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Simple Summary

Wild birds are vulnerable to diseases that can affect their health and survival. In this
study, we examined eight Stone-curlews from the Canary Islands with signs of avian pox,
a viral skin disease. Some birds had mild lesions and recovered with treatment, while
others developed severe foot injuries that could hinder movement, feeding, and predator
avoidance. Genetic analysis revealed different viral strains, showing high diversity within
this host species. In addition to the virus, we detected skin fungal co-infections that may
worsen the disease. Moreover, one bird presented an unusual tumor-like lesion, which
has previously been described in association with avian pox in other species, expanding
the range of known disease manifestations. These findings improve our understanding of
health threats in wild birds and stress the need to consider multiple infections in wildlife
disease research.

Abstract

Avian poxvirus was diagnosed in eight wild Stone-curlews (Burhinus oedicnemus) from the
Canary Islands, based on a combination of pathological and molecular analysis. Affected
birds exhibited lesions consistent with poxvirus infection; three of four with mild lesions
(<2 on pelvic limbs, excluding phalanges) were successfully rehabilitated and released,
while four with moderate (<2 on phalanges) to severe lesions (>3 on phalanges) poten-
tially faced impaired mobility, increased predation risk, and reduced foraging efficiency.
Histopathology of six individuals revealed Bollinger bodies, characteristic of Avipoxvirus
infection, and molecular analysis confirmed the presence of viral DNA in six cases. Three
genetically distinct viral variants were identified, each associated with different phyloge-
netic clades and subclades, suggesting substantial viral diversity within this host species.
Co-infection with Aspergillus fumigatus was also detected in six of the eight birds, confirmed
by molecular analysis in either skin lesions or lung tissue. To our knowledge, this represents
the first report of A. fumigatus co-infection in Stone-curlews with Avipoxvirus. Additionally,
one individual presented a tumor-like lesion, expanding the known pathological manifes-
tations of the disease. These findings provide new insights into avian pox and highlight
the importance of considering fungal co-infections in the differential diagnosis, given their
potential to exacerbate disease severity.
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1. Introduction

Avian pox is a globally distributed infectious disease affecting birds caused by viruses
of the genus Avipoxvirus (family Poxviridae) [1]. The International Committee on Taxonomy
of Viruses (ICTV) currently recognizes 12 species within this genus, with two additional
species recently proposed based on phylogenetic divergence and host range patterns [2].
Phylogenetic analyses of selected genomic regions have grouped Avipoxvirus strains into
at least three major clades: fowlpox-like, canarypox-like, and psittacinepox-like [2—4].
However, despite this clade-level structure, species boundaries remain unresolved. A
recent molecular survey identified 152 unique viral sequences, highlighting substantial
genetic diversity within the genus [5], which has traditionally been characterized using
a conserved 578 bp fragment of the 4b core protein gene [6], although broader genomic
approaches are now increasingly applied.

Avian poxviruses infect a wide range of both domestic and wild avian species, with
infections documented in more than 374 bird species spanning 23 avian orders, highlighting
their broad host range [5]. However, while many viral lineages appear capable of infecting
a broad range of host species across diverse avian orders, the extent of host specificity
remains debated. Some strains show evidence of generalist behavior, potentially driven by
anthropogenic factors, whereas others may display a more restricted, taxon-specific host
range [3,7].

Clinically, avian pox manifests in three primary forms: cutaneous, diphtheritic, or
mixed, with the cutaneous form being most prevalent [8]. This form typically involves
nodular lesions on the comb, wattles, eyelids, and legs [9]. Disease severity varies depend-
ing on host susceptibility, viral strain virulence, location and number of injuries, and the
presence of secondary infections or environmental stressors [9,10]. Although avian pox is
typically self-limiting and associated with low mortality rates [11,12], severe outcomes can
occur, particularly when secondary bacterial or fungal infections develop [13-16]. Such
co-infections can exacerbate disease progression and may result in systemic illness [13,17].

The impact of Avipoxviruses on island bird populations is particularly concerning,
with the virus implicated in population declines and potential local extinctions [18,19]. The
Stone-curlew (Burhinus oedicnemus) is a ground-nesting bird of conservation concern in
Europe. Genetic studies have revealed significant differentiation between mainland and
island populations, with two endemic subspecies recognized in the Canary Islands: B. o.
insularum (Fuerteventura and Lanzarote, including La Graciosa and Alegranza), and B. o.
distinctus (Gran Canaria, Tenerife, La Gomera, El Hierro and La Palma) [20-22]. Despite its
ecological and conservation significance, the susceptibility of this species to Avipoxvirus
infection remains poorly understood [23-25].

This study seeks to explore the occurrence and genetic variability of Avipoxvirus in
Stone-curlew populations, with special attention to the endemic subspecies of the Canary
Islands. Through an integrated approach involving clinical examination, anatomopatholog-
ical analysis, and molecular techniques, we aim to characterize the viral strains, determine
their phylogenetic relationships, and enhance the understanding of avian pox ecology in
wild bird species of conservation concern.
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2. Materials and Methods
2.1. Animals and Tissue Sampling

This study includes eight Stone-curlews with cutaneous avian pox-like lesions, com-
prising three live cases and five necropsied individuals, conducted within the framework
of the Canarian Wildlife Health Surveillance Network, a monitoring program on causes
of mortality in Canarian wildlife established by the Canarian Government (Red Vigia
Canarias; Order No. 134/2020, 26 May 2020). Of the eight individuals included in the
present study, seven originated from Gran Canaria and one from Lanzarote (Table 1).

