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G. Sybren de Hoog6, Johan W. Mouton1,2, Willem J. G. Melchers2

and Paul E. Verweij2

1Department of Medical Microbiology and Infectious Diseases, ErasmusMC, the Netherlands,
2Department of Medical Microbiology, Radboud University Medical Centre, Nijmegen, the Netherlands,
3Invasive Fungi Research Center, Mazandaran University of Medical Sciences, Sari, Iran, 4Department
of Parasitology-Mycology, Dynamyc Research Group, EnvA, UPEC, UPE, École Nationale Vétérinaire
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Abstract

The importance of aspergillosis in humans and various animal species has increased
over the last decades. Aspergillus species are found worldwide in humans and in almost
all domestic animals and birds as well as in many wild species, causing a wide range
of diseases from localized infections to fatal disseminated diseases, as well as allergic
responses to inhaled conidia. Some prevalent forms of animal aspergillosis are invasive
fatal infections in sea fan corals, stonebrood mummification in honey bees, pulmonary
and air sac infection in birds, mycotic abortion and mammary gland infections in cattle,
guttural pouch mycoses in horses, sinonasal infections in dogs and cats, and invasive
pulmonary and cerebral infections in marine mammals and nonhuman primates. This
article represents a comprehensive overview of the most common infections reported
by Aspergillus species and the corresponding diseases in various types of animals.

Key words: Aspergillus, Aspergillosis, Animals.

Introduction

Aspergillus species are saprophytic filamentous fungi that
are commonly found in soil, where they thrive as sapro-

phytes, with an occasional potential to infect living hosts
including plants, insects, birds, and mammals [1,2]. As-
pergillosis is an umbrella term coined by Hinson, Moon,
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and Plummer in 1952, covering a wide range of diseases
from localized conditions to fatal disseminated infections
in humans and various animals and caused by fungi be-
longing to the genus Aspergillus. Disease may also result
from an allergic reaction to inhaled conidia [3–6].

In humans, Aspergillus fumigatus is the most com-
mon and life-threatening airborne opportunistic fungal
pathogen, especially significant among immunocompro-
mised hosts [3,7–11]. Inhalation of A. fumigatus spores
(conidia) into the lungs may cause multiple diseases, which
in humans depend on the immunological status of the host,
including invasive pulmonary aspergillosis, aspergilloma,
and different forms of hypersensitivity diseases such as aller-
gic asthma, hypersensitivity pneumonitis, and allergic bron-
chopulmonary aspergillosis [3,12]. There is, however, in-
creasing evidence that aspergillosis, particularly pulmonary
aspergillosis, can be seen in immunocompetent patients
without the classic risk factors [13,14]. However, most
patients have chronic lung diseases and are critically ill.
Other associated conditions include influenza, nonfungal
pneumonia, chronic obstructive lung disease, immaturity,
sepsis, liver failure, alcoholism, chronic granulomatous dis-
ease, and surgery. Certain focal sites, such as the sinus with
possible extension to the rhinoorbital space or brain, have
additional risk factors [13,14].

In animals, aspergillosis is primarily a respiratory infec-
tion that may become generalized; however, tissue predilec-
tion is highly variable among species. Of note, aspergilloses
in animals are caused by A. fumigatus and only a few other
Aspergillus species. Modern classification of Aspergillus
species is by polyphasic taxonomy (i.e., taking into account
all available phenotypic and genotypic data and integration
in a consensus classification). At present, additional teleo-
morph names (i.e., names for the sexual phase of the fungus)
are still in use and is summarized in Table 1 [15,16]. The
most common forms of animal aspergillosis are pulmonary
infections in poultry and other birds [5], mycotic abor-
tion and mammary gland infections in cattle [17–27], gut-
tural pouch (auditory tube diverticulum) mycosis in horses
[28–36], sinonasal infections in dogs and cats [37–47], and
pneumonia associated with disseminated infections in ma-
rine mammals [48–50].

Despite the potential significance of infection caused
by Aspergillus species in animals, comprehensive compar-
ative knowledge on these fungi is absent from the med-
ical and veterinary literature. Therefore, the present pa-
per highlights the most important clinical and microbi-
ological features of these fungi in various animals and
compares them with human Aspergillus disease. We first
provide a detailed overview on the mycology and patho-
physiology of Aspergillus, and then highlight the diseases
and complications they may cause in invertebrates, cold-

and warm-blooded animals, marine mammals, and nonhu-
man primates. We will not review the role of Aspergillus
species and the diseases they cause in humans but only pro-
vide key references for comparison. Furthermore, we will
discuss the diagnosis and species identification, therapeutic
recommendations, risk of antifungal resistance, control and
prevention modalities and possible public health hazards.

Characteristics of Aspergillus

Most Aspergillus species are found in a wide variety of
environments and substrates on the earth throughout the
year [51]. The great majority of species are saprophytes,
prevalently found in soil, decaying vegetation, and on seeds
and grains. Only a few well-known species are considered
to be important opportunistic pathogens in humans and
animals [1,2] (Table 1). Polyphasic taxonomy has had a
major impact on species concepts in the genus Aspergillus.
The genus has been subdivided into 22 distinct sections,
of which Fumigati, Circumdati, Terrei, Nidulantes, Ornati,
Warcupi, Candidi, Restricti, Usti, Flavipedes and Versicol-
ores contain clinically relevant species [15]. Although there
are more than 200 known species in the genus, only a small
number is associated with infection [52]. The first one dis-
covered was Aspergillus fumigatus, described by Fresenius
in 1863 from the bronchi and alveoli of a great bustard
(Otis tarda) [53]. It now is a recognized opportunistic pul-
monary pathogen of humans and animals, especially birds.
Generally, high concentrations of conidia are necessary for
infection. Healthy animals are able to ward off infections,
and severe illness in these hosts usually results only from
massive or long-term exposure [1,5].

Pathogenicity of Aspergillus

Mycotoxin production
Aspergillus species secrete numerous secondary metabolites
into their environment, known as mycotoxins [54]. The
significance of pathogenicity of Aspergillus in animals is
increased by the production of these potent metabolites,
which is thought to provide a chemical shield against com-
peting or predatory microorganisms. Mycotoxins are one
of the putative virulence factors of Aspergillus to suppress
host immunity, thereby enhancing the infectivity of the fun-
gus [55–57].

Mycotoxins are produced during consecutive enzyme re-
actions via several biochemically simple intermediary prod-
ucts from the primary metabolism of acetates, mevalonates,
malonite, and some aminoacids. Aspergillus produces some
of the most significant mycotoxins known including afla-
toxins, gliotoxin and ochratoxin A [1]. The secondary
metabolite gliotoxin has attracted the most interest in
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A. fumigatus because of its potent immunosuppressive and
cytocidal properties and the fact that it can be readily de-
tected during experimental infection and in sera from pa-
tients with aspergillosis [58,59]. However, specific roles for
other toxins in the pathogenesis of aspergillus disease have
not been well defined.

The contribution of gliotoxin in virulence of A. fu-
migatus in vivo was first characterized by using mutants
of two genes involved in gliotoxin biosynthesis, the tran-
scriptional regulator gliZ and the non-ribosomal peptide
synthetase gliP [60,61]. Recent studies have shown that
blocking gliotoxin production had no effect on virulence in
neutropenic mice [61]. However, gliotoxin did potentiate
the virulence when some neutrophil function was present,
raising the possibility that neutrophils are the major target
of this toxin [60–62].

Reeves et al. confirmed the significance of gliotoxin for
enhancing virulence of A. fumigatus using an insect model
[63]. Therefore, it can be hypothesized that gliotoxin pro-
duction by invading Aspergillus species can suppress immu-
nity and thereby increase the severity of the infection. In ad-
dition, gliotoxin may reduce mucociliary function [64, 65],
a property that is also found in some of the other secondary
metabolites. In vitro experiments confirmed that culture
filtrates of A. fumigatus that contains gliotoxin might dam-
age human respiratory epithelial cells [64, 65]. Reduced
mucociliary clearance provides an opportunity for fungal
elements to reach epithelial surfaces, resulting in further
damage and potentially tissue invasion.

Fungal metabolites might also impair phagocytic func-
tions that would normally destroy conidial and hyphal
forms. Gliotoxin reduces adherence and phagocytosis of
fungal elements, while aflatoxin affects phagocytosis, in-
tracellular killing and spontaneous superoxide production.
Complement binding and activation of bound opsonins,
which normally enhance phagocytosis, are affected too,
making fungal elements less susceptible to destruction [66].
In another study, Niyo et al. demonstrated in rabbits that
T2 toxin decreased phagocytosis of A. fumigatus conidia
by alveolar macrophages, thus increasing the severity of
experimental aspergillosis [56]. Khoufache et al. demon-
strated that verruculogen, another mycotoxin produced by
A. fumigatus modified the electrophysiological properties
of human or porcine epithelial cells [67, 68], which might
slow ciliary beating and damage epithelium to influence
colonization of A. fumigatus in the airways.

Adaptation to vertebrate hosts
Aspergillus species possess versatile features that meet their
requirements to survive under different environmental con-
ditions and make the species a ubiquitous fungal pathogen
in a wide range of hosts including humans and various

animals [51]. Aspergillus fumigatus conidia are dispersed
more efficiently in the air than those of most other molds
[51]. The slightest air current can cause conidia to disperse
due to their remarkable hydrophobicity, and these airborne
conidia are protected from ultraviolet irradiation due to the
melanin in their cell wall [51,69].

Aspergillus fumigatus can be isolated from a wide range
of environmental conditions with the optimal temperature
of 37◦C res (ranging between 12◦ and 65◦C), and the pH of
growth sites ranges between 2.1 and 8.8 [51]. Thermotoler-
ance facilitates the fungus’ growth, not only in decaying or-
ganic matter—its primary ecological niche—but also within
the mammalian or avian respiratory tract. Aspergillus fu-
migatus commonly resides in compost, a dynamic environ-
ment that undergoes wide fluctuations in temperature as
well as intense microbial activity. The ability to thrive in
this habitat requires a substantial level of thermotolerance
that has been speculated to contribute to virulence [70].
These properties are likely to have evolved in response to
competitors within the ecological niche of the organism and
are unlikely to reflect specific adaptations to counter verte-
brate host defense mechanisms. In addition, the presence of
numerous glycosylhydrolases [71], a group of extracellular
proteinases in the A. fumigatus genome, attests to the abil-
ity of the fungus to grow by degradation of polysaccharides
from plant cell walls and acquire nitrogen sources made
available by degradation of proteinaceous substrates [72].

