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Abstract: Avian pox is a widespread infection in birds caused by genus Avipoxvirus pathogens. It
is a noteworthy, potentially lethal disease to wild and domestic hosts. It can produce two different
conditions: cutaneous pox, and diphtheritic pox. Here, we carry out an exhaustive review of all
cases of avian pox reported from wild birds to analyze the effect and distribution in different avian
species. Avian poxvirus strains have been detected in at least 374 wild bird species, a 60% increase on
a 1999 review on avian pox hosts. We also analyze epizootic cases and if this disease contributes to
wild bird population declines. We frequently observe very high prevalence in wild birds in remote
island groups, e.g., Hawaii, Galapagos, etc., representing a major risk for the conservation of their
unique endemic avifauna. However, the difference in prevalence between islands and continents
is not significant given the few available studies. Morbidity and mortality can also be very high in
captive birds, due to high population densities. However, despite the importance of the disease, the
current detection rate of new Avipoxvirus strains suggests that diversity is incomplete for this group,
and more research is needed to clarify its real extent, particularly in wild birds.
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1. Introduction

Avian pox is an infectious disease of domestic and wild birds, caused by the transmis-
sion of viruses in the genus Avipoxvirus, family Poxviridae [1]. Poxviruses are large, linear,
double-stranded DNA viruses with a genome of 250400 kb encoding 250-300 proteins.
They are amongst the largest animal viruses (~250 by 350 nm) and are oval or brick-
shaped [2]. Avian poxvirus (APV) has been detected in birds from all continents (including
Antarctica [3]), as well as a number of remote islands. The virus can be transmitted directly
between host individuals, environmentally, or mechanically by biting arthropods [4-6].

The ICTV (International Committee on Taxonomy of Viruses) recognizes 12 species
(and has proposed two more) in the genera Avipovirus [7], based on several criteria,
although the phylogenetic distance and natural host are the primary criteria used for the
creation of new species and genera [8]. A molecular survey has identified 152 unique
sequences [9], suggesting that APV species limits are far from resolved. Genetic analyses
are dominated by studies of the 578 bp 4 b gene fragment (fpv167 locus), chosen because it
is relatively conservative between Avipoxvirus strains [10]. Most genetic lineages infect
multiple, taxonomically varied host species, suggesting that adaptation to specific host taxa
may be limited, at least for some strains [11,12]. It remains controversial whether strains
are typically taxa specific or broad spectrum, and to what extent broad spectrum infection
is influenced by anthropogenic factors.
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2. Host Range

APV was reported to have been detected in 278 species of 23 orders in 1999 [13].
We report in this review, that APV has now been detected in at least 374 avian species
from 23 orders (Table S1). APV infects a broad range of avian hosts: from ostriches to
hummingbirds and including domestic birds, raptors, parrots, waterbirds, seabirds, etc.
It has been detected in all major avian orders, except for Coraciiformes (kingfishers and
allies), probably because this group contains relatively few species (1.7% of avian species),
which are infrequently in contact with humans. Most APV detections (42%) have been
from Passeriformes, the most speciose bird order (61% of species; Figure 1). We carried
out an exact binomial test in R version 4.04 to determine whether the proportion of species
infected with APV in each order (following Clements et al. [14]) were higher or lower
than the expected level of 0.035% (Figure 2; Appendix A; Table S2). In total, APV was
detected from more species than expected (p < 0.005) in six bird orders (including “others”,
an amalgamation of several minority orders; explanation Table S2) and from less species
than expected (p < 0.005) in four bird orders. Bird orders with more APV-positive species
than expected include domestic species and larger species (Galliformes, Anseriformes,
Psittaciformes, Accipitriformes, Procellariformes and most of “others”—Struthioniformes,
Otidiformes, Ciconiiformes, etc.). Bird orders with less APV-positive species included
small and cryptic species which are potentially easier to overlook (Caprimulgiformes,
Passeriformes, Piciformes and Coraciiformes) and tend to be speciose, potentially biasing

the results.
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Figure 1. This word cloud (Wordart.com; accessed 25 March 2021) represents: (A) the proportion of the 10,721 avian species

in 41 avian [14] orders. For brevity, 24 orders constituting less than 1% of avian diversity are combined into “others”; (B) the

number of species detected with APV in each order. Orders are color-coded to represent the percentage of avian species

found/cases of APV detected in each order, where blue and small represents <3%, green 3-7.5%, purple 7.5-11%, and red

and large >11%. Although APV has been detected in more Passeriformes species than non-Passeriformes species, more