Table 1. Case information for Stone-curlews (Burhinus oedicnemus) included in this study, summa-
rizing case number, internal identification code, status at discovery in the field, finding location
and date, admission to the WRCT (when applicable), rehabilitation history, clinical outcome, and
sample origin.

Case Status ‘:f‘n;liscl_(l)_n Days at Clinical Outcome at WRCT Sample Origin
Code ID Ref. FL FD WRCT
Dead Alive Yes No Died Euthanized Released Necropsy Biopsy
1 SA518/21 X - L 06/04/21 - X NA NA NA NA X -
2 123/23 - X GC 08/03/23 X - 74 - - X - X
3 237/23 - X GC 14/04/23 X - 45 - - X - X
4 FSM15/23 - X GC o04/05/23 x - ilewo X : X .
hours)
5 FS81/24 - X GC 29/07/23 X - 11 X - - X -
6 F5499/24 - X GC 03/09/24 X - 1 X - - X -
7 FS601/24 - X GC 25/06/24 X - 4 - X - X -
8 757/24 - X GC 18/08/24 X - 44 - - X - X
Total 8 1 7 - - 7 1 - 2 2 3 5 3

Notes: FL (finding location: GC = Gran Canaria; L = Lanzarote); FD (finding date); WRCT = Wildlife Rehabilitation
Center of the Cabildo of Gran Canaria; NA = not applicable.

The prospective component included three Stone-curlews admitted to the Wildlife
Rehabilitation Center of Tafira (WRCT) (Cabildo of Gran Canaria) between 2023 and 2024
with cutaneous lesions (on the pelvic limbs and/or beak) compatible with Avipoxvirus
infection. Upon admission, all individuals underwent clinical examination, and when
available for each specific case, skin biopsies and/or swabs were collected for further
diagnostic investigation. These birds were monitored during the rehabilitation process and,
following improvement in clinical symptoms and visible healing of cutaneous lesions, were
subsequently released back into the wild (Table 1; Cases 2, 3, and 8).

The retrospective component involved the review of 68 Stone-curlews necropsied be-
tween 2021 and 2024 at the University Institute of Animal Health and Food Safety (Instituto
Universitario de Sanidad Animal y Seguridad Alimentaria, I[USA), using standardized
necropsy reports, routine histopathological evaluations, and macroscopic image analy-
ses. Among these, five birds exhibited macroscopic cutaneous lesions suggestive of avian
poxvirus infection, particularly affecting featherless areas of the pelvic limbs (legs and feet).
These comprised one bird found dead in the field (Table 1; Case 1) and four admitted to the
WRCT for veterinary care and potential release, of which two died naturally and two were
humanely euthanized due to poor prognosis (Table 1; Cases 4-7).

Of the 8 Stone-curlews, 2 were identified as female and 3 as male; the sex of the
remaining 3 could not be determined due to the condition of the carcasses or, in the
case of live animals, the absence of external sexual dimorphism characteristic of this
species. Age classification was based on external morphology, skeletal features, and
gonadal development, and individuals were assigned as juvenile (1 = 2) or adult (n = 4),
while the age of 3 birds could not be determined. Nutritional status was assessed through
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visual and manual evaluation of the pectoral muscle mass (keel scoring) and the presence
of fat reserves and classified on a five-point numerical scale, with 1 indicating cachexia,
2 underweight, 3 normal, 4 overweight, and 5 obese. This system represents a modification
of the seven-category body condition scoring method described by Burton et al. (2014) [26].
In our approach, the category cachexia (score 1) was introduced to denote individuals
with marked pectoral muscle atrophy, thereby distinguishing severe pathological muscle
wasting from general underweight status. The categories thin and lean in Burton et al. were
combined into a single underweight category (score 2), representing individuals without
grossly appreciable muscle atrophy. Ideal corresponds to our normal (score 3), and moderately
overweight corresponds to overweight (score 4). Finally, severely overweight and morbidly
overweight were merged into a single category (obese, score 5), as these two categories
did not reflect biologically or clinically meaningful differences in our study population
of wild birds; both were characterized by excessive fat deposition that obscured body
contours and masked pectoral muscle definition. Body condition assessments revealed that
3 were cachectic (grade 1) and 5 were underweight (grade 2). This case-specific information
(including body weight) is summarized in Table 2.

Table 2. Summary data from eight Stone-curlews (Burhinus oedicnemus) included in the present study
(2021-2024), comprising biological information (age and sex), carcass preservation status at necropsy
and decomposition state at necropsy (when applicable), body weight, body condition, and samples
analyzed for Avipoxvirus by histopathology and DNA detection.

