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ABSTRACT
Europe has suffered unprecedented epizootics of high pathogenicity avian influenza (HPAI) clade 2.3.4.4b H5N1 since 
Autumn 2021. As well as impacting upon commercial and wild avian species, the virus has also infected mammalian 
species more than ever observed previously. Mammalian species involved in spill over events have primarily been 
scavenging terrestrial carnivores and farmed mammalian species although marine mammals have also been affected. 
Alongside reports of detections of mammalian species found dead through different surveillance schemes, several 
mass mortality events have been reported in farmed and wild animals. In November 2022, an unusual mortality 
event was reported in captive bush dogs (Speothos venaticus) with clade 2.3.4.4b H5N1 HPAIV of avian origin being 
the causative agent. The event involved an enclosure of 15 bush dogs, 10 of which succumbed during a nine-day 
period with some dogs exhibiting neurological disease. Ingestion of infected meat is proposed as the most likely 
infection route.
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Introduction

High pathogenicity avian influenza virus (HPAIV) has 
caused significant mortalities across avian species 
since the emergence of H5Nx clade 2.3.4.4 viruses in 
Europe and the United Kingdom (UK) in 2014 [1]. 
In recent years, these viruses have caused repeated 
detections of H5Nx HPAIVs in poultry and wild 
birds. In Autumn 2021 the situation escalated signifi
cantly with clade 2.3.4.4b HPAIV H5N1 emerging to 
cause global outbreaks [1]. Between 2014 and 2020, 
spillover of avian influenza infection into mammals 
was uncommon although occasional reports have 
been described [1,2]. With the escalation of H5N1 out
breaks during 2020/21, through the summer of 2021 
and into 2022/23, infection pressure in the environ
ment, as a result of high mortality levels in wild 
birds led to an increase in the occurrence of spill 
over events globally [3,4]. To date, almost all detec
tions in mammals have involved wild scavenging 

species that have most likely become infected follow
ing the ingestion of infected wild bird carcasses in 
the environment [5]. Importantly, with the vast 
majority of cases the infection was reported in a single 
mammal following an undefined exposure to infec
tious material. However, on occasion, mammalian 
infection with avian origin H5N1 HPAIV has been 
implicated as the cause of mass mortalities. This has 
occurred most notably in natural events whereby 
wild animals have been affected (e.g. seals in the Uni
ted States and sea lions in Peru [3,4,6–8]) as well as in 
farmed species (farmed mink in Spain [9], farmed 
foxes in Finland [10]) and domesticated species (cats 
in Poland [11] and South Korea [12]). These events 
have triggered interest in the potential for mammal- 
to-mammal transmission and in any resultant genetic 
adaptation [13]. Whilst these outbreaks have shown 
concurrent infection of multiple individuals with the 
same virus, data supporting active transmission 
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between mammals is lacking and a definitive con
clusion on the ability of these viruses to spread directly 
from mammal to mammal has not been reached. On 
top of mortality events within the veterinary sector, 
this clade 2.3.4.4b H5N1 HPAIV has also been associ
ated with human infection, with outcomes varying 
from asymptomatic to severe with hospitalization of 
infected individuals [14]. These features have raised 
the zoonotic profile of the currently circulating 
H5N1 clade 2.3.4.4b HPAIV, although again human- 
to-human transmission has not been demonstrated.

Here we report on the infection and severe mortality 
within a pack of bush dogs (Speothos venaticus) in cap
tivity with avian origin H5N1 clade 2.3.4.4b HPAIV. 
Bush dogs are a near-threatened species of wild canids 
that are of conservation concern. Wild populations of 
these dogs range from northern regions of Panama 
(Central America) to northeastern Argentina and Para
guay; with populations also being present in Colombia, 
Venezuela, the Guianas, Brazil, and eastern Bolivia and 
Peru. This species is characterized by its gregarious and 
diurnal behaviour [15]. In this disease event which 
occurred in November 2022, two-thirds of the pack of 
bush dogs, held captive in a wildlife collection in the 
UK, became clinically unwell with a disease that had 
a short duration and led to death and/or the need for 
euthanasia on welfare grounds. Avian influenza was 
not suspected at first and several tests and analyses 
were undertaken to ascertain cause of death and to 
exclude the involvement of common canine pathogens. 
Inconclusive results led bush dog samples being 
assessed by shotgun metagenomics, which detected 
the presence of influenza type A virus sequences in 
internal organs. We describe the disease event, timeline, 
virological and pathological impact of the disease and 
sequence analysis of the causative agent.

