5Nx viruses

for central, eastern and southern African countries, and Nigeria in

particular was identified as an important point for virus introduction

and an origin for the spread of Gs/GD H5Nx viruses during multi-

ple intercontinental waves (Fusaro et al., 2019). The limited molecular

data available show that West Africa was the source of the south-

ern African outbreaks in 2017 (Fusaro et al., 2019), but the paucity of

virus sequence data formany countries in this region and elsewhere on

the continent in 2016–2017 makes it impossible to pinpoint the exact

hosts and routes for H5N8HPAI viruses reaching SA. It was previously

established that that five genotypeswere implicated in the 2017H5N8

SA outbreaks and that the Zimbabwean virus, detected only a month

before the SA event started, was closely related but not a direct source

(Abolnik et al., 2019). The northern cluster of the two spatially distinct

clusters that defined the SA 2017 epizootic was detected earlier and

had a higher viral diversity. The affected area is geographically, tem-

porally and genetically consistent as primary site of introduction into

the country for ducks arriving from the north. The highly migratory

Knob-billed (Comb) Duck (Sarkidiornis melanotos) with recordedmigra-

tions between SA and Tanzania, the DRC, Sudan and Chad (Underhill

et al., 1999) is one example of a candidate vector, but the involvement

of several other specieswith shorter ranges is also possible. An anoma-

lous drought affected central Africa duringOctober–December 2016’s

wet season, but north-eastern SA experienced abundant rainfall dur-

ing December 2016 to April 2017, driving the southward movement

of ducks in search of food and consequently the virus (Fusaro et al.,

2019). The MRCAs of genotypes 1, 2 and 5 of the northern cluster

outbreaks were dated at between 2 and 4 months prior to the index

cases, with genotype 3 arising either slightly before or shortly after

its introduction into SA. Genotype 5 most likely arose even earlier in

November 2016, whenmultiple sub-lineages of 2.3.4.4BH5N8 viruses

were already known to be circulating in Nigeria (Laleye at al., 2022).

The tMRCAof genotype4, the singular causeof the southern cluster

outbreaks andultimately the coastal seabird outbreaks,was of particu-

lar interest in this study because it was initially detected 7 weeks after

the northern cluster outbreaks started, in apparently healthy com-

mercial ostriches, during routine surveillance. There have previously

been fears that commercial ostriches, farmed mainly in the West-

ern Cape province under extensive conditions, could play a role as a

reservoir and source of HPAI infection for other commercial poultry.

Our analysis, however, showed that the MRCA of genotype 4 pre-

dated the country’s index cases in the north-central region by at least

1–4 months, suggesting that genotype 4 was introduced to the West-

ern Cape around the same time as the other genotypes appeared in

the north-central region, and it is likely that ostriches only became

infected earlier than other poultry in the province because of their

direct association with wild birds.

Novel genotype 6 was detected in a new cluster of eight SA out-

breaks in the north-central region, commencing in early February 2018

with the last confirmed case in early June of that year (Figure 1; Abol-

nik et al., 2019). It was previously postulated that genotype 6may have

been introduced the previous year along with genotypes 1–5, but had

circulated undetected in a local reservoir. Alternatively, it could have

been a new introduction in early 2018 with a new influx of infected

ducks from the West-Central African hotspot. The preponderance of

genetic evidence favoured genotype 6 as a new introduction, and our

tMRCA analysis supports this because the MRCA for quail/AI5930

(sampled early April 2018) and chicken/499723 (sampled early June

2018) was dated at February 2018, that is around the start of the out-

breaks, and therefore genotype 6 probably did not circulate locally

for long prior to its detection in SA. The publication of two addi-

tional genotype 6 viruses detected in Nigeria and Poland in July and

December 2019 (Świętoń et al., 2020; Laleye et al., 2022) aided us

in narrowing the time of origin for genotype 6 in sub-Saharan Africa.

The tMRCA analysis dated the MRCA with the best statistical support

for the genotype 6 cluster to late 2017, that is 2–3 months prior to

introduction into SA. The SA andNigerian genotype 6 strainswere sim-

ilar in all eight genome segments; therefore, the reverse movement

of virus from SA to Nigeria was postulated (Laleye et al., 2022). This

reverse movement of virus would, however, be unprecedented and

highly unlikely because SA has shown itself to be an ecological sink for

avian influenza viruses of various subtypes that originated in north-

ern hemisphere, but never a source to northern hemisphere countries,

including Nigeria, based on the sequencing of hundreds of AIV genome

segments in the past 20 years (NCBI database records). Furthermore,

the Nigerian and Polish genotype 6 strains shared an MRCA and were
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phylogenetically more closely related to each other than the SA virus,

with >98.8 nucleotide sequence identity in all genes except for seg-

ments 2 and 5 where a reassortment with Eurasian LPAI viruses was

detected (Świętoń et al., 2020). Our tMRCA analysis dated the Nige-

rian/Polish virus MRCA to September 2018 (NA and PA) and January

2019 (HA) with maximum posterior probability scores; therefore, the

progenitor was likely still in circulation somewhere between late 2018

andearly 2019,months after the genotypewas last detected in SA.Our

alternative theory based on the new tMRCA data is that genotype 6-

type viruses arose in late 2017 in a localized avian population inWest,

Central or East Africa and continued to circulate there, and that this

unidentified reservoir was the origin of both the South African viruses

in early 2018 and the Nigerian viruses in mid-2019. The Nigerian virus

is genetically strongly linked to the Polish strain, but reverse virus

spread by wild birds from Africa back to Europe has never been doc-

umented before (Świętoń et al., 2020). Unreported cross-border trade

of infected live poultry between Nigeria and Eastern Europe countries

should also be considered as a possibility, as such practices between

Nigeria and countries in the Middle East and South Asia have been

recorded (Fusaro et al., 2019).

In conclusion, in 2017–2018 sub-Saharan African countries suf-

fered heavy losses to commercial poultry production, as well as

conservation, due to theClade2.3.4.4BH5N8viruses thatoriginated in

the northern hemisphere. In future, surveillance and reporting efforts

for HPAI virus infections in wild birds in sub-Saharan Africa must be

expanded tomore countries and intensified. Dated viral sequence data

are a powerful tool that canbeused to unravel the complexmovements

and interactions of wild bird populations.More studies are required on

the continent to evaluate wild hosts and their movements in response

to changing climatic conditions (Khomenko et al., 2018; Fusaro et al.,

2019) and agricultural practices. The improved data will enable us to

establish early warning systems and informed mitigation strategies to

safeguard the region’s food security and natural heritage.
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