The physical characteristics of conidia allow A. fumi-
gatus to reach and adhere to the epithelium of airways
and distal parts of the respiratory tract more effectively
than other fungal species with similar sized airborne spores
[51]. Aspergillus fumigatus conidia are globose to subglo-
bose with a size (2–3 μm in diameter with extremes up to
3.5 μm) small enough to bypass mucociliary clearance and
reach the lower airways. The availability of melanin in the
conidial wall and also high negatively charged sialic acid
residues are also factors that protect A. fumigatus against
host cell responses [73, 74]. Recent in vitro and in vivo
studies strongly suggest that galactosaminogalactan (GAG)
is a principal mediator of A. fumigatus virulence and plays a
key role in adherence to host constituents. It was suggested
that anti-GAG strategies could be useful in the therapy of
invasive aspergillosis, underscoring its importance for the
pathogenesis of aspergillosis [75]. In addition, specific ge-
netic changes enhance the ability of the fungus to cause
invasive disease in immunocompromised mice and appear
to confer one of the following attributes: rapid germination
(and growth), increased melanin content and enhanced re-
sistance to oxidative damage [76].

Like many other infectious diseases, development of
Aspergillus infections is dependent on prolonged interac-
tion between the pathogen and the host. To invade animal
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tissues, Aspergillus species rely on the coordinated expres-
sion of a multitude of genes involved in fungal growth,
including conidial germination, cell wall assembly, thermo-
tolerance, nutrient acquisition, and resistance to adverse
conditions, such as oxidative stress. Many types of stress
have been observed to occur during Aspergillus pathogen-
esis, causing fungal responses that overcome the stress and
may be associated with increased virulence and fungal per-
sistence [61,77]. During infection, Aspergillus species must
tolerate and overcome diverse in vivo micro-environmental
stress conditions including; high temperature, low pH, lim-
ited carbon and nitrogen sources, and regulate iron acqui-
sition and gas tension (carbon dioxide and oxygen levels)
[78,79]. Some of these conditions are strongly intercon-
nected. For example, oxygen and iron availability are in-
timately tied with fungal virulence and response to exist-
ing therapeutics [77]. Aspergillus species as many other
pathogenic fungi, may develop a coordinated regulatory
system in response to hypoxia and iron starvation through
expression of hypoxia and iron-responsive genes via cross-
linked key regulators, and/or regulation of factors involved
in ergosterol biosynthesis [80,81]. Moreover, several species
of Aspergillus can grow in highly extreme environments,
which facilitates their adaptation to a wide variety of host
tissues [82]. For instance, A. versicolor and other species
have been isolated from areas with high saline levels such
as the Dead Sea [83–86].

Immunosuppression and predisposing factors
Infections by Aspergillus species represent a major cause
of morbidity and mortality in immunocompromised hosts.
In immunocompetent hosts, Aspergillus conidia that reach
the alveoli are generally unable to overcome the immune de-
fense; however in immunosuppressed patients the inability
to efficiently eradicate inhaled conidia, creates an opportu-
nity for the fungus to adapt its physiology to the altered
host environment [51]. The population at risk in humans is
expanding due to the increasing number of patients on hy-
drocortisone or other chemotherapeutic treatment resulting
in severe neutropenia, patients with stem cell and solid or-
gan transplantation, patients with immunosuppressive and
myeloablative therapies for autoimmune and neoplastic dis-
ease, later stages of AIDS, and in certain hereditary immun-
odeficiency syndromes, such as chronic granulomatous dis-
ease, in which phagocytes fail to generate superoxide anion
[6,8].

Similar to infections in humans, animals exhibiting in-
ability to produce a normal immune response are at higher
risk of infection. Aspergillosis may also occur in healthy
animals under environmental immune-compromising con-
ditions. In addition to environmental stressors, tuberculosis
is a well-known underlying disease in chronic necrotizing

pulmonary aspergillosis and aspergilloma [87,88], with the
clinical symptoms of aspergillosis being characterized by
limited invasiveness that occurs in mildly immunocompro-
mised animals [88–90].

In reptiles, Aspergillus disease may be promoted by
immune-compromising conditions, such as husbandry de-
ficiencies or inappropriate temperatures, humidity, or poor
enclosure hygiene [91].

Risk factors for aspergillosis in birds seem to be of a ba-
sically different nature from those in reptiles. Both host and
fungus characteristics explain the particular susceptibility
of birds to A. fumigatus infection [92,93]. Environmen-
tal stressors may also play a role, for example, in poultry
farms, where many environmental stressors may be present,
including excessive ammonia and moisture, inappropriate
temperature, and degraded litter. Furthermore, feed con-
tamination with mycotoxins and/or competing pathogens
may affect avian immunocompetence [94]. In wild birds it
has been shown that there is a significant link between re-
source allocation and the costs of immunity, especially in
defense against pathogens in environments where multiple
factors change in time and space [95].

In dogs, a breed or gender predisposition can be recog-
nized [96]. Factors that may predispose dogs to infection
include injury to any of the mucous membranes, the use of
catheters, administration of antibiotics, and immunosup-
pressive drugs or the presence of other diseases.

Cats stressed by underlying disease (such as viral in-
fection) or immunosuppression are more susceptible to in-
fection [97–99]. Viral diseases (due to Feline Immunodefi-
ciency Virus and Feline Leukemia Virus) [6,100] may cause
a severe immunodeficiency and short-term reduction of the
number of neutrophils and of lymphocyte responsiveness
[101]. Moreover, an inherited susceptibility are presumed
to influence the incidence of aspergillosis in purebred cats
of brachycephalic conformation [102].

In ruminants, dairy cows in early lactation show in-
creased susceptibity to Aspergillus [17]. Other factors that
seem to predispose to aspergillosis include the presence of
other diseases and intense antimicrobial therapy [23].

In horses, aspergillosis can be rapidly fatal when the in-
fection invades the lungs. In these cases, inflammation of the
intestines is often a predisposing factor thought to weaken
the immune system of the horse, favoring penetration and
growth of opportunistic fungi [29,35,103,104].

In cetaceans the infection can be primary or sec-
ondary to any chronic infections, physiologic stress or
immunosuppression [50]. Aspergillosis also may occur in
various nonhuman primate species, particularly in im-
munocompromised hosts as a post-transplant infectious
complication [105,106], or following metabolic disorders
[107]. In addition, the underlying infection with Simian

 at U
niversity of M

anchester on M
arch 5, 2016

http://m
m

y.oxfordjournals.org/
D

ow
nloaded from

 

http://mmy.oxfordjournals.org/


Seyedmousavi et al. 771

Immunodeficiency Virus (SIV) could be considered a risk
factor [88,108].

Diseases in invertebrates

Corals and sponges
Aspergillosis due to A. sydowii is a newly recognized fungal
epizootic affecting sea fan corals (Gorgonia species) [109].
It is believed that virulence of A. sydowii increases with
temperature, probably because the rate of pathogen devel-
opment continued to increase in a temperature range where
coral defenses became less potent [110]. However, it re-
mains difficult to distinguish between the role of environ-
ment in allowing opportunistic pathogens to increase, and
influence creation of a niche for new pathogenic microor-
ganism that cause coral disease [111].

The prevalence of aspergillosis is among the highest re-
ported for any coral disease, ranging from 8% to nearly
60% [112,113], which is considered one of the potent ef-
fectors of change in natural marine populations and com-
munities [114,115]. Over the past decade, climate warm-
ing has caused profound and often complex changes in the
prevalence and/or severity of some infectious diseases, con-
tributing to species extinctions, in various hosts [110]. As-
pergillosis disproportionately affects large sea fans [116],
possibly due to larger colonies that have lower antifungal
defenses [117], combined with larger targets for pathogen
interception, and accumulation of more pathogen hits over
longer lifetimes.

The substantial virulence of Aspergillus to sea fans is sug-
gested to be due to two factors. First, given that aspergilli
are terrestrial in origin, sea fans may be a naive host and
thus highly susceptible to aspergillosis. Second, the density
independence of aspergillosis suggests that disease dynam-
ics are dominated by external inputs of the pathogen rather
than within-population transmission. However, there is ev-
idence of some secondary transmission among nearby sea
fans in the 2–8-m range [118].

Aspergillosis in corals was first documented in 1995 near
Saba the Bahamas. Subsequently it was detected through-
out the Caribbean basin, including in the Florida Keys
[113,119]. The pathogen responsible for the outbreak was
identified from Koch’s postulates as A. sydowii [120,121],
a fungus otherwise found in soil. In another study, Kim
et al. demonstrated the eradication of large sea fans due to
A. sydowii infection in the Florida Keys, since August 1997
[109] (Fig. 1), subsequently resulting in a demographic shift
to smaller colonies. The reemergence of aspergillosis was
detected on small sea fans between 1999 and 2000 at Carys-
fort and Conch in Florida [109]. In May 1999, 80 recruits
(i.e., colonies of corals ≤10 cm height) were detected on
transects, none of which was infected. By July 2000, preva-

lence in this height class was about 11%, suggesting a shift
in age-specific force of infection [109]. This shift was likely
due to the input of susceptible colonies into the population
rather than the appearance of more virulent strains of this
pathogen, given that prevalence among larger fans actually
decreased during the same time.

Ein-Gil et al. isolated a strain of A. sydowii from healthy
marine sponges (Spongia obscura) collected in Bahamian
inshore waters [122]. After identification on the basis of
morphology, molecular markers and chemical profiling was
performed as well as pathogenicity tests. These tests indi-
cated that the strain was highly similar to the strains isolated
from diseased coral and that the fungus was capable to per-
sist in the sponge environment. This observation suggests
that sponges may be a potential new reservoir of the marine
pathogen, A. sydowii.

Honey bees
Microbiological studies on microhabitats within bee hives
have shown a high diversity and abundance of Aspergillus
species in apiaries [123]. Such close association between
fungi and bees within the colony, highlights their potential
to cause significant stress on the health of colonies and like-
wise serious disease in honey bees with weakened immune
systems [123]. On the other hand, nutritional limitation,
particularly lack of dandelion (Taraxacum officinale plants)
and polyfloral pollen, can significantly increase the suscep-
tibility of honey bee larvae when expose to the Aspergillus
species [124].