Materials and methods

Clinical investigation, post-mortem 
examination, tissue sampling and 
histopathological analysis

Clinical records including blood chemistry data and 
mortality were recorded daily by the safari park per
sonnel. All found dead of clinically euthanased bush 
dogs underwent full post-mortem examination 
(PME). Of the 10 animals, 6 were euthanised using 
intracardiac pentobarbitone (0.03 mg/kg, 1 mg/ml) 
under anaesthesia (medetomidine (0.03 mg/kg, 
1 mg/ml) and ketamine (4.03–4.85 mg/kg, 100 mg/ 
ml)) and 4 were found dead within the enclosure. 
PME included gross examination, and tissues selec
tion. Tissue samples were submitted for bacteriologi
cal analysis to a private laboratory, frozen tissues 
were stored at −18°C or in 10% formalin for histology 
(Supplementary Table 1). Both haematoxylin and 

eosin (H&E) and immunohistochemistry (IHC) were 
undertaken as described previously [30] with antigen 
staining being measured semi-quantitatively as 
described previously [16]. The specificity of immuno
labelling was assessed in positive control sections by 
replacing the primary antibody with a matching 
mouse IgG isotype; no non-specific cross-linking 
was observed. Frozen tissues for virological analysis 
(Supplementary Table 2) were prepared as a 10% (w/ 
v) suspension in Leibovitz’s L-15 medium and incu
bated at room temperature for 60 min before using 
standard RNA extraction protocols [17].

Environmental and epidemiological 
investigation

Environmental samples were collected from 11 
locations within or surrounding the bush dog enclo
sure (Supplementary Table 3a). Different matrices 
were investigated including silt, foam and faeces that 
were processed as described previously [18] and 
water samples that were tested without dilution.

Due to the retrospective nature of this case, samples 
from other animals which died following bush dog 
mortalities, were tested (Supplementary Table 3b). 
Swabs samples and brain samples were cut into 
1 mL serum-free Leibovitz’s L-15 medium containing 
antibiotics (penicillin, streptomycin), incubated at 
room temperature for 10 min before standard viral 
RNA (vRNA) extraction. Brain tissues were prepared 
as a 10% (w/v) suspension in L-15 medium and incu
bated at room temperature for 60 min before using 
standard RNA extraction protocols [17].

Following a positive diagnosis of HPAIV infection 
in dogs that developed clinical disease, samples from 
the five surviving dogs were collected in March 2023 
(Table 3c), including oral and rectal swabs and 
blood samples for molecular and serological analysis. 
Sera were aspirated from clotted blood samples and 
heat-treated at 56°C for 30 min. All serum samples 
were assessed for H5-specific antibodies using estab
lished methods [19].

Virological investigation

RNA extraction and molecular analysis
RNA was extracted samples using either TRIzol (Invi
trogen) or the MagMAX CORE Nucleic Acid Purifi
cation Kit (ThermoFisher Scientific) as previously 
described [17]. Extracted RNA was assessed for 
vRNA using an M gene-specific [20], an H5 HPAIV 
specific [21] and/or NA specific [22,23] detection 
RRT-PCR. RRT-PCR Cq values ≤ 36.00 were con
sidered as AIV positive. Samples with Cq >36 were 
considered negative. A standard curve was generated 
using a 10-fold dilution series of titrated H5N1-21/ 
22 HPAIV RNA as previously described [17].

2 M. Falchieri et al.



Virus isolation and propagation

For each sample, 100 µl of material was added to 
100 µl of phosphate-buffered saline (PBS) and inocu
lated into the allantoic cavity of specific pathogen- 
free (SPF) embryonated fowls’ eggs (EFE), as 
described previously [17]. At 2 days post inoculation 
(dpi), the allantoic fluid of one EFE was tested for 
the presence of a haemagglutinating agent as pre
viously described [17]. If no haemagglutinating- 
activity was observed, allantoic fluid from the other 
egg was tested at 6 dpi. Haemagglutinating activity 
>1/4 at was considered positive for virus isolation. 
Conversely, HA activity <1/4 was considered negative 
for virus isolation.