APV are detected in non-Passeriformes than in Passeriformes. Coraciiformes (light blue in (A), missing from (B)) contains

1.7% of avian species, though APV has not yet been detected in this order.
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Figure 2. Proportions (number of APV species in particular order/number in order. The blue line
shows the expected level of 0.035% derived from the number of species in which APV has been
detected /avian species. We found that the number of species infected with APV was higher than ex-
pected in six avian orders (Anseriformes, Psittaciformes, Galliformes, Procellariformes, Accipitriformes
and “others”), lower than expected in four avian orders (Passeriformes, Piciformes, Caprimulgiformes
and Coraciiformes), and did not differ from expectation in the remaining five orders.

3. Pathology

Infection with APV can cause two common conditions. Cutaneous pox, or dry pox,
which is probably the most common form, is characterized by wart-like growths on feather-
free areas (legs, feet, beak or eyes) of the bird. Most mild cutaneous pox infections are small
(1-5 mm in diameter) and are not debilitating [15]. However, extensive lesions can impair
vision, feeding and breathing [15,16]. In recent outbreaks of pox lesions in great tits (Parus
major) in the UK, many infected individuals had large growths in feathered areas [17], and
it is possible that smaller pox lesions in feathered areas may be overlooked.

Poxvirus infection is not generally considered to be the direct cause of mortality
of all affected birds, but the lesions that this disease produces may increase the risk of
accident, predation, acquiring secondary infections, and reduce breeding and foraging
success [2,18,19]. Due to these factors, some authors argue most wild birds die before
reaching advanced stages of the disease [2]. However, the mortality rate associated to APV
infection is similar to other infectious diseases [20].

Diphtheritic, or wet pox, causes growths on the mucous membranes of the mouth,
throat, trachea and lungs. Occasionally, these lesions can be debilitating, leading to emacia-
tion and death [15]. The diphtheritic form of the disease is observed most frequently in
Psittaciformes, Galliformes, and Columbiformes [13] although it has also been reported
in Struthioniformes [21] or Passeriformes [22]. Cutaneous and diphtheritic forms can also
occur simultaneously in mixed pox infections [23,24]. In general, diphtheritic and mixed
pox infections present higher mortality rates than the cutaneous form [13,22,25], and it
seems to cause higher mortality in wild birds than in poultry [26]. Septicemic infection is a
rare expression of the disease [27], reported especially in canaries [2,28].
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The duration of infection is not well understood. It may vary according to APV strain,
host species and individual immunology. It seems likely that mild APV infections usually
last for 3—4 weeks, but that they can be considerably longer if complications arise [25]. In a
deliberate infection study [29], the pox lesions in the majority of bird species disappeared
in this time frame; however, lesions persisted for more than 10 weeks in 5-day old pigeon
squabs deliberately infected with pigeon poxvirus.

4. Epidemiology

Infected birds are the main reservoir for APV. The most frequent transmission route is
via biting insects, mostly midges (Ceratopogonidae) and mosquitoes (Culicidae) [23,30].
Other arthropods vectors have also been reported, sometimes as mechanical vectors such as
fleas (Parapsyllus longicornis [31]) and blowflies (Phaenicia sp.) [16]. However, environmental
infection represents an unquantified, and probably small, component of the transmission
cycle. Objects contaminated with viable poxviruses, such as feeders or perches, are recorded
to spread poxviruses and it appears to be spread also by the inhalation or ingestion of
dust or aerosols [2]. Supplemental feeding using bird feeders might be a positive conser-
vation measure, but also helps to spread the virus. Bird populations in forests with bird
feeders show a higher prevalence of pox-like lesions than those without anthropogenic
food supply [32]. Moreover, avian pox was the predominant disease among birds using
feeders (81% of the diseased birds). It is likely that once contaminated objects have been
removed, transmission dynamics return to their previous state: in the Wilcoxen study, APV
prevalence 10 months after bird feeders had been removed were not significantly differ-
ent from forests which never had anthropogenic food supplements. Another study [33]
found that APV infection prevalence increased in house finches (Haemorhous mexicanus)
in areas of high human population density and was inversely related to the proportion of
undisturbed habitats.