Aspergillus species are known to infect honey bee (Apis
mellifera) brood, causing stonebrood disease over all larval
stages [125,126]. Stonebrood is a very rare disease caused
by several species of Aspergillus. The disease was first de-
scribed by Massen (1906) and has since been found world-
wide [127]. Aspergillus flavus has most frequently been re-
ported causing the disease, followed by A. fumigatus, but
also A. niger and other aspergilli can affect honey bees
[128]. Species of Aspergillus producing aflatoxin have been
suggested to be the primary cause of death in stonebrood-
infected honey bees [129], although a negative A. flavus
strain was observed to be equally active [127]. The adult
bee is infected through the gut after conidial ingestion, al-
though infection might be accounted through the cuticle
surface during the larval stage. The conidia then remain in
the larval gut until the first defecation event prior to pu-
pation [123]. Infected brood, also called “mummies,” can
be seen in the combs. Conidia taken up by bee larva may
hatch in the gut, growing rapidly to form a collar-like ring
near the head. After death the larvae turn black and be-
come difficult to crush, resembling small stones and hence
the name stonebrood. Eventually the fungus erupts from the
integument of the larvae and forms a “false skin.” At this

 at U
niversity of M

anchester on M
arch 5, 2016

http://m
m

y.oxfordjournals.org/
D

ow
nloaded from

 

http://mmy.oxfordjournals.org/


772 Medical Mycology, 2015, Vol. 53, No. 8

Figure 1. Caribbean sea fan corals with aspergillosis. Adopted from Kim et al. (REF 109) with permission of the publisher. The figure shows high and
low density of disease impact. Top: Sea fans (Gorgonia ventalina) infected with Aspergillus. Bottom: Sea fan skeletons killed by aspergillosis.

stage the larvae are covered with powdery fungal conidia
[130], which are yellow, brown, green, or black depending
on the species. Worker bees are unable to remove stone-
brood mummies from the cells. In some cases, infected or

deceased larvae appear dry, but they do not produce visible
conidia within 48 h after pathogen inoculation [127]. As-
pergillosis of Honey bees is relatively rare, suggesting that
conidia are only infective when hives experience an unusual
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combination of stress factors [131]. In some countries, how-
ever, stonebrood is a notifiable disease that has to be re-
ported to the authorities if it occurs.

Despite above described extensive diseases of Aspergillus
species in honey bees and sea fan corals, aspergillosis has not
been reported from any other invertebrate animal in natural
conditions. This further underlines that Aspergillus is not a
primary pathogen like Cordyceps or Metarrhizium but just
infections to temporarily susceptible hosts. However, a va-
riety of different insect species have been employed to study
fungal pathogen-host interactions [132,133]. Experimental
A. fumigatus infection has been investigated in Drosophila
melanogaster and Galleria mellonella for A. fumigatus, but
these infection models are beyond the scope of the present
study.

Diseases in cold-blooded vertebrates

Fishes and amphibians
Farmed and captured fishes contribute to a significant pro-
portion of global seafood production. In aquaculture, the
problems associated with Aspergillus species are related to
the presence of mycotoxins rather than infection of the host
[134]. To our knowledge, aspergillosis has never been re-
ported in amphibians. The low occurrence of aspergillosis
in waterborne animals can be explained by the hydrophobic
nature of Aspergillus conidia, rendering coral aspergillosis
described above even more surprising.

Reptiles
In reptiles, Aspergillus species such as A. fumigatus, A. niger
and A. terreus have been isolated from both cutaneous and
disseminated infections [135]. Cutaneous lesions are com-
monly reported as a consequence of invasion to living tis-
sues enhanced by trauma [91]. Aspergillus hyphal elements
were isolated from the forefeet of a female musk turtle (Ster-
notherus odoratus) [136], and cutaneous and gingival le-
sions were observed in a mixed necrotizing dermatitis and
pneumonia of crocodiles [137]. In a study by Tappe et al.,
A. terreus was isolated from edematous and necrotic le-
sions of two San Esteban chuckwallas (Sauromalus varius)
[138]. Myers et al. reported a case of Aspergillus keratitis
in an adult male free-ranging gopher tortoise (Gopherus
polyphemus), which presented with trauma and blindness
[139]. Ophthalmic examination revealed bilateral corneal
ulcerations, blepharedema, blepharitis scarring and phthisis
bulbi of the left globe [139].

Despite the occurrence of several cases of superficial as-
pergillosis in reptiles, reports of systemic aspergillosis are
scarce. Suboptimal husbandry and captivity are likely ma-
jor predisposing factors leading to opportunistic invasion
in these animals [91]. Miller et al. reported pulmonary as-

pergillosis in two captive snakes (Eunectes murinus) with
the postmortem evidence of multiple scattered, dark red
foci on the scales and invasive lesions in the lungs [140].

Diseases in warm-blooded vertebrates

Birds

Etiology:Aspergillus fumigatus is considered as one of the
major respiratory pathogens in birds [5,141]. Characteris-
tics of both host and fungus explain the particular suscep-
tibility of birds to A. fumigatus infection. Birds placed in
environments contaminated with aerosolized conidia may
show significant pathology after only a short duration of ex-
posure. The anatomy and physiology of the avian lung-air
sac system is significantly different from that of the bron-
choalveolar lung of mammals. Nine air sacs function as
bellows to move air through the lungs gas exchange surface
[92, 93]. Aspergillus fumigatus conidia are small enough
[51] to bypass initial physical barriers and penetrate deeply
in the respiratory system [5]. Avian air sacs are particularly
prone to contamination because they are submitted to an
airflow that favors particle deposition. Birds have few res-
ident macrophages to remove corpora aliena and have an
epithelial surface nearly devoid of a mucociliary transport
mechanism [142]. Other Aspergillus species like A. flavus,
A. niger, A. nidulans, and A. terreus may also be isolated
from cases of aspergillosis (sometimes in mixed infections)
in commercial poultry but much less frequently than A. fu-
migatus [143,144]. However, in tropical countries A. flavus
is probably more prevalent than A. fumigatus [145].

Epidemiology: Of note, all avian species should probably
be considered susceptible. With the exception of Antarctica,
fatal field cases have a worldwide distribution. In the past,
A. fumigatus has been involved in significant die-offs of free-
ranging wild birds, responsible for thousands of deaths in
American crow [146,147], Tundra swans [148], Mallards
[149] or Canada geese [150], and occasionally in water-
fowl, gulls, and corvids following dumping of mouldy waste
seeds in areas where birds feed [151]. The higher prevalence
in Anatidae (water fowl), raptors and Laridae (gulls) may
reflect true differences in attack rate, differences in detec-
tion likelihood in gregarious species compared to other wild
birds or a higher risk of exposure [151].

Infection by A. fumigatus is also found in birds held
in captivity including birds of prey, geese, ducks, swans,
gulls, penguins, and parrots. Falconiform species at particu-
larly high risk of developing aspergillosis include goshawks,
golden eagles or Gyrfalcons [152]. Captive sphenisciforms
(Magellanic and Jackass penguins) in zoological parks
[153], or in wildlife rescue centers [154], appear to be
extremely susceptible to aspergillosis, which may reflect
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underlying husbandry deficiencies. The incidence of infec-
tion may be elevated in debilitated animals, particularly
oiled birds sheltered in wildlife centers and severely im-
pair rehabilitation success and breeding programs of en-
dangered species [143,144,154–166]. Concomitant agents
(either bacteria or parasites) and/or diseases (chronic fatigue
and immune dysfunction syndrome) are regularly identified
in falcons suffering from aspergillosis [161].

Economic significance of aspergillosis is most readily ap-
parent in turkey production where disease occurs late in
the growing cycle or primarily affects costly breeder toms
[167]. In spontaneous outbreaks, the mortality ranged be-
tween 4.5% and 90%, with the age of diseased birds vary-
ing from 3 days to 20 weeks [144,168]. In poultry farms,
mortality of acute aspergillosis tends to rise slowly [168], or
increase suddenly, then peaks over a few days, and subse-
quently returns to the initial state [169]. In addition to direct
losses related to mortality, feed conversion and growth rate
associated with reduced welfare in recovering birds remain
poor. Indeed, airsacculitis is a major reason for carcass con-
demnation at slaughter inspection [170,171].

Clinical manifestations of aspergillosis in birds de-
pend on the infective dose, spore distribution, pre-
existing diseases, and immune response of the host
[5,141,161,172,173]. It is believed that impaired immunity
and the inhalation of a large inoculum of conidia are im-
portant causative factors [94]. Active fungal proliferation
and sporulation of A. fumigatus on organic material pro-
duces large amounts of small-sized conidia that are easily
dispersed in air, then potentially inhaled and deposited deep
in the respiratory tract. Discriminatory molecular genotyp-
ing based on multilocus microsatellite panels has demon-
strated that the environment of diseased animals may be a
source for A. fumigatus infection and that either multiple
[153,174,175] or single genotype [176] linked infections
could occur in confirmed cases. Susceptible hosts will de-
velop polymorphic clinical forms in relation to either local-
ized or disseminated lesions [141,177]. Although aspergillo-
sis is predominantly a disease of the respiratory tract, all or-
gans can be involved, leading to a variety of manifestations,
which can be acute or chronic.

Acute aspergillosis: Acute aspergillosis is thought to re-
sult from inhaling an overwhelming number of conidia,
which generally occurs in young birds, resulting in high
morbidity and mortality. Acute aspergillosis may include a
variety of nonspecific clinical signs: anorexia, lethargy, ruf-
fled feathers, respiratory signs, polydipsia, polyuria, stunt-
ing, dyskinesia or sudden death. In chicks, contamination
in ovo or during hatching, the disease, commonly known as
brooder pneumonia, is highly lethal during the first ten days
of life and results in major respiratory distress [178,179]. In
poultry, respiratory signs include dyspnea, gasping, hyper-

pnoea with open-mouth breathing, non-productive cough-
ing, wheezing, tail bobbing, cyanosis [144], and sometimes
nasal discharge [168].

Chronic aspergillosis: Chronic aspergillosis is generally
associated with immune suppression. The chronic form is
sporadic. It causes less mortality and generally affects older
birds, especially breeders (parent chickens that produce
fertilized eggs) in poultry, presenting a compromised im-
mune system due to poor husbandry [180]. Clinical signs
of the chronic form are often nonspecific. Birds exhibit
reduced level of activity, weight loss, and exercise intol-
erance associated with dyspnea. Involvement of the ner-
vous system (encephalitic and meningoencephalitis lesions)
causes ataxia, opisthotonos, torticollis, limb paresis, and
in some cases blindness [144,168,181] (Fig. 2). Occurrence
of nervous and ophthalmic complications, one week after
an acute episode of aspergillosis, has been reported in a
turkey flock [181]. Cloudiness of the eye with severe con-
junctivitis was associated with paralysis in broiler breeders
[144]. Aspergillus blepaharitis, keratitis and keratoconjunc-
tivitis (turbid discharge, cloudy cornea, and cheesy yellow
exudates within the conjunctival sac) have been reported in
numerous species [182,183]. A. fumigatus can colonize skin
[184,185] and surgical wounds, as observed in caponized
cockerels [186] and induce systemic disease [184]. Nasal as-
pergillosis is associated with exudative rhinitis, possibly ac-
companied by malformation of the nostrils, beak, and cere
[187]. Paralysis, secondary to mycotic spondylitis, has been
described in commercial broiler flocks [188] and pheasants
[163,164]. Cases of omphalitis or articular aspergillosis of
hip joints associated with A. fumigatus have been observed
in turkeys [189,190]. Right ventricular dilatation (cor pul-
monale) due to pulmonary hypertension, with or without
ascites, and congestion of the lungs caused by ventricular
failure occurs occasionally [191].