Genomic analysis

The extracted RNA was converted to double- 
stranded cDNA and sequenced using either an Illu
mina MiSeq or NextSeq 550 [2]. Analysis was per
formed with SeqMan NGen Software 17.5 
(DNASTAR, USA) and Reference-guided application 
using GenBank virus reference sequences with a gen
ome assembly pipeline as described previously [2]. 
All influenza sequences generated (Supplementary 
table 2 and 3) and used in this study are available 
through the GISAID EpiFlu Database (https://www. 
gisaid.org). Comparison of the study-derived 
sequences and contemporary H5N1 sequences was 
undertaken against all avian H5N1 clade 2.3.4.4b 
sequences available on GISAID between 01-01-2020 
and 17-07-23. All sequences were aligned on a per 
segment basis using MAFFT v7.520 and alignments 
were assessed using AliView version 1.26 with partial 
sequences being removed. Trimmed sequences were 
used to create a concatenated alignment using SeqKit 
and then used to a infer maximum-likelihood phylo
genetic tree using IQ-Tree version 2.2.3. This resul
tant phylogenetic tree contained over 2,000 
sequences and was therefore sub-sampled to cover 
98% of the diversity within using PARNAS, which 
reduce the dataset down approximately 300 
sequences whilst still containing representatives of 
the predominant UK genotypes. The sub-sampled 
dataset was then used to infer maximum-likelihood 
phylogenies for each gene segment using IQ-Tree 
along with ModelFinder and 1,000 ultrafast boot
straps. Once the genotype of the Bush dogs and 
associated sequences was determined, all sequences 
of the relevant genotype were retrieved from the orig
inal dataset (prior to sub-sampling) and used to gen
erate time-resolved phylogenies using TreeTime. 
Phylogenetic trees were visualized as described pre
viously [2]. Nucleotide identity between sequences 
was determined as described previously [24].

Results

Clinical setting

The bush dogs had been clinically healthy in the pre
ceding 3 years and had been being fed a diet that 
included frozen shot wild birds and game. A timeline 
of disease status is presented in Figure 1. Case 1, Day 1, 
male, 9-year-old bush dog was found dead adjacent to 
the entrance of the nest box with a CCTV review 
showing hindlimb ataxia, forelimb hypermetria, 
depression and polyuria. Case 2, Day 1, male, 3- 
year-old was moribund and assessed under anaesthe
sia with uraemia, raised creatinine, hyperphosphatae
mia, total bilirubinaemia, and a raised alanine 
aminotransferase was noted, and was found dead the 
following morning, Day 2. Case 3, Day 2, 4-year-old 
female was found dead in the main pond within the 
exhibit. Case 4, Day 3, a 5-year-old female was eutha
nized due to severe ataxia combined with depressed 
responsiveness and polyuria. Case 5, Day 3, a 4-year- 
old male was euthanized due to severe ataxia com
bined with depressed responsiveness and polyuria. 
Case 6, Day 4, a 9-year-old female presented with 
severe hind-limb ataxia, weakness, reduced activity 
and polyuria, and was euthanized. Case 7, Day 5, a 
4-year-old female appeared clinically healthy during 
the morning assessment but within 2 h was moribund 
and unresponsive and was euthanized on welfare 
grounds. Case 8, Day 5, a 3-year-old male was clini
cally normal at the morning assessment but within 
2 h had developed severe ataxia and generalized weak
ness, vocalizing and was euthanized on welfare 
grounds. Case 9, Day 6, a 1-year-old female was 
found dead during the morning check. Case 10, Day 
9, a 4-year-old male presented with severe hind limb 
weakness, knuckling, and ataxia, and was euthanized 
on welfare grounds. The remaining five animals, two 
males and three females, age range 18 months to 4 
years were clinically normal during the same period 
and remained unaffected from the event.

Pathological investigation and preliminary collat
eral analysis were performed at private laboratories. 
On gross examination, the primary findings were 
diffuse mild to moderate hepatomegaly (8/10), with 
multifocal to diffuse pale tan discolouration within 
liver lobes (7/10) and mild to moderate ascites (7/ 
10). Intracardiac euthanasia made gross assessment 
of the lungs challenging (6/10), but mild to moderate 
multifocal pulmonary haemorrhage was observed in 
three of the remaining four cases. Less common 
gross findings included bilateral adrenomegaly (6/ 
10), diffuse splenomegaly (3/10), and segmental 
small intestinal congestion and haemorrhage (4/10).

Vascular changes were observed microscopically, 
ranging from occasional subacute multifocal moderate 
to marked fibrinoid necrosis of small arterioles 
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without associated inflammation, to acute, multifocal, 
mild to severe necrotizing and sometimes leukocyto
clastic phlebitis of vessel walls, with fibrin thrombi, 
and necrosis of adjacent structures. In the liver, ran
dom mild to moderate acute multifocal necrosis 
(Figure 2(a)) and inflammation affecting both the par
enchyma, and blood vessels and bile ducts within por
tal triads, was seen in all 10 cases. Foci of 
hepatocellular necrosis were rarely surrounded by 
minimal neutrophilic and histiocytic inflammation.