The most important epizootiological factors of APV distribution include vector abun-
dance, weather conditions, host density and host susceptibility [2,30,34].

It is commonly reported that poxvirus infection prevalence in wild birds increases after
vector population peaks [34-36]. Poxvirus infection prevalence is lower at high altitudes,
where vectors are less abundant [30,37,38].

Weather conditions may also explain higher prevalence of APV lesions. Lesions
become more frequent with the seasonal increase in temperature and precipitation. In
most cases, a peak in APV lesions is reported in summer and/or fall, when vectors are
more abundant [35,39—41]. One UK study found that APV incidence throughout the
calendar year in Paridae and non-Paridae peaked in the late summer/autumn (August-
September) of each year [39]. Furthermore, APV prevalence is reportedly related to annual
rainfall [35,37]. For example, the annual monitoring of pox virus prevalence (2003-2007)
in Laysan Albatross chicks in Hawaii has shown dramatic changes between years (3% to
88%), with low prevalence in years with low annual rainfall, and few mosquitoes, and
the highest known prevalence in years with high rainfall and abundant mosquitoes [42].
Rainfall amounts at least as high as pox epizootics in 1996 and 2004 have occurred 13 times
since 1947, or once every 4.5 years [43].

Age and immune function are reported to be important factors explaining within-
species differences in APV prevalence. In nearly all studies, avipox lesions are significantly
more frequent in juveniles than in adults [40,44-47]—this is anticipated, as first-year birds
will not have acquired specific immunity to APV infection. Le Loc’h et al. [41] showed that
this pattern was true only for houbara bustards in Morocco but not in the United Arab
Emirates, where pox infection affected juveniles and adults alike. To our knowledge, few
studies [48,49] show that the prevalence of APV lesions in short-toed larks and Berthelot’s
pipits in the Canary Islands and in mockingbirds in Galapagos were higher in adults than
in juveniles. Similarly, the interannual variation in innate immune function correlates to
temporal changes in the susceptibility to the disease [50].



Microbiol. Res. 2021, 12

407

There is little indication that the sex of individuals plays any role in the likelihood of
infection with APV. However, some studies [49,51] reported inconsistent results regarding
sex bias in APV infection.

5. Prevalence of Pox Lesions and APV Infections in Wild Birds

The literature on APV infection is dominated by case-reports or epizootics in specific
species or groups during a set time-period or the study of defined outbreaks. Prevalence
studies have only been carried out at a handful of sites around the world, and most
studies focus on pathogen characterization in birds with proliferative skin lesions (pox-
suspected), mainly of the legs, feet or head. The prevalence of avipoxvirus infection is often
evaluated through the inspection of pox-like lesions, although in these cases the diagnosis
is presumptive. Furthermore, this risks lumping active APV infection and recovered APV
infections in counts of “positive” APV infections.

Studies on the frequency of pox-like lesions involving one or several species have been
mainly focused on finches, sparrows and tits in the order Passeriformes. The largest survey
undertaken to date (Table 1), was of approximately 54,000 Magellanic penguins (Spheniscus
magellanicus) in Punta Tombo and Cabo Dos Bahias (Argentina) [31]. A 7-year study in
Trinidad tested more than 9000 individuals of tropical birds [52]. There are also a few
studies with sample sizes in the range of 2000-6000 individuals, which have been used to
explore APV infection in falcons, quails, great tits, house sparrows, finches or mockingbirds
in the UAE/Kuwait, USA, the UK, Spain and Galapagos [15,30,39,46,51,53,54].