Mycotoxicosis: Ingestion of feedstuffs contaminated by
toxic metabolites can cause mycotoxicosis in birds. The
ability of A. fumigatus strains to produce significant levels
of gliotoxin in the lung tissue of naturally [192] or ex-
perimentally [193] infected turkeys demonstrated that this
immunomodulating compound [194] may be involved in
the pathogenesis of aspergillosis in this host. Among the
mycotoxins produced by Aspergillus species, aflatoxin has
been responsible for rare mortality reports in free-ranging
duck, geese, and crane species [195]. In the early 1960s, an
unusual veterinary crisis occurred in the United Kingdom,
during which approximately 100,000 turkey poults died of
“turkey X disease.” The cause was revealed to be toxic-
ity of fungal metabolites and could be attributed to afla-
toxins [196]. This group of secondary metabolites is also
highly toxic for ducklings and chickens provoking reduced
performances and sudden mortality associated with
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Figure 2. Mute swan (Cygnus olor) suffering from fatal aspergillosis. Adopted from courtesy of P. Arne. Top left: Severe dyspnoea with open-mouth
breathing. Right: presence of granulomas and cheesy plaques in the trachea. Bottom left: Air sac completely filled by caseous necrotic material
containing fungal elements.

kidney and liver lesions. Mycotoxicosis following ochra-
toxin or sterigmatocystin ingestion may also occur in poul-
try [197,198].

Dogs

Sinonasal, bronchopulmonary, and disseminated infections
are the three major forms of aspergillosis in dogs. Although
sinonasal aspergillosis is the most common form of as-

pergillosis diagnosed in dogs, it is an uncommon yet de-
bilitating and often frustrating condition to treat in dogs
[37]. The condition is usually seen in dolichocephalic and
mesocephalic dogs and is very rare in brachycephalic dogs.
German Shepherds and Rottweilers are the commonly af-
fected breeds. Dogs of any age may be affected, but approx-
imately 40% are 3 years or younger and 80% are 7 years
or younger [96]. In several studies of dogs with chronic
nasal disease, sinonasal aspergillosis occurred with a
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frequency of 7 to 34% [40]. It is the second most common
cause of nasal discharge in dogs after nasal neoplasia [199].
Aspergillus fumigatus is most frequently isolated, although
various other species including A. niger, A. nidulans, and
A. flavus have been reported. Penicillium species and other
fungi are much less frequently detected [200].

Clinical signs in advanced disease can include nasal pain
nasal pain, ulceration or intermittent bilateral epistaxis [38,
39] (Fig. 3). Moreover, in severe cases destruction of the
cribriform plate is identified.

Recently, the immunopathogenesis of canine sinonasal
aspergillosis has been investigated more precisely
[41,201,202], which could provide a valuable model for
the equivalent human pathology [203, 204]. The mucosal
inflammatory infiltrate involves a mixture of CD4+ and
CD8+ T lymphocytes, IgG-secreting plasma cells, and ac-
tivated macrophages and dendritic cells expressing class II
molecules of the major histocompatibility complex. There is
active recruitment of blood monocytes and neutrophils and
up-regulation of Th1 (interleukin [IL]-12, IL-18, and inter-
feron (IFN) γ ), Th17-related (IL-23) and pro-inflammatory
(IL-6, tumor necrosis factor (TNF) α) cytokine mRNA
with evidence of expression of genes encoding monocyte
chemo-attractant proteins 1–4. Additionally, there is signif-
icant transcription of the IL-10 gene consistent with local
immunosuppression that may prevent secondary immune-
mediated sequelae while permitting chronicity of the in-
fection [41,201–204]. As a comparison, similar gene ex-
pressions were shown in sinonasal aspergillosis of humans
[204]. However, recent investigation by Mercier et al. indi-
cated that dysfunction in innate immunity, particularly in
the function of pattern recognition receptors is not associ-
ated with the pathogenesis of canine sinonasal aspergillosis
[205].

Bronchopulmonary aspergillosis is a rare disease in
dogs [42–44]. The clinical signs are nonspecific, includ-
ing depression, fever, and cough [42]. Cytological evalu-
ation of the bronchoalveolar lavage fluid often reveals a
mixed inflammatory response dominated by neutrophils
and macrophages but rarely reveals the presence of fungal
elements [45]. Disseminated aspergillosis in dogs is rela-
tively infrequent, but it is a potentially fatal disease, which
most often is seen in German Shepherds and is usually due to
A. terreus and A. deflectus, followed in order of decreasing
frequency by A. fumigatus, A. niger, and A. flavipes [46].
Clinical signs of disseminated aspergillosis may include
lethargy, lameness, anorexia, weight loss, pyrexia, hema-
turia, urinary incontinence, generalized lymphadenopathy,
and neurologic deficits. Lesions are frequently found in the
kidneys, spleen, and vertebrae (discospondylitis). Recently,
Zhang et al. reported the first case of canine aspergillo-
sis caused by A. versicolor [47]. The dog suffered from

Figure 3. Nasal cavity and sinus of a dog with sino-nasal aspergillo-
sis. Adopted from Sharman et al. (REF 37) with permission of the pub-
lisher. Top: Severe nasal turbinate destruction and fungal plaques within
the nasal cavity of a dog affected by sinonasal aspergillosis. Middle:
Destruction of the nasal turbinates identified on computed tomogra-
phy (CT) of the nasal cavity. Bottom: Histologic section of a nasal cav-
ity biopsy showing an Aspergillus spp. conidial head and many small
conidia. Many septate hyphae are also seen (arrow). H&E, scale bar =
10·08 μm.
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disseminated A. versicolor infection presenting as
diskospondylitis, osteomyelitis, and pyelonephritis [47].

Notably, immunopathogenesis of canine disseminated
sinonasal aspergillosis shows significant similarities with
humans [203]. The mucosal inflammatory infiltrate involves
a mixture of CD4+ and CD8+ T lymphocytes, IgG+ plasma
cells and activated macrophages and dendritic cells ex-
pressing class II molecules of the major histocompatibility
complex. There is active recruitment of blood monocytes
and neutrophils. Additionally, there is significant and up-
regulation of Th1 (IL-12, IL-18, and IFN-g), Th17-related
(IL-23) and pro-inflammatory (IL-6, TNFa) cytokine [203].
Otomycosis due to Aspergillus species has occasionally
been described in dogs [206]. Dogs had previously been
treated with various topical and oral antibiotics, which may
have predisposed them to develop a secondary Aspergillus
infection.

Cats
Sinonasal and sinoorbital infections are two forms of As-
pergillus disease in cats that account for the majority of the
reported cases affecting the upper respiratory tract [207,
208]. Reports on feline cases of orbital aspergillosis are on
the rise possibly due to viral-induced immunodeficiencies
[97–99], and orbital aspergillosis is considered an emerging
disease [209]. This infection is characterized by progres-
sion of sinonasal aspergillosis to the preorbital area, which
is challenging to treat and the prognosis for resolution of
infection is generally poor [97–99].

Aspergillus felis has been the most frequently reported
etiologic agent of sinoorbital aspergillosis in cats, followed
by cryptic species of the section Fumigati, including: A. uda-
gawae and A. viridinutans [99,210]. Barrs et al. reported a
novel species of Aspergillus section Fumigati, A. felis (with a
Neosartorya teleomorph), isolated from domestic cats with
invasive fungal rhinosinusitis, a dog with disseminated in-
vasive aspergillosis, and a human with chronic invasive pul-
monary aspergillosis [210]. Aspergillus felis is thermotoler-
ant with a maximum growth temperature of ≥ 45◦C. The
species can be separated from its close relative A. viridinu-
tans by its ability to grow at 45◦C, and from A. fumigatus
by its inability to grow at 50◦C. The species A. felis can
be reliably identified by ITS sequencing. In a second study,
these authors also documented etiology, clinicopathologi-
cal findings, and treatment outcomes in a series of 23 cats
(1.5–13 years of age) with sinonasal (n = 6) and sinoorbital
(n = 17) aspergillosis [207]. Cases were recruited retro-
spectively, and prospectively if hyphae were identified on
cytological or histological examination. Polymerase chain
reaction (PCR) and DNA sequencing was used to iden-
tify the fungal pathogen. Fungal culture was positive in 22
of 23 cases. In cases of sinonasal aspergillosis, the fungal

pathogen was A. fumigatus (n = 4), Neosartorya fischeri
or A. lentulus (n = 1), or A. felis. (n = 1). However, in
all cases of sinoorbital aspergillosis (n = 17), the fungal
pathogen was identified as spa. felis. Cats with sinonasal
aspergillosis were more likely to be infected with A. fumi-
gatus and had a better prognosis than cats with sinoorbital
aspergillosis (Fig. 4) [207,210].

Orbital aspergillosis was reported by Kano et al. in a
spayed female domestic short-hair cat with progressive pro-
trusion of the left third eyelid and eyeball [211]. The cat
was treated with antibacterials for a period of two months.
Hematology and serum biochemistry showed no abnormal
findings. Computer tomographic scan revealed a soft-tissue
mass within the orbit of the left eye. Histopathologic exam-
ination of biopsy samples from this mass revealed gran-
ulomatous inflammation containing many branched As-
pergillus hyphae [99]. Brachycephalic feline breeds seem
to be at increased risk for development of nasal aspergillo-
sis and penicilliosis [102,212]. Ulcerative keratomycosis is
common in cats and is frequently associated with feline
herpes viral infection [213]. Labelle et al. examined an
8-year-old domestic short-haired cat with a 1-week his-
tory of blepharospasm and mucoid ocular discharge. Ul-
cerative keratitis was observed with stromal loss, stromal
infiltrates, corneal edema, perilimbal vascularization and
myosis. Cytology of the cornea revealed multiple dichoto-
mously branching, septate hyphae and severe, predomi-
nantly neutrophilic inflammation. PCR of the cytological
samples confirmed the presence of A. flavus.