Variable changes in the lungs were present in six 
bush dogs. The bronchioles and adjacent alveoli 
were predominantly involved in four cases where the 
bronchiolar lumina were filled with degenerate neu
trophils and epithelial cells with attenuation and 
necrosis of bronchiolar epithelium. (Figure 2(e)). 
Mild neutrophilic, lymphocytic and histiocytic 
infiltration of the lamina propria and submucosa 
was also seen. Adjacent to the affected airways, alveoli 
were variably filled with fibrin, oedema, alveolar 
macrophages, neutrophils and erythrocytes. Occasion
ally mild to moderate expansion of the alveolar septae 
with macrophages, lymphocytes and neutrophils was 
observed alongside vascular pathology.

The brain was collected in four cases, and in all, the 
leptomeninges were expanded by mild to marked mul
tifocal subacute inflammation. In three cases (7, 9 and 
10), the infiltrate was composed mainly of viable and 
degenerate neutrophils, with rarefication and inflam
mation of the adjacent neuropil (Figure 2(c)). In the 
fourth case (6), the infiltrate consisted predominantly 
of lymphocytes, macrophages, and plasma cells with 
fewer neutrophils, and locally extensive involvement 
of the choroid plexus on the section examined. In all 
cases, randomly within the cerebral cortex and 

brainstem, and rarely in the cerebellum, few to mul
tiple foci of mild to moderate necrosis and inflam
mation consisting mainly of aggregates of 
macrophages and glial cells, necrotic debris, and rare 
neuronal necrosis, were seen. Grey matter and white 
matter were both affected. In the neuropil, vascular 
changes were mild and characterized by an acute mul
tifocal vasculitis with infrequent mild histiocytic peri
vascular cuffing. However, in the leptomeninges, 
vascular lesions ranged from a mild to severe, and 
acute to subacute multifocal necrotizing vasculitis 
(Figure 2(c)).

In three cases, multifocal marked acute cortical and 
medullary epithelial necrosis with neutrophilic 
infiltration, congestion, and focal subacute severe leu
kocytoclastic vasculitis (Figure 2(g,h)) was observed in 
the adrenal glands.

In lymph nodes examined from three bush dogs, 
findings varied from moderate multifocal lymphade
nitis with predominantly subcapsular sinus neutrophi
lia and histiocytosis, and multifocal necrosis, to severe, 
diffuse acute lymphadenitis. Severe changes were 
characterized by expansion of the sinuses with viable 
and degenerate neutrophils, histiocytes and fewer 
erythrocytes, and multifocal necrosis of the cortex 
and paracortex with infiltration of large numbers of 
degenerate neutrophils. Within adjacent small blood 
vessels, the walls were multifocally infiltrated by 
degenerate neutrophils and karyorrhectic debris, and 
in the lumina, multifocal thrombi comprised of 
fibrin, macrophages and neutrophils were present.

The spleen was minimally affected, but in all four 
reported cases of mild acute splenitis, multifocal clus
ters of viable and degenerate neutrophils and 
occasionally karyorrhectic debris and histiocytes, 

Figure 1. Timeline of mortality event within the bush dog enclosure
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Figure 2. High pathogenicity avian influenza virus H5N1 in bush dogs. (a) Liver, H&E. Acute, random focal hepatocellular necrosis, 
comprised of karyorrhectic debris and fibrin exudation with rare neutrophils and histiocytes. (b) IHC shows viral antigen in hep
atocytes (thick brown arrow) on the periphery of the lesion, and in cellular debris. (c) Brain, cerebral cortex (CC), H&E. Vasculitis 
with segmental multifocal infiltration of a venule wall with neutrophils and histiocytes, is shown (thin black arrows). Multifocal to 
locally extensive necrosis and inflammation extends from the meninges into the adjacent neuropil (black circle). (d) IHC demon
strates antigen in vascular endothelial (black arrow) and arachnoid epithelial cells (blue arrow). (e) Lung, H&E. The bronchiolar 
lumen (B) is filled with degenerate and viable neutrophils, macrophages, eosinophilic material and shed epithelial cells, and 
the lamina propria and submucosa of the bronchiolar wall is diffusely mildly infiltrated by lymphocytes, histiocytes and fewer 
neutrophils. Adjacent alveolar spaces are collapsed and alveolar septae are congested and mildly expanded by neutrophils 
and macrophages. (f) IHC labelling is present in bronchiolar epithelial cells (black arrows) and within shed epithelial cells and 
macrophages in the lumen. (g) Adrenal gland, H&E. A subacute focal severe necrotizing vasculitis is seen with expansion of 
the vascular wall with neutrophils, pyknotic cellular debris and fewer mononuclear cells (black arrowheads), with subacute multi
focal severe necrosis and inflammation of the adjacent epithelial cells in the acini of the adrenal medulla and cortex. (h) IHC high
lights viral antigen in the acinar epithelial cells (black arrows).
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were seen in the white pulp. Haematopoietic precur
sors (extramedullary haematopoiesis) and haemosi
derin-laden macrophages were scattered within the 
red pulp. No vascular changes were apparent.