The occurrence of avipox lesions and APV infection is highly variable (Table 1). An
incidence around 0.5-1.5% has been reported as the modal avian pox prevalence of lesions
on wild birds in continental regions, where avian pox and its hosts have had a long co-
evolutionary history [2]. Nevertheless, some studies in continental areas reveal a wide
range in the prevalence of infection, ranging from 0.9 to 12% [15,33,51,55,56]. In contrast,
megadiverse tropical regions in Ecuador, French Guiana or Bermuda [54,57,58] show
very low prevalences. Traditionally, pox-like lesions and avipox infection prevalences are
considered to be higher in islands than in continents. We tested whether this difference
was significant by analysing the prevalence of APV infection in continents and islands
using generalized linear mixed models, where location was the fixed factor. Although
the mean prevalence of this infection was higher in islands (11.2% vs. 2.3% in continents)
this difference was not significant (t = 1.27; p = 0.21). However, as the number of studies
available may not be high enough to analyse this difference with sufficient statistical power
(n =11 for continents and n = 18 for islands), future research on APV prevalence in wild
bird populations will help clarify it.
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Table 1. Prevalence of avian poxvirus in surveys that are not identified by authors as epizootics or outbreaks.
Order Genera Species Common Name Sample Size Prevalence (%) Location (Country) Period Reference Range
Several Several 94 Several 889 0.0 French Guiana 2015-2016 [59] Continent
Several Several 3 Doves agia(;’lambel s 1792 0.0 Arizona, USA 1962 [60] Continent
Passeriformes Centronyx 1 Henslow s sparrow 165 9.0 Wisconsin, USA 2005-2008 [61] Continent
. . . . Punta Tombo and Cabo .
Spheniscidae Spheniscus 1 Magellanic Penguin 54,000 0.2 Dos Bahuas, Argentina 1982-2010 [31] Continent
Several Several 132 Several 941 0.3 Ecuador 2015 [57] Continent
Passeriformes Parus 1 Great tit 1819 0.82 Pilis Mountains, Hungary 2006-2007 [56] Continent
Several Several 37 Several 1075 1.3 Czech Republic 2005 [55] Continent
Passeriformes Passer 1 House sparrow 2729 3.1 Central /South, Spain 2012-2014 [46] Continent
Passeriformes Sylvia 2 Blackcap 244 3.7 Czech Republic 2005 [55] Continent
Columbiformes Streptopelia 1 Oriental turtle dove 600 48 Republic of Korea 2011-2013 [23] Continent
Passeriformes Bucanetes 1 Trumpeter finch 228 0.0 Canary Islands, Spain 2002-2003 [48] Islands
Passeriformes Passer 1 Spanish sparrow 128 0.0 Canary Islands, Spain 2002-2003 [48] Islands
Passeriformes Sitta 1 Nuthatch 107 0.0 Oxford, UK 2009-2011 [39] Islands
Passeriformes Cyanistes 1 Blue tit 6700 0.06 Oxford, UK 2009-2011 [39] Islands
Passeriformes Periparus 1 Coal tit 1013 0.58 Oxford, UK 2009-2011 [39] Islands
Passeriformes Poecile 1 Marsh tit 579 0.85 Oxford, UK 2009-2011 [39] Islands
Passeriformes Parus 1 Great tit 3661 5.01 Oxford, UK 2009-2011 [39] Islands
Passeriformes Aegithalos 1 Long-tailed tit 42 0.0 Oxford, UK 2009-2011 [39] Islands
Phaethontiformes Phaethon 1 White-tailed tropicbird 81 0.3 Castle Harbour Island 1958-1978 [58] Islands
Natural Reserve, Bermuda
Several Several 4 Several 9514 1,82 Trinidad, Trinidad and 1964-1971 [52] Islands
Tobago
Passeriformes Several 11 Passerines 3122 13.5 Hawaii, USA 1977-1980 [30] Islands
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Table 1. Cont.

Order Genera Species Common Name Sample Size Prevalence (%) Location (Country) Period Reference Range
Passeriformes Hemignathus 1 Hawaii Amakihi 94 2 Hawaii, USA 2002 [62] Islands
Procellariiformes Phoebastria 1 Laysan albatross 70 3 Hawaii, USA 2003/2007 [42] Islands
Passeriformes Several 9 Passerines 484 5 Hawaii, USA 1995 [63] Islands
Procellariiformes Phoebastria 1 Waved albatross 314 6 Galapagos Islands, Ecuador 2013-2014 [24] Islands
Passeriformes Several 17 (at Darwin’s flnch and, 3607 6.3 Galapagos Islands, Ecuador 1898-1906 [54] Islands
least) Galapagos mockingbird
Passeriformes Several 10 Darwin s finch 898 7 Galapagos Islands, Ecuador ~ 2000-2002 /2004 [38] Islands
Canary Islands, Spain.
Passeriformes Anthus 1 Berthelot “s pipit 447 8 Madeira and Ilhas ND [64] Islands