Case Cutaneous . Molecular
Code MP DC \% BC AGE SEX Lesion Tested Histopathology Testing
1 F 2 145.9 2 ] M NA Yes No

Beak
2 NA NA 295 2 U U Skin 1 Yes Yes
Skin 2
Skin 1
3 NA NA 320 2 A U Skin 2 No Yes
Skin 3
4 R 1 2139 1 A F Skin Yes Yes
5 F 3 174.5 2 ] F NA Yes No
6 R 2 275.6 1 A M Skin Yes Yes
7 F 2 212.8 1 A M Skin Yes Yes
8 NA NA 310 2 U U Skin No Yes

Notes: DC = decomposition code: (1 = very fresh, 2 = fresh, 3 = incipient decomposition); MP = method of carcass
preservation (F = freezing; R = refrigeration); W = weight; BC = body condition: (1 = cachexia, 2 = thin (slim); AGE
(A = adult, ] =juvenile, U = undetermined); SEX (F = female, M = male, U = undetermined); NA = not available or
not applicable.

Deceased Stone-curlews were stored under refrigeration (Cases 4 and 6) or frozen
(Cases 1, 5, and 7) until necropsy (Table 2). Carcasses were subsequently classified according
to their preservation status based on the degree of decomposition (1 = very fresh, 2 = fresh,
and 3 = early decomposition), following standardized protocols established at the IUSA
(Table 2).

All necropsies were performed in accordance with consistent and standardized pro-
cedures [27] and involved the systematic examination and photographic documentation
of all organs and any observed lesions. During necropsy, tissue samples were collected
from major organs, including the liver, lungs, kidneys, intestines, and any observed skin
lesions (Table 2). Additionally, sterile, individually packaged swabs (Vircell S.L., Granada,
Spain)—without transport medium—were used to collect samples from various body
cavities, including the oropharyngeal cavity, cloaca, and coelomic cavity. Brain samples
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were also collected via this method as previously described [28,29]. All collected biological
material was archived at the [USA.

Frozen tissue samples from six individuals were processed for molecular analysis,
and histopathological examination was performed on six cases (with partial overlap) from
the same cohort of eight individuals (Table 2). All fresh, unfixed tissue and swab samples
were stored at —80 °C until molecular virological analyses were conducted. Parallel tissue
specimens were fixed in 4% buffered formalin for histopathological processing.

2.2. Gross and Histopathological Examination

During external evaluation, the number and anatomical distribution of visible hyper-
plastic, pox-like lesions were documented for each affected bird. Formalin-fixed tissue
samples from each collected lesion were routinely processed, paraffin-embedded, sectioned
at 3 um, and stained with Hematoxylin and Eosin (H&E) for histopathological examination.
The diagnosis of avian pox was based on the presence of characteristic lesions, includ-
ing large, solid or ring-shaped eosinophilic intracytoplasmic inclusions (Bollinger bodies)
within affected epithelial cells [9]. In cases with suspected secondary fungal infections,
additional histochemical stain techniques, such as Grocott’s Methenamine Silver Nitrate
(GMS) and/ or Periodic acid Schiff (PAS) staining, were applied to assess the morphological
characteristics of potential pathogens.

Lesion severity was evaluated based on anatomical location, lesion count, and the
presence of secondary infections [1,12,16]. Given the terrestrial habits of Stone-curlews and
the functional importance of their pelvic limbs in locomotion, lesions were classified as
mild when limited to the pelvic limbs (excluding the phalanges) and numbering no more
than two. Lesions were considered moderate if involving the phalanges but limited to
two or fewer, and severe if affecting the phalanges with three or more lesions present.

2.3. Molecular Analysis

Cutaneous lesion samples, obtained through necropsies and biopsies, were processed
by mechanical maceration of 0.025 g of tissue in 400 uL of DNA/RNA Shield™ (Zymo
Research) using 2 mL ceramic bead Precellys® tubes, followed by centrifugation. Two
hundred microliters of each skin lesion macerate were used for simultaneous DNA and
RNA extraction employing a magnetic bead-based method on an automated robotic plat-
form, following the manufacturer’s instructions for the ZYMO DNA/RNA extraction
kit (ZYMO Research, Freiburg, Germany). To ensure the accuracy and reliability of the
extraction process, both a negative control (nuclease-free water) and a positive control
(a herpesvirus-positive sample previously confirmed in our laboratory) were included in
each extraction batch [29].

The presence of the Avipoxvirus (AVP)-DNA was assessed in 10 samples corre-
sponding to 9 skin lesions and 1 beak lesion. For the detection of viral DNA, a
real-time semiquantitative PCR (sq-PCR) assay targeting the P4b gen, which encodes
the conserved structural 4b core protein, was performed, as previously described [30].
The primer pair vAAPV-124f (5'-ACGTCAACTCATGACTGGCAAT-3') and vAAPV-246r
(5'-TCTCATAACTCGAATAAGATCTTGTATCG-3') was used along with an internal hy-
drolysis probe vAAPV-159p-(5'-FAM-AGACGCAGACGCTATA-MGB-3') labelled with a 5’
reporter dye (FAM) and a 3’ quencher (Non-Fluorescent Quencher Minor Grove Binding,
NFQMGB). Subsequently, all samples were subjected to a conventional PCR protocol to am-
plify a longer 578 bp of the same gene, as previously described [31]. The primers used were
P1 (5-CAGCAGGTGCTAAACAACAA-3') and P2 (5-CGGTAGCTTAACGCCGAATA-3'),
enabling downstream sequence analysis for species identification. PCR products (5 nL)
were analyzed by horizontal electrophoresis on a 2% agarose gel containing GelRed® (Bi-
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otium, Inc., Fremont, CA, USA). Diethylpyrocarbonate (DPEC)-treated water was used as
the negative control for both PCRs, while an AVP-positive sample previously confirmed in
our laboratory served as the positive control.