In the intestinal sections examined, inflammation 
was mostly mild, multifocal, diffuse and chronic. 
However, in the small intestine, evidence of mild to 
moderate active inflammation and necrosis was 
noted sporadically, with crypt abscessation, and foci 
of necrosis and monocytic inflammation within and 
between the inner circular and outer longitudinal 
smooth muscle layers, often associated with capillaries 
and in the submucosal and myenteric plexuses. In one 
case, acute, moderate multifocal necrotizing typhlitis 
and colitis were identified, with lymphoid depletion 
and mild acute multifocal vasculitis rarely present in 
the small vessels of the submucosa.

Where the eye was sampled, significant widespread 
and occasionally severe inflammation was found 
centred around vessels, with resultant anterior uveitis, 
optic neuritis and infrequently, retinitis. Multifocal 
necrotizing neutrophilic inflammation of the third eye
lid gland (nictitans gland) was captured in one section.

Interestingly, the heart (three cases) and pancreas 
(two cases) appeared mildly affected in the sections 
examined, displaying mild multifocal acute degener
ation and necrosis with minimal associated inflam
mation. Incidental mild, chronic, multifocal 
interstitial inflammation was reported in the kidneys 
but a mild to moderate multifocal acute vasculitis 
was present in some sections. On the serosal surface 
of many abdominal organs, particularly the liver, a 
mild to moderate acute multifocal to diffuse fibrinous 
peritonitis was seen. A detailed summary of the gross 
and histopathology reports provided by the park 
owner and the local specialist laboratory is provided 
in the supplemental material (Supplementary Table 1).

The changes described were suggestive of a severe 
acute systemic infection, which was initially thought 
to be bacterial, but a viral or parasitic aetiology could 
not be ruled out. Collateral analysis was carried out to 
exclude common causes of death. Secondary or con
taminant bacteria were isolated from affected organs, 
such as Escherichia coli, Staphyloccus aureus, Clostri
dium perfringes and Clostridium sordelli, Haemophilus 
parainfluenzae and Proteus spp. Molecular tests (PCRs) 
performed at a private laboratory excluded the pres
ence of SARS-CoV-2, Leptospirosis, RHDV type 1 
and Canine Adenovirus. Toxicology analysis for Ethyl
ene glycol were negative. Despite this further ancillary 
testing, no aetiologic agent was identified and prelimi
nary clinical investigation was inconclusive.

Immunohistochemistry

Immunohistochemistry was performed using an anti- 
influenza A antibody targeting viral nucleoprotein, on 

formalin-fixed paraffin embedded tissues previously 
submitted for routine histopathologic analysis (Sup
plementary Table 1). Generally, infrequent viral anti
gen was detected in macrophages and in cellular 
debris within and on the periphery of necrosis and 
inflammation in the many affected organs. Angio
centric necrosis and inflammation were sometimes 
accompanied by sporadic labelling of the vessel 
walls, particularly the endothelium and tunica media.

More specifically, within organs, occasional viral 
antigen was present in hepatocytes (Figure 2(b)), 
and in bile duct epithelium in the liver. In the brain, 
viral antigen was abundant in ependymal cells lining 
the lateral and third ventricles, and less frequently, 
multifocally in neurons, axons, and glial cells in the 
neuropil. Labelling was also present in the meningeal 
epithelial cells in the subarachnoid space (Figure 2
(d)). Moderate sporadic labelling was seen in bronch
iolar epithelium (Figure 2(f)) but was minimally vis
ible in the alveolar septae.