Ruminants

Aspergillus species and particularly A. fumigatus are known
worldwide to cause mycotic pneumonia, gastroenteritis,
mastitis, placentitis and abortions in ruminants, especially
cows [17]. Aspergillus fumigatus is a fairly common mold in
hay and silage [18]. Healthy cows with an active immune
system are resistant to opportunistic infections, but dairy
cows in early lactation are more susceptible, while hemor-
rhagic bowel syndrome is more likely to occur in fresh cows
(within 2–4 weeks since calving) [17].

Bronchopulmonary aspergillosis: Aspergillus pneumo-
nia is a fatal disease in ruminants that may progress rapidly
[23]. Clinical signs of disease include pyrexia, rapid, shal-
low and stertorous respiration, nasal discharge, and a moist
cough. The lungs are firm, heavy, and mottled and do not
collapse. In subacute to chronic mycotic pneumonia, the
lungs contain multiple discrete granulomas, and the disease
grossly resembles tuberculosis [19–21]. Overall, histologic
examination of the lungs in pulmonary aspergiollosis in-
dicates abundant hyphae and high numbers of associated
oxalate crystals [19]. The mechanism of oxalate crystal
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Figure 4. Eye and orbital cavity of a cat with sino-orbital aspergillosis. Adopted from Barrs et al. (REF 210) with permission of the publisher. Top: a.
Exophthalmos, b. mass in the left pterygopalatine fossa and c. ulceration of the hard palate. Bottom left: Cleistothecia (small spherical structures) at
the colony junction in paired cultures of Neosartorya spp. isolates from two cases (inset). Neosartorya spp. ascospores with roughened side walls
and two axial crests. Scanning electron micrograph (Zeiss EVO LS15). Scale bar = 2 μm. Bottom right: Periodic acid-Schiff-stained section of frontal
sinus epithelium from a cat with invasive sino-orbital aspergillosis. Fungal hyphae are present deep within the sinus epithelium, demonstrating the
invasive nature of this mycosis. Scale bar = 60 μm.

production is not known, but several Aspergillus species,
particularly A. niger are known to produce oxalic acid
via the tricarboxylic acid cycle. Oxalic acid exerts a toxic
effect on tissues and causes marked tissue necrosis. The
crystals themselves may also cause severe localized tissue
damage, which can be extensive enough to cause fatal pul-
monary hemorrhage [214]. In humans, there is also a direct
association between A. niger infection and oxalate crystal
deposition in tissue [214–216].

Of note, concurrent tuberculosis and aspergillosis has
been reported in cattle with underlying mycotic lym-
phadenitis [90]. In another report, aspergillosis was associ-
ated with underlying paratuberculosis, cholangiocarcinoma
and peritonitis in a goat [89].

Gastrointestinal aspergillosis: In cows, the gastrointesti-
nal tract, and almost exclusively the omasum, is the primary
site of mycotic lesions caused by A. fumigatus [23]. A sur-

vey conducted in Denmark revealed the presence of mycotic
lesions in the forestomachs of 6% of 932 cattle necropsied
between 1986 and 1992 [217]. Common findings in these
animals were intense treatment with broad-spectrum an-
timicrobial drugs, lack of rumen contraction, and diarrhea
and/or melena. Experimental infections in pregnant cows
and mice as well as histopathological examination of tis-
sue from spontaneously infected cattle suggested that pla-
centitis and pneumonia are secondary infections resulting
from hematogenous spread of the fungus from primary gas-
trointestinal lesions [22,218,219]. In addition, Aspergillus
species have recently been proposed as pathogenic agents
associated with mycotic hemorrhagic bowel syndromes in
dairy cattle [17].

In humans, local invasive aspergillosis of the gastroin-
testinal system is quite rare, with the small intestines most
commonly being involved [220–222]. Gastric involvement
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is assumed to develop following chemotherapy and high-
dose steroid use. However, there are some reports that pa-
tients did not have any history of predisposing drug usage
or immune suppressive condition [220].

Mycotic mastitis: The reported incidence of mycotic
mastitis in cows caused by A. fumigatus has increased,
although the number of reported cases is lower than in
in small ruminants [24–26]. Sporadic cases of Aspergillus
mastitis were described in dairy sheep subsequent to the
antibiotic treatment of animals before parturition [24–26,
223].

Fungal placentitis: Fungal placentitis due to Aspergillus
species is an important cause of abortion in cattle, which
generally occurs as an uncomplicated infection in the third
trimester of pregnancy [27]. However, early abortion (from
the third month of gestation) is also possible. Concomitant
abortions may be detected in the same herd due to massive
environmental contamination by Aspergillus conidia. Fol-
lowing abortion, placental retention is frequently observed.
In cattle, placentitis is secondary to the dissemination of As-
pergillus in the entire body. Nevertheless, no clinical signs
are seen before the abortion. Moreover, affected cows may
have a normal gestation the next year and the mycotic in-
fection of the placenta should not be considered a poor
prognostic signs for fecundity. Rarely cows may present
with pneumonia or endometritis a few weeks after abor-
tion. Among 369 cases, A. fumigatus was identified as sin-
gle agent in 64% of cases, while two different species were
detected in 87% [27].

Although the pathogenesis of mycotic placentitis is
thought to involve hematogenous spread of fungal elements
from foci of infection in either the respiratory or digestive
tracts, experimental model of infection have failed to con-
firm this route of infection [22]. Sarfati et al. investigated the
route of infection by genotyping A. fumigatus isolates from
a cow with disseminated aspergillosis, cows with single as-
pergillosis lesions, calves that had aborted due to bovine
aspergillosis, mothers of those calves, and cattle without
aspergillosis [22]. The authors demonstrated that the portal
of entry was the gastrointestinal tract and that the infection
of aborted calves was due to maternally derived isolates that
had possibly crossed the placental barrier. Cattle from the
same farm that were slaughtered on the same day harbored
isolates with the same genotype.

Mycotoxicosis: Aspergillus secretory products such as
gliotoxin and tremorgens are toxic to cattle. A. fumigatus-
contaminated silage was found to contain fumigaclavine
A and C and several fumitremorgins [18]. Cattle con-
suming this silage demonstrated signs of generalized de-
terioration, protein deficiency, malnutrition, diarrhea, irri-
tability, abnormal behavior, and occasionally death. When
contaminated hay was fed to goats and rats, retarded

growth and histopathological changes in liver and kidney
were observed. Gliotoxin was shown to affect rumen fer-
mentation, reducing digestibility [224].

Moreover, a neurological syndrome in dairy cattle as-
sociated with consumption of contaminated foodstuffs by
strains of A. clavatus has been described [225,226]. As-
pergillus clavatus is known to produce several tremorgenic
metabolites such as patulin and clavatol that are selectively
neurotoxic to animals [225,226].

Horses

Aspergillus species primarily cause guttural pouch (a pair
of air chambers in the neck just behind the skull and below
the ears of the horses) infections and pneumonia in horses
[28,227]. Equine aspergillosis is considered a rare but life-
threatening infection, with a prevalence ranging from 0.5%
to 17% in some European studies [29]. Predisposing fac-
tors usually include enteritis [35], prolonged administration
of antibiotics, immunosuppressive state of the host, and
the presence of endocrinopathies and/or neoplasia [103].
Accordingly, disease usually occurs when host-debilitating
conditions favor the penetration and growth of Aspergillus
fungi [29], but there does not appear to be a breed or gender
predisposition [104]. Immunosuppression due to debilitat-
ing disease (like salmonellosis) may also predispose horses
to aspergillosis [29,104].

Pulmonary aspergillosis in horses may present with mild
respiratory signs, tachypnea associated with adventitious
lung or pleural sounds and fever [30–32]. Because invasive
pulmonary aspergillosis can be difficult to diagnose, vet-
erinarians should be aware of clinical and epidemiologic
settings in which this disease might develop [30,35].

In horses, the role of fungi in diseases of the guttural
pouch was first suspected at the end of the 19th century,
but definitive proof was provided only in 1968 [228]. Typi-
cal lesions are characterized by clearly demarcated, yellow-
brown, necrotic tissue firmly adherent to the surface of the
medial compartment of one guttural pouch [33,34] (Fig. 5).
As long as the underlying structures (vessels and nerves)
are not affected, the infection remains asymptomatic. The
erosion of the internal carotid or maxillary artery leads to
the sudden development of profuse epistaxis in a horse at
rest. Within a few days, fatal hemorrhage occurs in 34%
to 60% of cases. Inflammation of the cranial nerves leads
to the development of dysphagia (with nasal discharge),
laryngeal hemiplegia, facial paresis or Horner’s syndrome.
Lane et al. reported that 10% of horses presenting with
unilateral or bilateral discharge were affected by guttural
pouch aspergillosis [229]. Ludwig et al. reviewed the eti-
ological agents in 21 horses with guttural pouch mycosis
in France between 1998 and 2002, underlining the role
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Figure 5. Guttural poach in a horse with Aspergillus infection. Adopted from Ludwig et al. (REF 230) and Lepage et al. (REF 104) with permission of
the publishers. Top left: An endoscopic view of the pharynx of a two year-old female pony, showing a fistula in communication with the guttural
pouches. Bottom left: Macroscopic view of a section of the proximal aspect of an embolized internal carotid artery one week after occlusion. Right:
Direct examination of the biopsy sample showing a cleistothecia of Aspergillus spp.

of Aspergillus species [230]. Biopsies were taken from the
lesions caused by guttural pouch mycosis during endo-
scopic examination. In 87% of the cases, direct examina-
tion was consistent with fungal infections, but 43% of cul-
tures remained negative. Among the fungi detected were A.
fumigatus (in three cases), A. versicolor (in two cases, to-
gether with other fungi), A. nidulans and A. niger (one case
each), while in six cases the Aspergillus could not be iden-
tified to the species level.

Nasal aspergillosis is another uncommon presentation of
disease in horses with a wide range of clinical signs, char-
acterized by dyspnea and nasal discharge [36]. Des Lions
et al. reported a case of mycotic mass in the frontal sinus
of a 7-year-old French saddle gelding due to A. fumigatus
[231]. Direct endoscopic examination revealed a dorsal lob-
ular mass and a small amount of purulent exudate within
the dorsal conchal sinus. Histopathology of the mass re-
vealed regular branching, septate fungal hyphae consistent
with Aspergillus.