In this study, the definitive molecular status of cutaneous lesion samples for
Avipoxvirus (positive or negative) was determined by the combined results of all molecular
assays performed, including both conventional and real-time PCR techniques. A sample
was classified as positive if at least one of the PCR methods yielded a positive result.
These molecular findings were further interpreted in conjunction with the histopathological
evaluation of the corresponding formalin-fixed paraffin-embedded tissue samples.

In one case involving suspected secondary fungal infection, lung, liver, and kidney
tissues were directly pooled into a composite sample using a sterile swab. The swab was
then transferred into a tube containing viral transport medium (VIM) (Transport Medium
for the Collection and Preservation of Viruses, Chlamydia, and Mycoplasma, Vircell S.L.),
which contains HEPES buffer, gelatine, bovine serum albumin, sucrose, and compatible
antibiotics to ensure pathogen stability and viability during both transport and storage. The
sample was thoroughly mixed, and 100 puL of VTM was combined with an equal volume of
DNA /RNA Shield™ (Zymo Research, Freiburg, Germany) prior to nucleic acid extraction,
using the same magnetic bead-based automated method described above.

To confirm the presence of fungal infection, specifically Aspergillus fumigatus, a sq-PCR
assay was performed using the primer pair Af255-F (5'-GGGTCGAACGGTCAAGT-3’) and
Af255-R (5-GAGAGTCCATGGAGGTGGAG -3’), which amplifies a 202 bp fragment of the
255 rRNA gene based on the GenBank sequence U15421. The sq-PCR was conducted using
SYBR Green chemistry (Bio-Rad), following the manufacturer’s recommended protocols.

2.4. Detection, Sequencing of PCR Products, and Phylogenetic Analysis

Conventional PCR amplicons from AVP-DNA-positive samples were purified using
the Real Clean spin kit (REAL, Valencia, Spain) and subsequently subjected to bidirectional
Sanger sequencing. The resulting nucleotide sequences were analyzed and compared both
internally and with publicly available sequences in GenBank through the BLAST 2.15.0
(Basic Local Alignment Search Tool, (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 22 October 2023) algorithm. Multiple sequence alignments of AVP sequences were
carried out using ClustalW. The resulting nucleotide sequences were deposited in GenBank
(accession numbers: PV976817, PV976818, PV976819, PV976820 and PV976821).

Phylogenetic and molecular evolutionary analyses were performed using MEGA
version 12 [32], incorporating 41 AVP nucleotide sequences retrieved from GenBank. Phy-
logenetic trees were constructed using the Neighbor-Joining (NJ) and BioN] algorithms
based on pairwise genetic distances estimated by the Maximum Composite Likelihood
(MCL) method under the Tamura 3 parameter (1985) substitution model Nei & Kumar,
2000. Rate variations among sites were modelled using a discrete Gamma distribution
with 5 categories (+G, shape parameter = 0.3839). The analysis included 45 nucleotide
sequences, with 1050 aligned positions in the final dataset. The topology robustness was
assessed using a bootstrap consensus tree based on 1000 replicates. Branches supported by
fewer than 50% of bootstrap replicates were collapsed, and bootstrap values (expressed as
percentages) were displayed next to the corresponding branches [33].

3. Results
3.1. Gross and Histopathological Findings

Gross examination of the eight animals from our study revealed multiple raised, wart-
like cutaneous vesicles or nodules, varying in color, typically pink, red (Figure 1), or yellow,
as observed in Case 1 (Figure 2A). These lesions were predominantly located on the pelvic
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limbs, including the area of the tibiotarsus, the tarsometatarsus, and phalanges. Lesion
numbers varied among individuals, ranging from two to more than three per animal,
and displayed diverse morphologies and surface characteristics, from a small, smooth,
yellowish nodule, to multiple ulcerated, coalescing, nodules (Table 3) (Figures 1 and 2A).

s | }'"5/23 S/shs 6
Figure 1. Gross cutaneous manifestations of Avipoxvirus infection in the Stone-curlews included in
this study, presented in increasing severity from mild to severe. (A). Case 3. Mild. Small vesicular
lesion on the tarsometatarsus (arrow). (B). Case 2. Mild. Multiple pink ulcerative and vesicular
lesions on the tarsometatarsus, treated with iodine at the WRCT (arrows). (C) Case 6. Moderate. One
vesicular lesion on the phalanges (arrow). (D). Case 5. Severe. Multiple red nodular lesions on the
leg tarsometatarsus and phalanges (arrows). (E). Case 4. Severe. Multiple red eroded nodules on the

tarsometatarsus and phalanges (arrows). (F). Case 7. Severe. A large, ulcerated nodule occupying
nearly the entire phalangeal surface (arrow).
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Figure 2. Characteristics of the pox-like lesion in Case 1 (A). Gross presentation of the cutaneous
yellow form of Avipoxvirus infection, characterized by two yellowish contiguous nodular lesions on
the skin. (B). Histopathological section showing characteristic epidermal hyperplasia, ballooning
degeneration of keratinocytes, and the presence of solid intracytoplasmic inclusion bodies indicative
of Avipoxvirus infection (Bollinger bodies: BB) (Bar = 100 um). Inset: Higher magnification of the BB
(arrow) (Bar = 50 um).