Selvagens, Portugal
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Several surveys have been carried out in house sparrows (Passer domesticus), permitting
the comparison of prevalences of APV in the same species in different ecosystems and
regions. Van Riper et al. [30] found prevalences of 2.5% and 4.9% of active and inactive
avian pox lesions in 81 house sparrows captured in Hawaii (albeit a limited sample size) and
similar prevalences of 3.1% were reported in an extensive sample size (2729) in Spain [46].
In contrast, Smits et al. [48] did not report any clinical signs of infection in Spanish sparrows
(P. hispanolensis) in the Canary Islands (n = 128).

In some regions, the prevalence of APV seems to be increasing over time. Since 2005,
the number of APV cases in great tit has increased markedly in Central Europe [56] and
in Britain [17]. In Britain the three-fold increase in APV cases in Paridae from 2006-2010,
and the expansion both north and west from the first detection in south-east England, was
indicative of an emerging infection. One rigorous study [54] found 6.3% of individuals
symptomatic for APV—not counting recovered infections. However, the authors caution
that visual inspection for cutaneous lesions is not APV diagnosis as they were only able to
lab confirm APV infection in 21/59 symptomatic samples, suggesting the true prevalence
may have been closer to 2%. They found alternative aetiology for lesions in almost all
negative cases using histopathology. This shows that determining APV prevalences relying
only on observational data can be misleading, and confirmation in the lab should be carried
out afterwards in order to obtain accurate prevalence values.

The literature also reports several epizootic events (Table 2), showing exceptionally
high prevalences (up to 88%) as in the case of House and Galapagos finches, mockingbirds,
Short-toed larks, Berthelot s pipit, Hawai’i ‘elepaio, crows or Layssan Albatross. The
infection is highly invasive and pathogenic to naive bird populations in island groups
such as Hawaii [30], Galapagos [50,54,65] and Canary Islands [48], where they pose a
threat to the unique and vulnerable endemic avifauna [24,66]. The sampling of native
Hawaiian forest birds in Hawaiian Islands showed a prevalence ranging from 5% to
13.5% [30,63]. In contrast, no pox-like lesions were detected among non-native bird species
in Hawaii [63]. Some examples include very high prevalences (26-29%) in Berthelot’s pipits
within and between three archipelagos of Macaronesia, although the overall prevalence was
8% [48]. Similarly, in the Canary Islands, pox-lesion prevalences were 50% in lesser short-
toed larks (Calandrella rufescens) and 28% of Berthelot’s pipits (Anthus berthelotii) trapped
around farmyards [64]. Additionally, epizootics of poxvirus infection have been described
in several game species (Order Galliformes). An outbreak in bobwhite quails (Colinus
virginianus) in southwest Georgia and northcentral Florida showed an approximate 12-fold
increase (1 to 39%) in the incidence of avian pox. These authors estimated a mortality rate
of approximately 0.6 to 1.2% [15]. APV prevalence in Gambel’s quail (Lophortyx gambelii)
in Southern Arizona was between 11-16% [60] whereas in California quails (Callipepla
californica) in Oregon it reached 21-26% [67,68]. Similarly, the population of red-legged
partridges (Alectoris rufa) in Spain shows a very high prevalence (around 60%) [40].
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Table 2. Prevalence of avian poxvirus in surveys that are not identified by authors as epizootics or outbreaks.

Order Species Common Name Sample Size Prevalence (%) Location, Country Period Reference Range
Galliformes Alectoris rufa Red-legged partridge 70 414 Cadiz, Spain 2000-2001 [40,44] Continent
Galliformes Callipepla californica California quail 89 21 Oregon, USA 1982-1987 [68] Continent
Galliformes Callipepla californica California quail 256 26 Oregon, USA 1975-1978 [67] Continent

0-38.9 Florida, Georgia,
Galliformes Colinus virginianus Bobwhite quail 2586 ) North Carolina, 1978-1979 [15] Continent
(mean 12.1)
Tennessee, USA

Galliformes Callipepla gambelii Gambel’s Quail 175 11-16 Arizona, USA 1963 [60] Continent
Columbiformes Columba macroura Morning Dove 1795 2.1 Arizona, USA 1963 [60] Continent
Passeriformes Haemorhous mexicanus House Finch 9195 Up to 25 California, USA 1977-1987 [51] Continent
Passeriformes Haemorhous mexicanus House Finch 174 5-30 Arizona, USA 2011 [33] Continent