In horses, keratomycosis is a relatively common disease,
particularly in warm climates, usually following a corneal
injury by plant material. There are several clinical presen-
tations varying from superficial punctate lesions that dis-
rupt the tear film and colonize the epithelium, to anterior
stromal plaques that consist of mats of fungal elements
and necrotic debris, or severe melting ulcers to intrastro-
mal corneal abscesses [232–234]. Blepharospasm, photo-
phobia, and lacrimation are consistent features of the in-
volved cases. Many different fungi have been isolated from
the conjunctival sac of horses, including Aspergillus species
[232]. The identity of species concerned may change with
geography and climate. Prolonged topical application of an-
tibiotics may cause a shift in the normal conjunctival flora,
which may enhance the incidence of fungal keratomycosis.
Also corticosteroids promote fungal growth. Small corneal
ulcers may heal spontaneously, trapping the organisms deep
within the stroma, and result in the development of a stro-
mal abscess. However, large stromal ulcers may fail to heal
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Figure 6. Eye of a horse with ulcerative fungal keratomycosis due to
Aspergillus infection. Adopted from Sansom et al. (REF 232) with per-
mission of the publisher. Top: The “cake frosting” appearance. Middle:
A large central area of corneal ulceration with furrowing Bottom: Stro-
mal abscessation with intense corneal vascularization.

and may become slowly progressive [235]. In the study of
Sansom et al., the six cases described could be classified
into three of these categories: corneal ulceration with a sur-
rounding furrow, corneal ulceration with a “cake frosting”
appearance, and corneal abscessation [232] (Fig. 6).

In humans, Aspergillus species are among major fun-
gal pathogens that cause ocular morbidity and blindness
[236,237]. Mycotic keratitis and mycotic endophthalmitis
are the most common clinical manifestations of these infec-
tions in humans [236,237].

Figure 7. Brain of a northern bottlenose whale (Hyperoodon ampullatus)
with encephalitis due to Aspergillus fumigatus. Adopted from Dagleish
et al. (REF 240) with permission of the publisher. Top: There are roughly
circular, poorly circumscribed areas of hemorrhage (black) in coronal
sections of the cerebrum (top left) and midbrain (bottom), both anterior
views, and a sagittal section of the cerebellar vermis (top right). Scale
bar = 1 cm. Bottom: Histological preparation of the cerebral cortex:
Thrombosed blood vessel and surrounding thick cuff composed of poly-
morphonuclear neutrophils, hemorrhage and fibrin (arrow) and fungal
hyphae in the neuropil (arrowhead) are visible. Haematoxylin and eosin.
Scale bar = 100 μm. Inset: Histological preparation of cerebral cortex
showing the presence of septate dichotomously branching fungal hy-
phae, typical of Aspergillus fumigatus, in the neuropil. Grocott-Gomori
methenamine silver. Scale bar = 50 μm.

Marine mammals

In marine mammals, aspergillosis, although considered
rare, is reported with increasing frequency [48–50]. As-
pergillus diseases are critically important among the fatal
infectious diseases in marine mammals as primary infection
or secondary to any chronic infectious process and may be
indicative of underlying immunosuppression [50].
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Figure 8. Muscle and heart of a killer whale (Orcinus orca) with disseminated mycoses caused by dual infection with Mucor and Aspergillus species.
Adopted from Abdo et al. (REF 50) with permission of the publisher. Top left: Multifocal well-demarcated, light tan, and soft foci were present in
various muscles in the caudal thorax and abdominal areas. Bottom left: Two tan nodules (arrow), 1 cm × 4 cm, bulged slightly from the surface in
the left ventricle 7 cm from the apex. Top right: Frequent mycotic embolisms in small blood vessels. Hematoxylin and eosin stain. Scale bar = 40 μm.
Bottom right: Necrotizing thromboarteritis due to fungal invasion of the arterial wall. Periodic acid–Schiff reaction. Scale bar = 20 μm.

Pulmonary mycotic infections due to A. fumigatus or less
frequently A. niger or A. terreus occur in cetaceans [238,
239]. Other organs may also be affected [48,50,240]. Da-
gleish et al. reported a case of severe mycotic encephalitis
with the gastrointestinal involvement caused by A. fumiga-
tus in a stranded northern bottlenose whale (Hyperoodon
ampullatus) [48]. Gross postmortem examination revealed
that the right lung was congested. The meninges of the
brain were congested and a single focal, roughly circular
area of hemorrhage approximately 2 cm in diameter was
present immediately beneath the leptomeninges of the left
cerebral hemisphere. Sectioning of the brain revealed mul-
tiple roughly circular focal hemorrhagic lesions up to 3 cm
in diameter with poorly defined margins throughout both
the gray and white matter. Most were in the cerebrum but
lesions were also present in the midbrain and the base of

the cerebellum (Fig. 7). In another study by Abdo et al., dis-
seminated mycoses due to dual infection with Mucor and
Aspergillus species was reported in a killer whale (Orcinus
orca) [50]. At necropsy, multiple, light tan foci of necrosis
were found in the skeletal and cardiac muscles, and lung
consolidation (Fig. 8). Aspergillosis also has been reported
from otitis media and interna in a stranded harbor por-
poise (Phocoena phocoena) caused by A. terreus [241]. Se-
vere fungal infestation by A. terreus was documented in the
otic region, but not in any other site of the body. Adjacent
to the promontorium, massive accumulation of fibrinous
secretion and infiltration of clusters of inflammatory cells
were present. Newly formed cysts and vessels replaced the
round window membrane location, reminiscent of granu-
lation tissue. Complete absence of sensory cells of the Or-
gan of Corti characterized a further severe phenomenon,
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Figure 9. Lung and brain of a putty-nosed monkey (Cercopithecus nictitans) with invasive aspergillosis. Adopted from Jurczynski et al. (REF107)
with permission of the publisher. - Necropsy findings of invasive aspergillosis: Top left: Lung with right-sided severe compression atelectasis
and marked diffuse fibrino-suppurative pleuropnemonia (asterisk). Left lung shows marked congestion and multifocal abscesses of different size
(arrows). Top right: Brain with diffuse meningeal hyperemia, multifocal suppurative meningitis, and multiple necro-hemorrhagic foci on the cerebral
and cerebellar cortex (arrows). -Representative histopathological findings with marked invasive aspergillosis and hyperglucocorticism: Bottom left:
Lung parenchyma showing extensive necrosis admixed with abundant fungal hyphae surrounded by numerous degenerate inflammatory cells,
intraalveolar edema and fibrin (HE stain, scale bar 200 μm). Inset: morphologic detail of Aspergillus fumigatus hyphae [periodic acid-Schiff (PAS)].
Bottom right: Brain section with multifocal thrombosis and necrotizing vasculitis throughout the neutropil associated with moderate hemorrhage
and gliosis (HE stain, scale bar 200 μm). Inset: Microthrombus with angioinvasive fungal hyphae (Grocott silver stain, scale bar 20 μm).

which possibly led to the animal’s poor nutritional status
and stranding.

Nonhuman primates

Aspergillosis may occur in various non-human primate
species, particularly in immunocompromised hosts [105].
Jurczynski et al. reported a case of spontaneous adreno-
cortical hyperglucocorticism predisposing to systemic as-
pergillosis with pulmonary and cerebral manifestation in a
18-year-old captive female putty-nosed monkey (Cercop-
ithecus nictitans) [107]. The monkey was euthanized be-

cause of perforating thoracic trauma induced by group
members and subsequent development of neurological
signs. Complete necropsy and histopathological exami-
nation of formalin-fixed tissue samples was carried out.
Lung parenchyma showing extensive necrosis admixed with
abundant fungal hyphae surrounded by numerous degen-
erate inflammatory cells, intraalveolar edema and fibrin
(Fig. 9).

Environmental exposure to Aspergillus species is an im-
portant source of infection in non-human primates such as
rhesus macaques (Macaca mulatta), cynomolgus macaques
(Macaca fascicularis), and baboons (Papio spp.), which are
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extensively used in research models of solid organ trans-
plantation [88,105,108,242]. Aspergillus infection occurs
in this group of experimental animals within 1 and 6 months
after transplantation, mainly presenting as tracheobronchi-
tis (necrosis, ulceration, and pseudomembranes in lung–
transplant anastomosis), invasive pulmonary disease (dry
cough and dyspnea, low-grade fever, hemoptysis) or dis-
seminated aspergillosis [243]. Therefore, appropriate hous-
ing and maintenance of non-human primates undergoing
transplantation is important for minimizing exposure to
sources of Aspergillus spp. [244].

Similar to ruminants, when diagnosing pulmonary as-
pergillosis in primates, the possibility of concurrent involve-
ment of tuberculosis should be considered [88]. In a very
old study details are reported of nine cases of aspergillo-
sis and a further nine associated with tuberculosis in cap-
tive (Old World) monkeys housed at the London zoological
park [245]. The lungs were the main organs involved, but
miliary nodules were occasionally found throughout the
viscera.

Diagnosis and species identification

The diagnosis of Aspergillus diseases in animals is not
straightforward and relies on multiple modalities, as no
single diagnostic procedure has 100% sensitivity and speci-
ficity. Therefore, in practice, a combination of procedures
will generally be employed including clinical signs, culture,
histology, serology, imaging and molecular techniques. In
many cases practitioners need understanding of the immune
status of the host and the resultant risk of allergic, local or
potentially invasive disease, in order to make an appropri-
ate diagnosis and management plan [246].

Gross pathologic features

In general, the clinical signs of aspergillosis in animals might
be specific or non-specific. The signs observed in a honey bee
colony affected by Aspergillus species are similar to those
caused by the specialized pathogen Ascosphaera apis, which
is responsible for a specific condition named “chalkbrood.”
Aspergillus diseases in reptiles are often underdiagnosed
because lesions and clinical signs are similar to bacterial
diseases.

In birds, lungs and air sacs are the main target or-
gans; however, Aspergillus infections may disseminate into
brain, eyes, gastrointestinal tract, liver, spleen, heart, kid-
neys, skin, and bursa of Fabricius [177,188]. Cacciuttolo
et al. defined two forms of avian aspergillosis: a deep nodu-
lar form located in organs with non-aerated parenchyma
and a superficial, diffuse form associated with serosae in
lungs [247]. Gross pathologic features include yellow nod-

ules that vary in size and texture or plaque lesions in the
respiratory passages, lungs, air sacs, or membranes of body
cavities. Fur-like growth of Aspergillus may be found on the
thickened walls of air sacs. When fungal fructification oc-
curs on aerated membranes, the color of plaques may turn
to green. Some birds with bronchopulmonary aspergillosis
have nodular lesions in the lungs or develop acute pneu-
monia accompanied by serosanguineous fluid in the pleural
cavity, and fibrinous pleuritis.

Diagnostics remain challenging in horses because of
similarities with other respiratory diseases (e.g., retropha-
ryngeal lymph node infection, pharyngeal lymphoid hyper-
plasia, pharyngeal polyps, pneumonia, viral and bacterial
infections) [248].

