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Foreword

It is a pleasure for me to write a foreword for the book Recent Trends in Human and 
Animal Mycology edited capably by Dr. Karuna Singh of the Department of Zoology 
(MMV), Banaras Hindu University, India. In a time when the concept of One 
Health is well accepted, this book takes things to the next level by considering fun-
gal disease entities within the conceptual framework of Planetary Health, taking 
into account the environment, animals, humans and plants, plus their fungal patho-
gens, and taking a holistic view of how they all interplay. Not only are the authors 
focused on human and animal disease, but they are interested in crop diseases, envi-
ronmental health and food security and what strategies are affordable in the devel-
oping as well as the developed world.

Marauru, Chermette and Guillot from France cover the superficial fungal dis-
eases of companion animals, with special emphasis on dermatophytes and 
Malassezia, common and important pathogens of pedigree dogs and cats. Signs, 
diagnostic approaches and therapy are covered in an overarching up-to-date review. 
Singh and Gumsta from India review the phaeohyphomycosis, uncommon but chal-
lenging causes of infections which are characterized by the elaboration of melanin 
within lesions, this pigment being a critical virulence factor. Clinical disease, diag-
nostic testing and future areas for research are all covered. Ovchinnikov and Vasyliev 
from Russia cover the Chrysosporium-related fungi, the major cause of mycotic 
disease of reptiles worldwide. Interestingly, it is the popularity of exotic reptiles as 
pets that has facilitated worldwide spread of these infections in recent years, a fail-
ure of international biosecurity akin to the situation for chytrid disease of frogs.

de Moraes Gimenes Bosco has tackled the large topic of endemic systemic 
mycoses of North and South America, covering histoplasmosis, blastomycosis, coc-
cidiomycosis, sporotrichosis and paracocidiomycosis, with special emphasis on 
Sporothrix brasiliensis, an emerging infectious zoonotic disease of Brazil, with the 
cat being the pivotal amplifying host and cause of infections in man and dog. The 
same author tackles the fascinating pathogen Pythium insidiousum, an oomycete 
which causes ‘swamp cancer’ in horses and severe cutaneous and alimentary dis-
ease of dogs and serious disease in humans in certain geographical regions where 
the pathogen is endemic, such as Thailand, northern Australia and the southern 
states of the USA.

Pieckova from Slovakia addresses the risk of mycotoxins, whether they are pres-
ent in foods (e.g. poorly stored grain) or inhaled from moist environments where 
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fungal growth is favoured. The pathomechanism by which these potent fungal tox-
ins derange function of the respiratory system are addressed, as is their role in food 
security in developing nations where storage of grain may be suboptimal. Kumari 
and Tirkey from India discuss tenuazonic acid, a potent mycotoxin elaborated by 
Alternaria spp. growing on cereals and fruits, including tomatoes. Raghuwanshi 
from India discuss the use of phytochemicals (medicinal plants) as potential drugs 
to treat candidiasis and other fungal infections, while Sharma and Katiyar from 
India look at re-tasking coumarin derivatives as antifungal agents.

Seyedmousavi, affiliated with the NIH (USA), provides an up-to-date summary 
of the comparative knowledge on Aspergillus infections in humans and various 
types of animals. A two-step molecular barcode, using ITS and β-tubulin, is sug-
gested for taxonomic division of the genus, including new cryptic species, while the 
growing place of MALDI-TOF is mentioned, as well as aspects of azole resistance 
for this genus as a worrying concern especially in Europe.

Throughout this book, despite the multiauthor format, certain themes emerge 
and are reinforced through a repetition in different conceptual frameworks. Fungal 
disease is more complex and challenging because the pathogens are eukaryotic. The 
knowledge gap is greater for fungal diseases than those caused by bacteria or 
viruses, and there is an urgent need for new antifungal agents. Fungi are just as 
important plant pathogens as animal pathogens, and key insights can come from 
botany as well as human and veterinary medicine. Animals are oftentimes important 
sentinels for human disease. To understand any fungal infection, it’s vital to appre-
ciate its environmental niche and host: environment-pathogen interactions are key 
to understanding the aetiopathogenesis of disease.

I trust you will enjoy this book and find it helpful to achieve a greater understand-
ing of fungal disease pathogenesis.

 
Richard MalikAdjunct Professor

Charles Sturt University
Bathurst Australia Veterinary Specialist,  
Centre of Veterinary Education
University of Sydney
Camperdown Australia

Foreword
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Preface

Fungi are vitally different from other pathogenic microbes. The pathogenicity of 
these eukaryotes depends on the immune status of the host. The frequency of 
mycotic diseases is increasing day by day, and the whole animal kingdom including 
humans is affected by them. The scenario has worsened with the emergence and 
re- emergence of fungal opportunists. Besides, endemic mycoses are now being evi-
dent from other parts of the world owing to travel across the globe. Although few 
pathogenic fungi are communicable from person to person, fungal infections trans-
mitted through zoonotic and sapronotic sources are of main concerns.