Table 3. Summary of gross and histopathological characteristics of cutaneous lesions observed in the
eight animals included in this study.

Case Gross Findings Histopathology
Code L NI S TS BB HP HQ BD II N E U H KP F B
1 2 Mild Skin + + - + + + - - - - + -
™ 2 . Skin + + + + + + + + + + + +
2 Beak 1 Mild Skin NA NA NA NA NA NA NA NA NA NA NA NA
3 ™ 2 Mild Skin NA NA NA NA NA NA NA NA NA NA NA NA
4 ™,PH +3 Severe Skin + + + + + + + + + + + +
5 ™,PH +3 Severe Skin + + - + + + + + + - - +
6 PH 2 Moderate  Skin + + + - + + - - - - + -
7 ™,PH +3 Severe Skin + + - + + + + + + - + +
8 ™ 2 Mild Skin NA NA NA NA NA NA NA NA NA NA NA NA

Note: Gross findings [L = Location (T = Tibiotarsus; TM = Tarsometatarsus; PH = Phalanges); NI = Number of
lesions; S = Severity of lesions]; Histopathology [(TS = Tissue Sample; BB = Bollinger bodies; HP = hyperplasia of
the epithelium; HQ = hyperkeratosis; BD = ballooning degeneration of keratinocytes; II = inflammatory infiltrates;
N = necrosis; E = erosion; U = ulceration; H = hemorrhage; KP = keratin pearls; F = Fungus; B = Bacteria);
(+ = presence; - = absence; NA = Not available, not applicable)].

Histopathological examination of six of the eight cases from our study showed focal
to multifocal epidermal thickening due to keratinocyte hyperplasia, particularly within the
stratum spinosum, the presence of characteristic eosinophilic intracytoplasmic inclusion
bodies (Bollinger bodies) in the infected keratinocytes (solid or ring-shaped), and variable
degrees of epidermal necrosis (Figures 2B and 3). Additional histopathological findings
included heterophilic inflammatory infiltrates in five of six cases (83.3%), ballooning de-
generation in five of six (83.3%), hemorrhage in four of six (66.7%), erosion in four of six
(66.7%), and ulceration in four of six (66.7%) (Figure 3). Keratin pearls were identified
exclusively in two cases (Case 2 and Case 4) (Figure 3). Histopathological evaluation could
not be performed for Cases 3 and 8 due to the unavailability of biopsy material.
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Figure 3. Histopathological findings related to Avipoxvirus infection. Hematoxylin and Eosin stain.
(A). Case 2. Severe epidermal hyperplasia with ring-like eosinophilic intracytoplasmic inclusion
bodies (Bollinger bodies) (Bar = 200 um). Inset: higher magnification of the BB. (B). Case 6. Extensive
areas of necrosis and heterophilic inflammation, accompanied by mild epidermal hyperplasia and
scattered solid eosinophilic intracytoplasmic inclusion body-like inclusions (Bar = 200 um). Inset:
higher magnification of the intracytoplasmic inclusion body-like inclusions (arrow). (C). Case 7.
Marked epidermal hyperplasia with the presence of solid eosinophilic intracytoplasmic inclusion
bodies (BB) in keratinocytes (Bar = 200 pm). Inset: higher magnification of the BB. (D). Case 4.
Pronounced epidermal hyperplasia featuring characteristic eosinophilic intracytoplasmic inclusion
bodies (BB) and central areas of necrosis (Bar = 500 um).

Tumor-like proliferative lesions associated with cutaneous Avipoxvirus infection were
identified in Case 7 (Figure 4A). Histologically, adjacent to areas of marked epithelial
hyperplasia with Bollinger bodies (Figure 3C), an invasive proliferation was observed. It
was composed of irregular infiltrative cords of proliferating keratinocytes and nests of atyp-
ical epithelial cells with prominent squamous differentiation. Other histological features
included keratinization, intercellular bridges, and nuclear pleomorphism, consistent with a
diagnosis of locally invasive squamous cell carcinoma (Figure 4B).

Regarding co-infections, superficial and/or intralesional bacteria were observed in
four of the six animals evaluated histologically. Additionally, 3.5 to 4.5 um, tubular, septate
hyphae, with parallel walls, and dichotomous branching, morphologically consistent with
Aspergillus spp. were identified in cutaneous lesions from five cases (Cases 1, 2, 4, 6, and 7),
as well as in the lung tissue of Case 7 (Figure 5) (Table 3).
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Figure 4. Tumor-like lesions compatible with a squamous cell carcinoma associated to Avipoxvirus
infection in Case 7. (A). Gross finding. Tumor-like lesions identified in Case 7. (B). Histopathological
changes consistent with irregular infiltrative cords of keratinocytes (Bar = 200 um). Inset: squamous
differentiation of proliferative and invasive keratinocytes (arrow), compatible with a squamous cell
carcinoma (Bar = 100 pm).