Passeriformes Corous corone Carrion crow, Large-billed 2036 17.6 Hokkaido, Japan 2007-2012 [47] Islands

Corvus macrorhynchos crow
Passeriformes Nesomimus parvulus Galap agos 417 18.9 Galapagos, Ecuador 1982-1983 [49] Islands
mockingbird
Passeriformes Nesomimus parvulus GalaP agos 117 16 Galapagos, Ecuador 1979-1980 [69] Islands
mockingbird

Passeriformes Anthus berthelotti Berthelot “s pipit 139 28 Canary Islands, Spain 2002-2003 [48] Islands

Passeriformes Calandrella rufescens Short-toed lark 395 50 Canary Islands, Spain 2002-2003 [48] Islands

Passeriformes Chasiempis Hawaii ‘elepaio 97 Up to 40 Hawaii, USA 1994-1997 [37] Islands

sanswichensis
Passeriformes SEVERAL Galapagos finches (7 spp.) 545 4-9 Galapagos, Ecuador 2008 and 2009 [70] Islands
Procellariiformes Phoebastria inmutabilis Laysan albatross 92 Up to 88 Hawaii, USA 2004 and 2006 [42] Islands
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6. Contribution to Wild Population Declines

Several studies suggest that APV contributed to atypical population declines of some
wild bird species. For example, since the disease was identified in Carrion and Large-billed
crows (Corvus corone, C. macrorhynchos) in Japan in 2006, the mortality in these species
has increased dramatically [47]. Infection is also cited as one factor in the extirpation
from the wild of another Corvid, the Hawaiian Crow (C. hawaiiensis) [71]. Evidence for
the role of APV in this extirpation is presumptive; nonetheless, two APV strains were
characterized from captive individuals of this species in a later study (72), so this virus
should be considered a threat to this endangered species. Factors that may have heightened
APV incidence include the increase of arthropod vector populations in areas where they
were not previously common, possibly due to the climate change, and modification of
migration habits [31,72,73]. Another important factor to consider is human impact on wild
bird populations associated with urban habitats, such as the previously mentioned crows.
In such cases, bird density may increase the transmission of infectious diseases like avian
pox by increasing the pool of susceptible hosts [74].

Novel poxvirus isolates discovered to infect wild bird populations usually produce
outbreaks with high rates of mortality, decreasing the number of individuals which were
naive to these strains, especially when infection is caused by species translocation. A
number of studies find that APV has been introduced to remote islands in introduced
domestic or wild released birds (for example, Hawaii, Galapagos, Canary Islands), with
the result that the disease spread rapidly, with prevalences much higher in the endemic
avifauna than in introduced avian species, which have evolved in the presence of the
pathogen [30,37,48,63,69,75]. It is difficult to confirm this claim hundreds of years after the
putative introduction. However, it is noteworthy, that in some island groups, very high
mortality rates have been documented in the endemic avifauna, and sometimes overlaps
with other putatively introduced diseases transmitted by arthropod vectors, such as avian
malaria [30,48,65,66,76]. APV prevalence has been shown to be significantly higher in
native than introduced species [62,63]. It is important to understand the incidence and
dynamics of APV infection, to avoid population declines in these communities and to
establish effective control measures [17,39,73].

The rapid spread of the infection in islands is well documented. An APV outbreak
was reported in two colonies of gentoo penguins in the Falkland Islands in early February,
and just one month after the first report, 27% of one colony were reported dead from the
disease [77].

In a necropsy of 137 Laysan albatross chicks (summer 1987), five carcasses (3.6%) had
lesions consistent with avipox infection, though pox was a secondary finding considered
unrelated to the cause of death [78]. This contribution mentions unpublished data recording
epizootic pox with extensive, severe morbidity has occurred irregularly in Laysan albatross
chicks at Sand Island. Young et al. [34] showed extremely high avipox incidence (up to 88%
in one year) but with virtually no mortality, and attributing the two mortalities to other
causes. The fledging rate on Midway Atoll in pox epizootic years (82%) did not differ from
low pox prevalence years (80%) or the average rate (86%).