Significant immunolabelling was observed in acinar 
cells of the adrenal cortex (zona fasciculata and reticu
laris), and less commonly in cells of the adrenal 
medulla (Figure 2(h)). In the eye, viral antigen was 
detected in macrophages around vessels and within 
necrotic debris, particularly in the iris, uvea and 
meninges of the optic nerve. Moderate viral antigen 
was found in the acinar cells of the nictitans gland of 
the eye. Strong labelling was seen in the nuclei of 
smooth muscle cells of one or both the smooth muscle 
layers of the small and large intestines, but infre
quently within macrophages, in the vascular endo
thelium of the capillaries, and in ganglion cells of 
the plexuses between them. Rarely, viral antigen was 
visible in mucosal epithelial cells of the stomach, and 
enterocytes in the small and large intestines. 
Occasional viral antigen was present in the serosal epi
thelium on the surfaces of the intestines, abdominal 
organs, and urinary bladder. Minimal antigen was 
rarely seen in cardiomyocytes.

Virological assessment

vRNA was detected across a broad range of tissues 
sampled (Supplementary Table 2) in all bush dog 
cases. Due to the retrospective nature of the detection, 
and the working practices of the team on location 
during the disease event, a significant number of tis
sues were collected at PME and these were assessed 
following retrospective confirmation of influenza A 
virus of avian origin as the causative agent. All samples 
tested positive across the suite of molecular tests used 
to detect the influenza A: M-gene, the high pathogen
icity H5 haemagglutinin (H5 HP) and the N1 neura
minidase gene. Exceptions to this were oral and 
rectal swabs from Case 6 and the intestine from 
Case 10, all of which tested negative across all three 
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molecular assays. Of significant interest were the posi
tive results obtained from a urine sample that was 
aspirated directly from the bladder during the PME 
of Case 5. Virus isolation and propagation were suc
cessful, resulting in the harvesting of one viral isolate 
per dog.

Environmental and epidemiological 
investigation samples

During the mortality events, staff had also collected a 
suite of environmental samples (Supplementary Table 
3) from their enclosure which could be assessed for 
evidence of environmental contamination. An 
additional sample set included samples from animals 
at the park that were considered at risk from the 
agent, and which died or were euthanised during or 
shortly after the canid mortality event. Interestingly, 
from all these samples, only one sample of water 
taken from a drinking trough within the bush dog 
enclosure tested positive for vRNA although an isolate 
was not successfully recovered from the sample (Sup
plementary Table 3). Samples from the five surviving 
dogs, collected approximately four months after the 
disease event, were also negative at RRT-PCR. How
ever, mild seroconversion was detected in 2 out of 5 
dogs following the HI test, demonstrating exposure 
to virus or viral antigen.

Genomic analyses

Initially, samples across Cases 6, 8 and 9 were sub
jected to metagenomic analyses; this included liver, 
kidney and brain samples from Case 6 and three tissue 
pools of liver, kidney and spleen from Cases 8 and 
9. The analysis revealed sequence reads matching 
those of influenza A virus. This initial metagenomic 
findings in combination with the RRT-PCR results 
prompted further investigation of the samples 
obtained from the Bush dogs and WGS was attempted 
on tissue samples or viral isolates from the deceased 
animals and the positive environmental sample, 
resulting in 11 full H5N1 HPAIV genomes being 
sequenced. The 11 genomes demonstrated 99.4- 
100% nucleotide identity to each other across all 
eight influenza virus gene segments. Initial phyloge
netic analysis revealed that the genomes obtained 
from the bush dog samples clustered with those of 
the UK AIV09 genotype [2] (also known as the AB 
genotype according to the EU Reference Laboratory 
schema), which was the predominant genotype in 
the UK from October until May 2023. To further 
investigate potential incursion routes for H5N1 into 
the captive Bush dog population, 10 of the 11 genomes 
from the safari park were concentrated and combined 
with a more fulsome dataset containing only genomes 
of the AIV09 (AB) genotype which were then used to 