Figure 5. Histopathological findings of secondary fungal co-infections. (A). Case 1. Fungal hyphae
were observed in the superficial stratum of the epidermis, without associated histopathological
alterations. GMS stain (Bar = 100 um). (B). Case 6. Fungal hyphae are present in middle layers of the
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hyperplastic epidermis, accompanied by necrosis and inflammation. PAS stain (Bar = 100 pm). Inset:
higher magnification of the intralesional hyphae. PAS stain (Bar = 50 pm). (C). Case 4. Branched,
parallel, dichotomous hyphae, consistent with Aspergillus fumigatus, are embedded within a necrotic
and inflamed area of the hyperplastic epidermis. PAS stain (Bar = 50 um). (D). Case 2. Infiltrating and
invasive fungal hyphae were observed within the proliferative epithelium. GMS stain (Bar = 50 um).
(E). Case 7, skin. Short, thin septate fungal hyphae stained black, with angular and dichotomous
branching, suggestive of Aspergillus sp. (Bar = 50 um). (F). Case 7, lung. Similar fungal hyphae
observed, consistent with Aspergillus infection, confirmed by PCR as A. fumigatus (Bar = 50 um).

3.2. PCR and Sequence Analyses

Avipoxvirus P4b DNA was detected in skin lesion samples from all six birds analyzed
by molecular methods. Of the ten samples tested, eight (exclusively obtained from the
pelvic limbs) were positive (Table 4). All positive samples yielded amplification with both
conventional and sq-PCR assays, except in two cases (Table 3), in which amplification was
detected using only one of the two assays. The AVP-DNA positive samples were further
evaluated based on their cycle threshold (Ct) values, with amplification beyond a Ct of
35 considered negative by the sq-PCR criteria. In Case 6, only the sq-PCR assay produced a
positive result, while the conventional PCR failed to generate an amplicon of the expected
size. In contrast, in Case 7, no amplification was observed by sq-PCR; however, a distinct
band of 578 bp, corresponding to the expected product of the conventional PCR, was
visualized on the 2% agarose gel (Figure 6) (Table 4).

Table 4. Results of the PCR methods for the detection of AVP-DNA and Aspergillus fumigatus.

Case Code Source for DNA Sq-RT-PCR Ct Conventional Sq Aspetzf?l-lIL{:}'I:nt:gu fus
Extraction (123 bp) PCR (587 bp) Results/Ct
1 NA NA NA NA NA

- NA - NA -
2 Skin 1 + 30.03 + Yes -

Skin 2 + 20.90 + Yes 30.80
Skin 1 - NA - NA -
3 . +

Skin 2 + 28.25 + Yes 31.13
. +

Skin 3 + 2498 + Yes 3173
+

4 + 30.32 + Yes 36.44

5 NA NA NA NA NA

+

6 + 29.53 - NA 30,06
” - NA + Yes -
. +

Pool NA NA NA NA 3328
8 + 23.48 + Yes -

Notes: Ct = cycle threshold; NA = not applicable, not available; Sq = sequencing.
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Figure 6. Agarose gel (2%) electrophoresis of conventional PCR products. (A). Specific AVP-DNA
amplified products (~578 bp) are detected in lane 2 (Case 2), lane 3 (Case 3), lane 4 (Case 7), lane 11
(Case 8), and lane 12 (Case 4 and our PCR positive control). Last lane (M) contains a 100 bp
DNA ladder.

Fresh frozen tissue samples were not available for Case 1 and Case 5, precluding
confirmation of viral presence through PCR-based methods. Amplicons obtained from con-
ventional PCR (Cases 2, 3, 4, 7, and 8) and the sq-PCR product from Case 6 were successfully
sequenced. BLAST analysis of the conventional PCR amplicons revealed varying degrees
of homology between the P4b gene sequences from each bird and previously described
AVP sequences. These sequences, with 100% coverage, showed identities ranging from
100% to 97.05%, depending on the AVP species.

DNA of Aspergillus fumigatus was detected in five of the eight birds analyzed, support-
ing the histopathological findings. An exception was noted in the skin sample from Case 7,
which showed fungal elements upon microscopic examination (Figure 5) but yielded a
negative PCR result. However, the corresponding pooled sample, which included lung
tissue, tested positive.

3.3. Phylogenetic Analysis

The P4b gene nucleotide sequences obtained from six AVP-positive animals were
analyzed to evaluate their phylogenetic relationships. A fragment of approximately 578 bp
from each P4b sequence was used to construct a phylogenetic tree, incorporating 41 refer-
ence AVP sequences representing the three major clades. Phylogenetic inference, performed
using the T92 + G substitution model (Figure 7), placed the newly generated sequences
within the established AVP clades, as previously described by Gyuranecz et al. (2013),
Jarmin et al. (2006), and Mclnnes et al. (2023) [2,3,7]. The tree showed strong bootstrap sup-
port for the branching pattern. The AVP sequences from this study were distributed among
distinct clades: three cases grouped within clade A2 (100%), clustering with two previously
identified AVP sequences from Stone-curlews (HM627224 [34], KU551306 [24]); Case 4
was assigned to clade B2 (87%); and Case 5 was grouped within clade B1 (84%), together
with another AVP-DNA sequence previously reported in a Stone-curlew (AY530310 [6])
(Figure 7).
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7 KC017965 Avipoxvirus isolate Hawaii, Rock dove
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Figure 7. Phylogenetic analysis of cases 2, 3, 4, 7, and 8 AVP-positive (arrow) (GenBank accession
numbers: PV976817, PV976818, PV976819, PV976820, and PV976821), obtained from skin samples,
based on partial sequences of the P4b gene from different host species. Clades A, B, and C (and their
subclades, see Gyuranecz et al., 2013 [7]) are labelled. The evolutionary history was inferred by using
the Maximum Likelihood method [33]. The bootstrap consensus tree inferred from 1000 replicates [35]
is taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to parti-
tions reproduced in less than 50% bootstrap replicates are collapsed. The percentages of replicate trees
in which the associated taxa clustered together in the bootstrap test (1000 replicates are shown next
to the branches [35]. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Joining [36] and BioN]J [37] algorithms to a matrix of pairwise distances estimated using the
Maximum Composite Likelihood (MCL) [33] approach and then selecting the topology with superior
log likelihood value. A discrete Gamma distribution across 5 categories (+G, parameter = 0.3839).
The analytical procedure encompassed 46 nucleotide sequences with 1.050 positions in the final
dataset. Evolutionary analyses were conducted in MEGA12 [32].