Culture, histology, serology, imaging, and molec-
ular techniques

Aspergillus species are common environmental airborne
contaminants; therefore, a positive culture from a nonster-
ile specimen is not proof of infection. However, the detec-
tion of Aspergillus in cultures is likely to be of diagnostic
importance.

Aspergillosis in honey bees cannot be diagnosed by its
gross signs and positive identification is required following
the cultivation of the fungal pathogen in the laboratory by
subsequent microscopic or molecular examination [127]. It
should be realized that Aspergillus species are osmotolerant
and will also saprobically present in several habitats in the
colony.

In reptiles, definitive diagnosis is made with cytology,
histology and culture [139], but for superficial locations in
situ DNA hybridization would be recommendable in order
to exclude isolation of contaminants.

In birds, combination of diagnostic methods might help
practitioners to diagnose aspergillosis in various avian
species [249–254], including serology, cytology, fungal cul-
ture, histopathology, radiography, endoscopy, and com-
puted tomography [5]. Caseous nodules or plaques, and
massive granulomas with necrotic cores surrounded by
macrophages, lymphocytes, large foreign-body giant cells
and finally by an outer fibrous capsule can be detected
on histopathology [247]. In valuable species such as rap-
tors, falcons, parrots and penguins, measurement of As-
pergillus antibody and antigen titers in blood was shown
to be directly relevant to clinical management of the in-
fection [255]. In addition, studies on turkey and fowl
flocks have shown that measurement of Aspergillus anti-
bodies and galactomannan antigenemia, in contrast with
beta-glucan, may help to diagnose respiratory or dissemi-
nated aspergillosis [6,256]. However, the success of these
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techniques in appropriate diagnostics of the disease depends
on the species tested and the onset of the infection [255].

Disseminated aspergillosis in dogs can generally be diag-
nosed by a combined approach using clinical signs, imaging
techniques (radiography and computed tomography), and
laboratory findings including serology, cytology, mycology,
and histopathology. Since disseminated mycoses caused by
other fungi, particularly Penicillium species, may mimic dis-
seminated aspergillosis, identification of the infecting fun-
gus by culture is necessary to confirm the clinical diagno-
sis [46]. Conflicting opinions exist regarding the diagno-
sis and treatment of sinonasal aspergillosis in dogs [37].
Although clinical findings and course of disease are indica-
tive for the infection, a combined CT imaging or radiogra-
phy, rhinoscopy/sinoscopy, histopathology, cytology, serol-
ogy, and culture are recommended for definitive diagnosis.
Other common causes of chronic nasal disease including
neoplasia, nasal foreign bodies, rhinitis secondary to dental
disease and idiopathic lymphoplasmacytic rhinitis should
be excluded.

Sinonasal and sinoorbital aspergillosis in cats is diag-
nosed, similarly to dogs, with CT imaging and rhinoscopy
assessing the extent of the disease. Fungal culture may lead
to false negative or positive results eventually leading to
isolation of contaminants and must be used in conjunction
with other diagnostic tests such as serology. Furthermore,
hyperglobulinemia, possibly explained by chronic antigenic
stimulation, is the most common biochemical abnormality
in cats with sinonasal and sinoorbital aspergillosis [207].

Of note, the sensitivity of serological tests for detection
of Aspergillus-specific antibodies in aspergillosis depends
on the systemic immunocompetence of the host [102]. An
enzyme-linked immunosorbent assay (ELISA) to detect As-
pergillus fungal cell wall antigen, galactomannan (GM),
in serum (Platelia Aspergillus EIA, Bio-Rad) has a sensi-
tivity of up to 90% in immunocompromised patients, in-
cluding neutropenic human patients with pulmonary as-
pergillosis and dogs with disseminated invasive aspergillo-
sis [102,257,258]. However, the sensitivity of this test is
<30% in nonneutropenic human patients with aspergillo-
sis, in immunocompetent dogs with sinonasal aspergillo-
sis and in cats with upper respiratory tract aspergillosis
[102,259–261].

The presence of oxalate crystals can be considered
as a potentially important diagnostic aid in the detec-
tion of pulmonary aspergillosis in ruminants [19]. Simi-
larly, in humans, there is an association between oxalate
crystal production and A. niger or, less frequently, A.
fumigatus infection [214]. The presence of calcium ox-
alate crystals in cytologic or histologic preparations of
discharges or tissues thus generally suggests the possibil-
ity of an underlying infection with Aspergillus, in partic-

ular with A. niger. For the diagnosis of Aspergillus abor-
tion, fungal elements (hyphae) should be seen in associa-
tion with placentitis, fetal dermatitis, or pneumonia. Garcia
et al. attempted to evaluate molecular and immunologi-
cal techniques for the diagnosis of mammary aspergillo-
sis in ewes [223]. The authors examined sera from 20
infected animals and demonstrated that anti-Aspergillus
antibodies could be detected in all positive serum samples,
whereas antigens were detected in only 11 of the infected
animals. The relationship between antibody titers and
antigenemia was not straightforward. Control sera (n =
20) were all negative for anti-Aspergillus antibodies but
antigens could be detected in sera from two animals.

Diagnosis of upper airway aspergillosis and guttural
pouch disease in horses is based on clinical course and en-
doscopic examination [28,230]. However, definitive diag-
nosis requires culture of Aspergillus from clinical samples
and histological detection of hyphae in tissue [248]. In ad-
dition, serological tests have been shown to be of value in
the diagnosis of horse aspergillosis [262].

Species identification

There is no single method (morphological, physiological or
molecular) that can be used to identify all approximately
250 Aspergillus species. Taxonomy is generally based on a
multilocus approach, but this requires skills and equipment
that are not present in most diagnostic laboratories [263].
A two-step approach has been suggested for identification
of Aspergillus in the clinical setting. The general barcod-
ing marker rDNA ITS can be used for inter-section level
identification, and subsequently partial β-tubulin for iden-
tification of individual species within the sections [264]. In a
recent study, 97% of etiological agents of canine sinonasal
aspergillosis were identified as A. fumigatus by PCR and
sequencing of the ITS and partial β-tubulin genes [200].

Management recommendations

Treatment
To date, there is no effective treatment against mycotoxi-
coses in animals. Topical antifungal agents such azoles and
supportive therapy are recommended in the treatment of
Aspergillus keratitis and dermatitis in reptiles [135,139].
However, frequently extended courses of treatment are nec-
essary to achieve satisfactory outcome [131,139]. Table 2
summarizes the recommended dosages of antifungals cur-
rently used in animals against aspergillosis.

Treatment of aspergillosis in poultry farms is virtually
impossible and no vaccines are available. In domestic as well
as in captive birds, several management strategies against
aspergillosis have been suggested. The majority of these
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Table 2. Recommended dosages of antifungals for use in animals against aspergillosis.

Drug Animal species Dosages

Amphotericin B (AmB) Birds Conventional AmB :
–IV: 1.5 mg/kg, q8h, 3 to 5 days
–Nebulization:1 mg/kg q24 h, 10 to 14 days

Dogs –Conventional AmB: 0.5 mg/kg IV q48 (Slow infusion) to a cumulative dose of 4-8 mg/kg
–Liposomal AmB: 3 mg/kg/day IV, at a rate of more than 90-120 mg/kg, 3 times a week, up
until 12 treatments

Cats –Conventional AmB: 0.25 mg/kg IV q48 (Slow infusion) to a cumulative dose of 4-8 mg/kg
–Liposomal AmB: 1 mg/kg/day IV, at a rate of more than 90-120 mg/kg, 3 times a week, up
until 12 treatments

Horses Conventional AmB: 0.3 mg/kg IV for 3 consecutive days, and repeat after 24-48 h drug-free
interval

Ruminants –

Itraconazole Birds Treatment: 5 to 15 mg/kg, q12h with food for 7 to 21 days, or 10 mg/kg q24 h for 3 weeks
Prevention: 10 mg/kg q24 h for 10 days, or 20 mg/kg q24 h, or 15 to 25 mg/kg/day, for 1 week

Dogs 2.5 mg/kg q12h or 5 mg/kg q24h PO (give with food), for 15 to 30 days

Cats 2.5 mg/kg q12h, or 5 mg/kg q24h PO (give with food), for 15 to 30 days

Horses 2.5 mg/kg q12, or 5 mg/kg q24h PO

Ruminants –

Voriconazole Birds 10–18 mg/kg q12h

Dogs 4–5 mg/kg q12h PO

Cats 4–5 mg/kg q12h PO

Horses –2–4 mg/kg q24h, or 3 mg/kg q24h PO
–1.5 mg/kg q24h IV

Ruminants –

Posaconazole Birds –

Dogs 5–10 mg/kg q12–24h

Cats 5 mg/kg q24h

Horses –

Ruminants –

Enilconazole Birds –Nebulization: 0.1 ml/kg for 30 min q24h (5 days on/2 days off)
–Disinfection of environment: flush with solutions as recommended for use in poultry houses

Dogs 10 mg/kg q12h instilled into nasal sinus for 14 days (10% solution diluted 50/50 with water)

Cats 10 mg/kg q12h instilled into nasal sinus for 14 days (10% solution diluted 50/50 with water)

Horses –Wash lesions with 0.2% solution 4 times at 3–4 days intervals
–Treatment: Infuse in nasal catheter a 2% solution every 12 hours (25-100 ml)

Ruminants Wash lesions with 0.2% solution 4 times at 3–4 days intervals

protocols rely on topical or systemic administration of sin-
gle or combined antifungal agents including amphotericin
B, 5-fluorocytocine, azole derivatives (clotrimazole, enil-
conazole, fluconazole, itraconazole, miconazole, ketocona-
zole, or voriconazole) and terbinafine. When possible, sur-
gical removal of granulomas in combination with systemic
treatment may increase the probability of recovery [154].

In dogs, treatment of disseminated aspergillosis is diffi-
cult, and the prognosis is usually unfavorable. Long term
treatment with oral itraconazole (up to 3 years), voricona-

zole or posaconazole may clear the infection and prolong
survival, but are very expensive [47,265] Retrospective
studies indicated that the disease is refractory to conven-
tional amphotericin B treatment [46,266]. Although the
causes of therapeutic failure are multifactorial, delayed ini-
tiation of treatment is certainly a major reason, as the dogs
are usually presented in advanced stages of the infection.