infer time-resolved phylogenies. The omitted 
sequence (A/Bush dog/England/037675/2022) con
tained a number of gaps and was removed from 
these subsequent analyses. From these analyses, it 
was demonstrated that the bush dog genomes showed 
high similarity with AIV09 (AB) H5N1 HPAIV 
sequences from the UK, but formed a distinct group 
(Figure 3(a)), with a time to the most common recent 
ancestor (tMRCA) estimate of 24th September 2022 
(range: 9th September 2022 to 13th October 2022). 
Within this group, the 10 bush dog sequences were 
divided into two separate sub-groups. Sub-group A 
contained the environmental sequence generated 
from the water trough in the Bush dog enclosure (A/ 
Environment/England/058953/2022), along with two 
sequences from Bush dogs (A/Bush dog/England/ 
037682/2022 (Case 3) and A/Bush dog/058954/2022 
(Case 10)) and were generated from samples collected 
from the 17th of November through to the 25th of 
November, covering the entire sampling period. 
Sub-group B contained the remaining seven Bush 
dog sequences, generated from samples collected 
between the 18th of November and 22nd November. 
When looking at the amino acid changes across the 
bush dog sequences, 10 variable sites were observed 
across: polymerase basic protein-1 (PB1) and -2 
(PB2), polymerase acidic protein (PA), HA, matrix 
protein 2 (M2) and non-structural protein-1 (NS1) 
(Figure 3(b)). The PB2 protein contained the most 
variant sites (five), which included changes at pos
itions 627 and 701 which have both been reported to 
be involved in the adaptation of AIVs to mammalian 
hosts [13]. Interestingly, whilst nine of the 10 
sequences, including the environmental sample, pos
sessed a lysine (K) at position 627, one sequence (A/ 
Bush dog/England/068984/2022 (Case 5)) did not. 
However, this sequence did contain an asparagine 
(N) at position 701, whereas the other sequences pos
sessed an aspartic acid (D). When comparing the phy
logenetic and amino acid variability, it was found that 
sub-groups A and B were distinguished by three vari
able sites in the PB2 (position 403 and 598) and PA 
(position 531) proteins. Within sub-group B, there 
were also three sequences (A/Bush dog/England/ 
058198/2022, A/Bush dog/England/037689/2022 and 
A/Bush dog/England/037690/2022) that showed 
different amino acid substitution from the other 
sequences in sub-group B (PB2 position 123 and 
NS1 position 183), however, there were also other 
changes seen within this sub-group at different 
positions.

Discussion

The detection of influenza A virus of avian origin 
H5N1 as the causative agent of mortality in bush 
dogs was an unusual and unexpected event. Sequence 
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reads for influenza A virus led to the described diag
nostic pathway that conclusively defined clade 
2.3.4.4b H5N1 influenza A virus of avian origin as 
the cause of disease. The internal distribution of the 
virus demonstrated systemic infection affecting mul
tiple organs and clearly demonstrated that HPAI was 
the primary cause of death. Viral excretion through 
the respiratory and intestinal tract could be speculated 

although swabs (oral and rectal) collected from Case 6 
did not detect the virus. The detection of vRNA from 
the urine sample for Case 5 may indicate possible hori
zontal transmission routes although there is no further 
evidence to substantiate this hypothesis.

Histopathologic findings demonstrated a severe 
acute systemic disease characterized by vasculitis, 
and widespread necrosis and inflammation in many 

Figure 3. (a) Time-resolved phylogenetic analysis of H5N1 HPAIV genotype AIV09 (AB) concatenated from genomes. Sequences 
from UK captive and wild birds, as well as the sequences obtained from the bush dogs are coloured accordingly. (b) A subset of the 
phylogenetic tree shown in A focussing on the bush dog sequences, case number and the amino acid changes therein. Sub-groups 
A and B described in the text are highlighted.
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organs, specifically the liver, brain, lung, and adrenal 
glands. Immunohistochemistry confirmed the pres
ence of viral antigen most often seen in the brain, 
lung, adrenal glands, lymph nodes and liver, but 
also within vascular walls. The brain and lung are 
common targets in spill over mammalian HPAI 
H5N1 infections [4,25–27], with the virus potentially 
gaining entry following inhalation into the respirat
ory tract. Other routes, including vascular infection 
following ingestion of infectious material and intesti
nal entry have been described in H5N1 infection of 
cats, with subsequent viraemia [28]. In the current 
study, both lung and intestinal lesions were seen sup
porting a multifactorial pathogenesis. Dissemination 
of the virus to the brain with penetration of the 
blood–brain-barrier into the cerebrospinal fluid 
(CSF) has been proposed [29] and would account 
for virus detected in the meninges and spread to 
the adjacent neuropil. Vasculitis, and in particular, 
phlebitis was a significant feature of infection in 
this species. Recent reports in red foxes [3,25] and 
in historical and recent cases of HPAI H5N1 in natu
rally infected cats [30] report endotheliotropic behav
iour of the virus, with endothelial damage and 
vasculitis in seen in multiple organs, which resembles 
the endotheliotropism seen in the pathogenesis of 
HPAI H5N1 infections in terrestrial poultry [28]. 
However, leukocytoclastic vasculitis, defined as a 
small-vessel neutrophilic vasculitis with fragmented 
nuclei present [31] has only recently been described 
in naturally infected cats [30].