4. Discussion

The Stone-curlew is a migratory species of conservation concern, included in Annex I
of the EU Birds Directive. Avipoxvirus infections have been reported in both wild and captive
populations of this species across various regions, with a notably high prevalence in island
environments like the Canary Islands, Balearic Islands, and Sardinia. Consistent with our
findings, these infections frequently manifest as cutaneous lesions on the legs [6,23-25,34].

Avian pox was diagnosed in 8 out of 71 (11.3%) Stone-curlews examined, which
included 68 deceased individuals and three that were rehabilitated and subsequently
released into the wild following a period of recovery at a wildlife rehabilitation center
(WRCT). Of the eight individuals exhibiting gross lesions suggestive of poxvirus infection,
six underwent histopathological examination, all of which showed features consistent with
Awvipoxvirus infection. Molecular confirmation (detection of AVP-DNA) was achieved in
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four of these six cases. Additionally, AVP-DNA was detected in two lesion samples from
individuals that were released and therefore not subjected to histopathological evaluation,
as biopsies were only collected for molecular confirmation of the infection.

Our study represents the first systematic investigation of avian pox in wild Stone-
curlews, integrating gross, histopathological, and molecular analyses from a collection
of affected individuals. Prior reports of Avipoxvirus infection in this species have been
largely limited to anecdotal or isolated cases. For instance, in the Canary Islands, five wild
Stone-curlews admitted to a wildlife rehabilitation center (WRCT) showed gross lesions,
with electron microscopy confirming the diagnosis in two cases but lacking molecular
analysis [25]. Other documented cases include a wild Stone-curlew from Sardinia with
both pathological and molecular confirmation of APV infection by PCR [24], and molecular
detection from two specimens collected in the Balearic Islands in 1980 [34] and in Morocco
in 2013 [38], respectively, although pathological descriptions were not provided for these
latter cases. Clinical descriptions, together with pathological and molecular analysis, have
also been reported in captive, purchased individuals, which likely became infected via cross-
contamination with a wild passerine bird introduced into the same farm [23]. In contrast,
the Stone-curlews in our study became infected in their natural habitat, representing
the first comprehensive characterization of naturally occurring avian pox in a cohort of
wild individuals.

Macroscopic and microscopic examination of eight Avipoxvirus-infected Stone-curlews
in this study revealed no evidence of systemic involvement, supporting their classification
as localized, non-generalized cases of the dry cutaneous form of avian pox. Lesions
predominantly affected featherless areas of the pelvic limbs (legs and toes) and were
either proliferative and/or erosive-ulcerative. However, in one case, two lesions were
also observed on a feathered region of the thigh, presenting as prominent, smooth, yellow
nodules, a manifestation that although occasionally reported in avian pox infections, is not
considered typical [9]. Based on lesion count and anatomical distribution, the majority of
cases were classified as minimal (50%), whereas moderate (12.5%) and severe (37.5%) lesions
together comprised the same proportion (50%). Mild infections typically present as small
lesions (1-5 mm) and are generally non-debilitating [34]. Notably, three of the four cases
classified as minimal involved animals that were rehabilitated and subsequently released
into the wild without long-term field follow-up, thereby limiting our understanding of
the risk of disease recurrence or potential long-term impacts on the local population. This
observation is consistent with the self-limiting nature of the infection in immunocompetent
individuals, although veterinary intervention may have contributed to lesion resolution
and the overall favorable clinical outcome observed in these individuals. Conversely, larger
lesions, as observed in three individuals and primarily affecting the phalangeal region,
covering more than 10% of the surface area, were classified as severe in our study due to
their potential to significantly impair locomotor function [5,39]. In ground-nesting, steppe-
associated species such as the Stone-curlew, reduced mobility due to extensive cutaneous
lesions may heighten susceptibility to predation and hinder foraging efficiency, thereby
indirectly contributing to increased mortality risk [1,20,21,25].