7. Outbreaks in Captive Wild Birds

Studies of APV outbreaks in captive birds has largely focused on poultry and domestic
birds, primarily chickens and turkeys [79]. However, similar conditions occur with free-
living species in commercial farms, zoos, recovery centres, aviaries and captive-breeding
programmes [22,41,44,80-84] (Table S3). Confining birds brings together species and
populations, and any parasites they might host, to form unnatural communities, often at
artificially high concentrations. It thus favours the rapid dispersion of APV infection if the
virus arrives in the enclosure. It is, however, easier to monitor (and simpler to detect) the
infection in captive than in wild populations. Mortality rates among captive birds may
reach very high levels, and in many cases their death it is due to the systemic form of the
disease, for example in canaries [28,85-87].
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APV infections may be introduced to captive populations from wild birds, or newly
introduced captive birds, fomites, or by arthropod vectors. The introduction of infectious
diseases to aviaries or zoos by sick house sparrows, feral pigeons (or rock doves) or
common starlings has been documented [88] and is frequently suspected, especially in
open aviaries like rooftop aviaries [89]. Silent carriers, infected individuals that show
no clinical signs, have been documented to spread APV infection inside aviaries after a
ten-day quarantine [90], which may be an important route of transmission. Suboptimal
conditions of the aviary together with the abundance of bloodsucking arthropods such as
mites or mosquitoes also trigger APV infections in aviaries, and dust and dander become
an important way of transmission in these facilities [91].

There are several documented cases of accidental or deliberate introduction of infected
hosts to distant sites. For example, the introduction of 25 stone curlews (Burhinus oedicne-
mus) to a captive breeding facility that already contained 140 stone curlews caused disease
symptoms, but no mortality, in 100% of the original captive population [92], initially. A
second APV outbreak occurred in the same farm six months later, in 10 males segregated
from the rest of the population led to morbidity in 7/10 and death in 5/10 died. The
outbreak was limited to this species and none of the four gallinaceous species on the farm
became sick. Another case of host translocation occurred in Germany, when 21 peregrine
falcons (Falco peregrinus) were released as part of a reintroduction programme, and within
five years six of them had died displaying APV signs [93]. Likewise, the introduction of
25 hatch-year lovebirds (Agapornis spp.) apparently triggered a poxvirus outbreak among
captive exotic parrots 7 days following their arrival [83]. Lastly, two outbreaks of mortality
in South Island saddlebacks (Philesturnus carunculatus) occurred following translocation to
two of New Zealand'’s offshore islands. Four of 12 individuals captured had apparent APV
lesions, and this was confirmed by PCR and sequencing in two of two cases. The outbreak
was associated to a mortality of 60% [94], though this was concurrent with avian malaria
infections, intestinal gut parasites and heavy infestation with hippoboscid flies in some
individuals, so the actual cause of death was not demonstrated conclusively.

Several APV outbreaks were described from captive-breeding programmes for houbara
and MacQueen’s bustards (Chlamydotis undulata and Chlamydotis macqueenii) in Morocco
and United Arab Emirates from 2006 to 2013, with prevalence rates of up to 2.3%, However,
the impact of this disease on the ability of birds to reproduce, in terms of courtship display
frequency, and egg production, seemed low and mainly non-significant [41,95].

8. Seroprevalence Surveillance

Prevalence studies give a useful snapshot of how the prevalence of incomplete syn-
dromic or, perhaps individuals which have detectable APV infections, However, as lesions
appear 2-3 weeks after virus transmission and lesions may remain only for a short period,
and possibly some birds never display visible lesions: thus, the recorded prevalence might
be lower than the actual prevalence. The true incidence of the viral infection, that is, the
number of birds that both develop lesions and become infected, is unknown. Data on APV
seroprevalence, together with data on the prevalence of syndromic or positive individuals,
can help demonstrate if the disease is widely distributed among wild birds, even when
prevalence is very low.