The exposure route to influenza A virus of avian 
origin in this case is hard to conclusively define. The 
bush dogs had been fed a diet that included frozen 
shot wild birds and game. In the absence of local dis
ease events that may have been transferred to the bush 
dogs in the enclosure, infection through ingestion of 
infected meat / offal would appear to be the most likely 
route of infection. Another potential infection route is 
through scavenging of any wild bird carcases/any sick 
wild birds landing in the un-netted pen. Other routes 
of infection including indirect contact (e.g. wild bird 
faeces) are possible but less likely and would not fit 
with the rapid onset of infection across a number of 
dogs within a short time frame. Wild bird activity 
was observed on the site during epidemiological inves
tigations and black-headed gulls, greylag geese, pink- 
footed geese as well as corvids, pigeons and pheasants 
had been observed in the vicinity. The shot wild game 
supplied as food had originated from the neighbour
ing shooting estate but no reports of clinical signs or 
die-offs in avian species had been reported. Further, 
the stream/pond in the bush dog enclosure was sup
plied with water from a reservoir upstream that was 
frequented by wild bird species, although a sluice 
was in place to prevent carcasses being washed down 
from the reservoir and the water was relatively fast- 

flowing, again making this an unlikely infection 
route. Critically, the rapid development of disease 
and acute clinical outcome suggests that the dogs 
received a high dose of infectious material and so 
ingestion of material must be considered the most 
likely route of infection. Genetic assessment from tis
sues positive for each animal was undertaken to try 
and evaluate the possibility of dog-to-dog transfer. 
Local atmospheric conditions are known to influence 
environmental virus survival with lower temperatures 
promoting persistence [18,32]. In early October 2022, 
the day-night high-low temperature range near this 
site was 17–11°C. For samples collected on 17–22 
November 2022 and 06 March 2023, day-night read
ings were consistent at 8–11°C and 4–8°C respectively, 
hence favourable to virus survival. Other factors can 
impact the detection of environmental vRNA from 
water, dilution (rain), volume (lake) and flowrate 
(river) [32]. This might account for a single M-gene 
signal detection from the bush dog water trough (17/ 
11/2022) (Supplementary Table 3). All bush dogs 
had access to the water trough where we detected 
vRNA. Since five bush dogs survived this lowers the 
likelihood of water being the route or main source 
of virus introduction and trough contamination by 
infected bush dogs being a plausible explanation for 
this observation.

The genetics of the virus demonstrated a high level 
of viral genetic homogeneity across all eight viral seg
ments of the sequences from the bush dogs. Phyloge
netic analysis demonstrated that these sequences were 
consistent with the AIV09 (EURL: AB) H5N1 HPAIV 
genotype which predominated in the UK during the 
2022–2023 autumn/winter period [2]. Time-resolved 
phylogenetic and amino acid analysis found that all 
the sequences from the bush dogs were the result of 
a single introduction, however, while there were 
amino acid substitutions, these do not appear to 
have been consistently maintained. Taken together, 
this suggests that transfer between dogs is unlikely 
and that a common source of infection is responsible, 
although it is impossible to definitively conclude 
whether dog-to-dog transmission occurred. Critically, 
five animals survived remaining clinically normal 
throughout. This may indicate that these dogs had 
not received a dose of virus sufficient to drive a pro
ductive infection. This is further supported by low- 
level serological responses being detected in two of 
the animals (Cases 11 and 12) that may indicate 
exposure to antigen or a low-level infection that was 
cleared by the host immune response. From the per
spective of zoonotic risk, the well-established marker 
of mammalian adaptation (E627K) was detected in 
all but one of the bush dog sequences generated. 
This mutation alone is insufficient to drive an increase 
in zoonotic risk and so the risk to human populations 
must be considered very low.
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Infection of unusual species with influenza A of 
avian origin raises important questions about the 
implications for infection of conservation species. 
The detection of mammalian infection with these 
viruses is of interest, through the potential for mam
malian adaptation and establishment of mammal-to- 
mammal transmission. This factor is being monitored 
globally wherever mammalian infection is detected, 
and potential adaptive mutations scored for relevance 
to potential viral adaptation. Clearly, the feeding of 
wild shot birds to captive carnivores whilst infection 
pressure is high in wild birds should be discouraged 
in line with similar recommendations given to keepers 
of birds of prey or in alternative a rigorous risk assess
ment should be carried out before any carcass is fed to 
any of these animals.
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