Moreover, although the cutaneous form of avian pox is rarely a direct cause of death,
it can negatively impact both survival and reproductive success by predisposing affected
individuals to secondary infections [5]. Opportunistic bacterial and fungal pathogens are
among the most frequently reported complications associated with the cutaneous form of
avian pox, contributing significantly to disease severity and clinical outcome [40]. In the
present study, co-infections with fungal pathogens were detected in nearly all examined
individuals, and bacterial co-infections were also observed in several cases, highlighting
the role of opportunistic infections in disease progression and clinical outcome. Although
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bacterial agents could not be identified at the genus or species level, their detection in skin
tissue samples indicates a possible contribution to the observed pathology. Nevertheless,
the absence of taxonomic resolution hampers our understanding of their ecological role and
their interactions with the primary infection. Further investigation is required to elucidate
these relationships. In contrast, fungal pathogens were more clearly characterized, with
Aspergillus fumigatus molecularly confirmed in skin lesions or lung tissue in six out of eight
Stone-curlews affected by avian pox. To our knowledge, this is the first documentation
of this co-infection in Stone-curlews, although similar dual infections have been reported
in other avian species [14,17]. The cutaneous lesions associated with avian pox may have
facilitated secondary fungal invasion, as previously suggested for other fungal species
like Aspergillus spp. and Candida spp. [16]. A. fumigatus is a widespread airborne fungus
that causes aspergillosis, a common respiratory disease in birds, as it was observed in
one Stone-curlew from our study, particularly when immunity is compromised [41]. Our
findings highlight the importance of considering fungal co-infections, particularly with A.
fumigatus, in the evaluation of avian pox cases, especially when respiratory or systemic
signs are present.

Additionally, tumor-like lesions were observed in one individual infected with
Avipoxvirus. Histopathological examination revealed features resembling squamous cell
carcinoma, a neoplastic condition that has been associated with avian poxvirus infections
in previous studies [42,43]. Some authors have suggested that chronic Avipoxvirus-induced
epithelial proliferation and inflammation may contribute to neoplastic transformation,
although the causal relationship remains unclear [9,44].

This study reveals notable molecular variability among Avipoxvirus strains infecting
two Stone-curlew subspecies in the Canary Islands, while prior research had only confirmed
Avipoxvirus infection in the subspecies B. 0. distinctus via electron microscopy [25]. Our
analysis identified three distinct viral variants in just six APV-DNA-positive individuals.
These variants were associated with different phylogenetic clades and subclades, indicating
potentially high genetic diversity within APV strains affecting this host species. This
diversity likely reflects a combination of ecological and epidemiological factors, including
vector diversity, interspecies transmission, and anthropogenic movement of birds [9].
Different insect vectors can carry distinct viral strains [8,45,46], while sympatric bird
species and human-mediated translocations may facilitate cross-species spillover and local
mixing of variants [7,45]. Such mechanisms are consistent with previous observations
of high Avipoxvirus diversity within single host species across localized populations [47].
Nonetheless, the presence of several low-support branches (collapsed at the 50% bootstrap
threshold) in our analysis suggests that alternative phylogenetic topologies cannot be ruled
out, and the inferred relationships among these variants should therefore be interpreted
cautiously. Within this context of limited confidence, the observed clustering remains
broadly consistent with previous molecular studies that revealed a remarkable genomic
diversity among Avipoxviruses, surpassing the number of species currently recognized by
the ICTV, and highlighted the capacity of several strains to infect multiple avian hosts [5].
Recent phylogenetic analyses have demonstrated that the divergence between APV clades
is sometimes comparable to, or even exceeds, that observed among mammalian poxvirus
genera. This has led to calls for a taxonomic reassessment of the genus Avipoxvirus [2].

The detection of Avipoxvirus in endemic Stone-curlew subspecies populations raises
important conservation concerns, not only for this species but also for other vulnerable and
range-restricted avifauna in the Canary Islands. Historical epizootic events in island ecosys-
tems, including those in Hawaii, the Galdpagos, and the Canary Islands, have demonstrated
the highly invasive and pathogenic nature of Avipoxviruses in immunologically naive bird
populations, with infection prevalence reaching up to 88% and contributing to population
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declines in several endemic taxa, including finches, pipits, larks, and albatrosses [19,25,48].
In this context, our study provides a detailed pathological and genetic characterization of
avian poxviruses infecting wild Stone-curlews in the Canary Islands during a 4-year period,
offering a comprehensive overview and a more complete understanding of the pathology,
distribution, and diagnostic features of avian pox in this island-endemic and endangered
population. We systematically documented lesions, confirmed infection through histopatho-
logical features consistent with poxvirus, and detected AVP-DNA using both conventional
and semi-quantitative PCR. By integrating gross, histopathological, and molecular analyses
across multiple natural cases of infection, our findings contribute novel and systematic
information that was previously lacking in this species, including the detection of A. fu-
migatus co-infection and the presence of a tumor-like lesion associated with avian pox.
However, a limitation of this study was the absence of molecular confirmation in two cases
and the inability to perform histopathological assessment in another two. These constraints
emphasize the need for standardized diagnostic approaches, as consistent use of molecular
and histopathological techniques would enhance comparability, strengthen analyses, and
improve result interpretation, especially in rare species or small-sample studies.

This infectious disease may represent a potential threat to the conservation of endemic
Stone-curlew populations within the archipelago. Although infectious diseases are less
frequently listed as primary drivers of extinction relative to habitat loss or overexploitation,
their role in population declines should not be underestimated. According to the IUCN
Red List, infectious diseases have been implicated in approximately 3.7% of documented
vertebrate extinctions over the past five centuries [18], underscoring the importance of inte-
grating disease surveillance and management into conservation planning for susceptible
species such as the Stone-curlew.
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