Nevertheless, there are many criticisms of estimating disease prevalence based on
serology. The duration of the immune response is unknown, and if the length of the
immune response is short, seronegative birds may be individuals that have seroconverted
(even though they have been infected at some point of their life). Additionally, pathogens
cause mortality in some individuals thus eliminating them from the population, and
reducing the apparent prevalence of seropositive birds. Furthermore, it is most unlikely
that the serological screening techniques that have been developed for detecting APV
strains are capable of detecting the complete diversity of species, genotypes or lineages.
Most serological testing for antibodies to APV use antigen specific for fowl poxvirus strains,
most associated with infection in chickens. Several studies [48,96] used a mixed antigen
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(FPV /Pigeon poxvirus/Turkey Poxvirus) or (FPV /Pigeon poxvirus) but excluding antigen
from the more genetically different canary poxvirus, that most frequently infects wild birds.

There are very few seroprevalence studies in wild bird populations. One limited
size-sample study in New Zealand in introduced passerine birds challenged with fowlpox
antigen found unexpectedly high seroprevalence (mean 69.2%) [97]. Surprisingly, no
birds with lesions were observed during sampling, suggesting that an effective immune
response leads to the low frequency of clinical lesions. These birds were also seropositive
to Plasmodium spp., suggesting infection by a common vector, but again, there were no
clinical signs of disease. Authors hypothesized that the passerines involved in the study
acted as a reservoir for both pathogens [97].

On the other hand, other APV serosurveys have been less rewarding. A study of
psittacine sera samples collected from birds showing clinical signs of APV infection detected
antibodies in a small fraction of subjects (18.9%) [83]. A serosurvey study for antibodies,
that cross react to FPV and pigeonpox, in short-toed larks and Berthelot’s pipits in the
Canary Islands found a very low seroprevalence (2.3% seropositive compared to 40% of
birds symptomatic for pox infection). However, the Canary Island strains were highly
divergent from known APV strains, so this might show rather that there is little cross-
reactivity between the strains infecting two passerine species from the Canary Islands and
the FPV and pigeonpox virus-based agar gel immunodiffusion kits [48].

9. Conclusions

APV infections are increasingly identified by molecular sequencing. Several full APV
genomes have now been published. This has revealed a great diversity of unique APV
sequences, far higher than the number of APV species recognised by the ICTV. It has
also shown that many, but not all, APV strains can infect multiple host species. A future
challenge in the study of APV will be to obtain more sequence information, especially of
full genomes, to shed light on strain diversity, taxonomic relations and strain-host limits.

In 1999, APV had been detected in 232 bird species. This has now increased to
374 species, still from 23 orders, an increase of about 60%. This list will probably increase
due to the renewed focus on wild animal pathogens, combined with the increased use of
more sensitive molecular surveillance methods. Detection of APV is not evenly spread
through Class Aves: some bird orders contain significantly more APV positive species than
expected, and others have significantly less. Future studies should explore whether this is
a genuine pattern, or an artefact of sampling bias.

Wild bird surveys reveal highly variable prevalence levels. The background level
appears to be fairly low, but is punctuated by epizootics with very high prevalence. Epi-
zootics have been documented in remote island groups, in captive birds (in farms, aviaries,
captive release programmes, etc), but also in wild birds in a continental setting. The epi-
zootics raise questions about whether they are occurring more frequently, the implications
of APV infection in endangered bird populations, and the risk of APV to the success of
reintroduction programmes.

Serology has been little used for the study of APV in wild birds. Developing sensitive
serological methods, capable of distinguishing between a broad range of APV strains could
potentially expand our understanding of the frequency of infection, the proportion of
individuals that suffer clinical infections, and reveal how APV maintains infection cycles
between epizootics.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/microbiolres12020028 /s1, Table S1: Prevalence of avian poxvirus in surveys that are not
identified by authors as epizootics or outbreaks, Table S2: The spectrum of APV host diversity, Table
S3: Prevalence of avian poxvirus outbreaks in captive birds.
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Appendix A

We compared whether the proportion of species infected with APV in each order
(following Clements et al. 2019) were higher or lower than expected. We first calculated a
single value of the number of species infected by APV across all orders by dividing the sum
APV species by the sum of species in all orders = 374/10,721 = 0.035. This was compared
to the number of APV positive species within each order (the actual proportions: AVP
number (in that order)/no. species (in that order). We thus treated each species within each
order as a Bernoulli experiment, i.e., asking if the actual proportion of APV to number of
species in that order is different to the expected proportion. That is, use an exact binomial
test. All analyses were carried out in R version 4.04 for windows. The code is available
on request.
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