Despite similarities between human chronic, erosive rhi-
nosinusitis and canine sinonasal aspergillosis, the treatment
of these two conditions is different. In humans, endoscopic
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surgery to remove fungal plaques is curative without top-
ical therapy or ongoing medical management with anti-
fungal agents [267]. However, treatment of dogs remains
challenging and topical administration of azoles is recom-
mended after endoscopic debridement of fungal plaques.
Azoles are the most widely used antifungal agents in canine
sinonasal aspergillosis [37]. In addition, topical therapy us-
ing indwelling surgically placed catheters resolves a large
percentage of the cases; however, side effects associated
with this treatment regimen include subcutaneous emphy-
sema, excessive salivation, anorexia, and catheter removal
necessitating another anesthetic event to replace the infu-
sion catheters. Currently, the most popular approach is in-
fusion of the nasal cavity and paranasal sinuses with azoles
(enilconazole or miconazole). Infusion catheters are placed
bilaterally using either a non-invasive or a surgical tech-
nique (Fig. 3). Depending on the severity of the disease only
a single treatment may be required, whereas in advanced
cases multiple treatment courses may be necessary [6,37].

In ruminants, the treatment of respiratory aspergillosis
should be aimed at the elimination of predisposing fac-
tors and supportive treatment. Administration of antifungal
drugs is usually impossible due to the cost of the products
and the potential residues in meat and milk [22].

For guttural pouch aspergillosis in horses, medical treat-
ment alone has been reported as having variable success
rates and, currently, is not recommended without concur-
rent surgical therapy [268]. The preferred approach is to
surgically obliterate the affected artery or arteries to pre-
vent further, possibly fatal, hemorrhage. Since the 1970s,
ligation of the affected artery close to its origin has been
used [269]. Subsequently, occlusion of the affected artery
by a balloon-tipped catheter was the treatment of choice.
Other methods include transarterial coil embolization, or
embolization using a detachable, self-sealing latex balloon
[270]. Recently, Delfs et al. reported successful treatment
of epistaxis caused by guttural pouch mycosis by placing
transarterial nitinol vascular plugs into the affected arteries
[271].

Prevention and control

In honey bees, several preventive strategies are available to
minimize the effects of stonebrood disease, such as: reduc-
tion of the volume of the brood chamber for the overwinter-
ing, enlargement of the colony entrance to aid ventilation,
replacement of old combs, heat treatment of the wax and
requeenment of affected colonies [127].

To prevent invasive infection in reptiles, treatment
should be based on eliminating predisposing factors such
as improper husbandry, and appropriate samples should
be taken for culture and susceptibility testing and selec-

tion of antifungal agents. Adequate supportive therapy, in-
cluding fluid therapy and nutritional support, is indicated
in animals with clinical signs of anorexia, lethargy, and
systemic illness. Ultimately, preventing introduction of po-
tential pathogens into an established collection, developing
specific diagnostic tests, and vaccines will help to protect the
reptiles from the most commonly encountered pathogens
[91,272,273].

In poultry farms, dust and moldy litter or feed should be
avoided. Bedding, like feeders, should be kept dry and clean
in order to limit fungal development. Control of relative
humidity through appropriate ventilation should be veri-
fied to prevent wet litter. Spraying of fungistatic agents like
thiabendazole, nystatin, or copper sulphate contributes to
decreased fungal contamination of beddings. Enilconazole
is available in special formulations for decontamination of
the environment as part of a strategic program [274]. It may
be sprayed, fogged, or nebulized to treat surfaces or indoor
volume in farm building and hatcheries. Finally, effects of
stressors like beak trimming and high stocking densities
should be minimized [5].

With regards to mycotoxin and mycotoxicoses in dairy
cattle, management strategies to reduce mycotoxin loads
in animal feed are required. Good silage management can
reduce the incidence of mycotoxins. Increasing dietary lev-
els of nutrients such as protein, energy, and antioxidants
may be advisable. In some situations, poultry responds to
water-soluble vitamins or to specific minerals, but data are
lacking for cattle. Acidic diets seem to exacerbate effects
of mycotoxins, and therefore adequate dietary fiber and
buffers are recommended. Because mycotoxins reduce feed
consumption, feeding management to encourage intake can
be helpful. Dry cows, springing heifers and calves should
receive the cleanest possible feed. Transition rations, which
is switch of feeding programs from high in forage and fiber
to high in grain and protein with less long fiber, can re-
duce stress in fresh cows and reduce effects of mycotoxins.
Strategic use of mold inhibitors can be beneficial. In addi-
tion, mycotoxin binders have been effective experimentally
in partially reducing toxicoses [275–277], but at this time,
the FDA has approved no products for that indication.

The risk of antifungal resistance

In humans, the management of aspergillosis has become
more complicated due to the emergence of acquired azole
resistance in A. fumigatus [278], which commonly involves
changes in the Cyp51A gene, the target for azole antifun-
gals [279, 280]. Efforts are underway to explore alternative
treatment modalities [281–284]. This is important because
resistance to medical triazoles may be associated with resis-
tance selection to azole fungicides in the environment [285].
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In humans azole-resistant Aspergillus disease is observed
in patients without previous azole therapy, indicating that
hosts inhale both azole-susceptible and azole-resistant A.
fumigatus conidia [286]. A fungicide-driven route of resis-
tance selection in A. fumigatus may have implications for
the management of aspergillosis in animals. Indeed, avian
azole-resistant A. fumigatus has been reported in Belgium
and the Netherlands where azole resistance is widespread
both in clinical and environmental isolates [287]. To assess
the potential risk of azole-resistance in avian farms where
azole compounds are used for the control of avian mycoses,
Wang et al. conducted a drug susceptibility study including
A. fumigatus isolates from birds and avian farms in France
and Southern China [288]. A total of 175 isolates were an-
alyzed: 57 isolates were collected in France in avian farms
where chemoprophylaxis with parconazole was performed;
51 isolates were collected in Southern China in avian farms
without chemoprophylaxis, and 67 control isolates were
taken from a collection. No resistant isolate was detected
and the distribution of MICs was similar for isolates col-
lected in all farms.

Recent changes in the taxonomy of Aspergillus have ma-
jor implications for our understanding of drug susceptibility
profiles [289]. New sibling species of A. fumigatus exhibit
in vitro susceptibility profiles that differ significantly from
that of A. fumigatus. While acquired resistance is an emerg-
ing problem in A. fumigatus [278,290], other Aspergillus
species may be intrinsically resistant to, for example, am-
photericin B and azoles [289,291]. MICs of A. flavus clin-
ical isolates to amphotericin B are consistently two-fold
dilution steps higher than those of A. fumigatus [292].
Using Clinical Laboratory Standards Institute methodol-
ogy [293], A. nidulans was shown to have MIC values of
1–2 mg/l of amphotericin B, which is higher than com-
monly observed with A. fumigatus [294]. Itraconazole and
voriconazole cross-resistance and variable susceptibilities
against caspofungin were observed in vitro against A. felis,
another, possibly intrinsically resistant sibling of the A. fu-
migatus species complex [210,295,296]. In the section Usti,
azoles are not active against A. calidoustus with MICs of
≥8 mg/l, while also other classes of antifungal drugs also
appear less active compared to A. fumigatus. For instance,
MICs of amphotericin B were shown to be 1–2 mg/l, which
is relatively high [297]. Resistance of A. terreus to ampho-
tericin B is well known [298]. Based on susceptibility to
azoles, three different susceptibility patterns were distin-
guished in the black aspergilli (section Nigri). Some isolates
showed low azole MICs, others high MICs, and a third
group showed an uncommon paradoxical effect. However,
these groups did not coincide with species boundaries,
making it difficult to interpret as an intrinsic or acquired
property [299].

Public health considerations

In principle, lesions where conidial heads can be present
(e.g., air sacs in birds or nasal cavities in dogs) may re-
lease conidia into the environment that could be inhaled by
susceptible humans and thus possess some zoonotic poten-
tial. However, in animal tissue, Aspergillus usually develop
without producing conidial heads. Even if some conidia are
finally released, their number is limited in comparison with
the quantity of conidia resulting from the development of
Aspergillus species in the environment. As a consequence,
animal aspergillosis should not be considered as a zoonotic
disease.

The high density of environmental Aspergillus conidia
is a significant risk factor for developing invasive infection
in hematological and immunocompromised patients [300].
Therefore, risk factors associated with the occurrence of
Aspergillus conidia in highly colonized environments such
as bird farms should be accurately monitored. Cafarchia
et al. investigated the epidemiology of Aspergillus species
in laying hen farms, their concentration in the environment
and the occurrence of associated symptoms in birds and
workers [301]. Although high concentrations of airborne
Aspergillus conidia did not cause disease in birds, a signifi-
cant relationship was observed between occurrence of these
fungi and human colonization [301], indicating a potential
risk of infection for human health.

Mycotoxins are also a major concern for public health.
Aflatoxins are carcinogenic if inhaled or ingested, and there-
fore precautions need to be taken when stonebrood occurs
in honey bees to protect beekeepers and consumers. Given
the frequent consumption of milk and dairy products par-
ticularly by infants, mycotoxins are an issue of considerable
importance to public health.

Concluding remarks

Our study shows that Aspergillus species are capable of
causing different clinical diseases in a wide range of living
organisms. In mammals and birds, A. fumigatus remains
the most frequently causative fungal agent. Contamination
usually occurs via airborne conidia and the respiratory tract
remains the main target of infection. However, other routes
have been described, such as infection by ingestion of con-
taminated feed in herbivores. Characteristics of both host
and fungus explain the particular susceptibility of birds to
A. fumigatus. In other animals, other Aspergillus species
represent significant threats, such as A. sydowii in corals.

The diagnosis of aspergillosis in animals is usually
not straightforward. A diagnosis based on culture alone
is not appropriate because Aspergillus fungi are ubiqui-
tous. Positive cultures should therefore be supported by
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the microscopic demonstration of narrow, hyaline, septate,
branching hyphae within lesions or by serologic tests. The
agar-gel double-diffusion test for serum antibody is a re-
liable technique for diagnosis; improved sensitivity may
be possible with techniques such as ELISA. Immunofluo-
rescent procedures can be used to identify hyphae in tis-
sue sections [302]. Notably, the role of the newly identi-
fied Aspergillus species in causing disease in animals re-
mains unclear, considering the fact that clinical observa-
tions and evolution of infections caused by non-fumigatus
Aspergillus species may differ significantly from those by
A. fumigatus.

Surveillance networks that incorporate sequence-based
identification of clinical isolates are needed to deter-
mine the species distribution corresponding to various
clinical manifestations of Aspergillus diseases in ani-
mals. In vitro susceptibility surveillance should be in-
cluded particularly in those areas where azole resistance is
emerging.

Finally, given the lack of guidelines and standards, and
the poor quality of epidemiological data, diagnosis and
treatment in animal Aspergillus disease would benefit from
in-depth studies in these areas. Guidelines and recommen-
dations for diagnosis and treatment of animal Aspergillus
infections, similar to those proposed for human medicine,
are urgently needed.
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