Apart from mycoses, fungal pathogens indirectly harm the homeotherms by 
secreting toxins which are capable of exerting detrimental effects even in a very low 
concentration. These heat-resistant organic compounds enter through inhalation 
and/or ingestion and cause mycotoxicoses-state of ill health including occupational 
hazards. Moreover, the absence of specific clinical symptoms makes their diagnosis 
difficult.

Despite the use of effective antifungals, the morbidity of mycotic diseases 
remained persistently high. Inevitable increase in antifungal resistance in estab-
lished pathogens, global warming, advent of new pathogens and more cases of 
impaired immunity jeopardize existing therapeutic options. The escalating demand 
of new antifungals could be fulfilled by adding new dimensions in the area of anti-
fungal drug discovery, like identification of new drug targets, lead optimization, 
molecular validation and development of plant-based drugs.

This book is an effort to refine our knowledge about human and animal mycoses 
and provide a scalable platform to current trends of mycological research. This 
amalgam of chapters has three parts. Part I includes six chapters describing mycoses 
and their etiological agents. Part II contains two chapters addressing mycotoxins 
and their deleterious effects. Part III summarizes reviews on antifungal drug 
candidates.

Last but not the least, we would like to express our deep sense of gratitude to all 
the contributors for their benevolent contribution.

Varanasi, India Karuna Singh 
  Neelabh Srivastava 
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Sandra de Moraes Gimenes Bosco, Jéssica Luana Chechi, 
Giselle Souza da Paz, and Theerapong Krajaejun

Abstract
Pythiosis is a granulomatous disease that affects subcutaneous, vascular, ocular, 
and gastrointestinal tissues of many humans and animals. The disease is caused 
by the fungus-like pathogen Pythium insidiosum, an oomycete found predomi-
nantly in tropical and subtropical areas of the world. Pythiosis in animals (horses 
and dogs) has been more prevalent in the American continent, while the disease 
in humans has been mostly reported from Thailand. Susceptibility according to 
age, sex, and breed of the animals is not considered as determinants for infection. 
Continuous stay in stagnant water with the presence of abundant plant material 
is the most important factor responsible for the infection, since the disease is 
acquired in aquatic environment due to the penetration of motile biflagellate zoo-
spores into injured skin. Diagnosis of pythiosis is often difficult, delayed, and 
time-consuming due to the lack of clinical experience and diagnostic techniques. 
Treatment of choice is frequently relied upon extensive surgery, which, however, 
is not always possible due to the great extension of the lesions. Frequently, the 
disease has a poor prognosis, leading animals to death or euthanasia. In humans, 
removal of the infected organ or death is the common outcome. Therefore, new 
diagnosis methodologies and treatment approaches against pythiosis and its etio-
logical agent would be among the most studied fields in the near future.
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1.1  Definition and Etiology

Pythiosis is a life-threatening infectious disease of humans and animals living in 
tropical and subtropical regions and exhibits granulomatous lesions mainly in sub-
cutaneous, gastrointestinal, vascular, and ocular tissues. It is caused by fungus-like 
organism Pythium insidiosum, belonging to the kingdom Stramenopila, phylum 
Oomycota, class Oomycetes, order Peronosporales, and family Pythiaceae, in which 
genera Pythium and Phytophthora are included [1]. Both genera are phytopatho-
gens. Phytophthora infestans, the causative agent of “late blight” or “potato blight” 
that caused the famous episode of “Irish potato famine,” occurred in Ireland between 
1845 and 1849 [2]. P. insidiosum is the main species among the pathogenic oomy-
cetes that can infect animals, although recently two reports of pythiosis were 
described in humans due to Pythium aphanidermatum [3, 4].

There are some differences between oomycetes and true fungi (Kingdom Fungi). 
The mitochondrial crests in true fungi are flattened, while in oomycetes, they are 
tubular. The fungi of the phylum Chytridiomycota have uniflagellated zoospores, 
whereas the fungi of the phylum Oomycota have biflagellated spores. The cell wall 
is composed mainly of chitin, mannans, and α and β glucans in true fungi, while in 
oomycetes, it is composed of β glucans, cellulose, and hydroxyproline. The main 
difference is found in the cellular membrane which explains the failure of medical 
treatment of pythiosis: the absence of ergosterol in oomycetes, which is the main 
target for antifungal agents [5–7].

P. insidiosum is an oomycete that reproduces asexually in aquatic environments 
by producing biflagellate zoospores, associated with the infective form of the patho-
gen. The pathogen develops in plant material submerged in water. The sporangium 
is produced at the hyphal branches and their extremities in which the protoplasm of 
the vesicle begins progressive cleavage to form the biflagellated zoospores. The 
time elapsed between the formation of undifferentiated sporangia and the release of 
motile zoospores takes around 35 min, when in adequate climate conditions, with 
water, plant material, and temperatures around 37 °C–40 °C [8]. Once released, the 
zoospores penetrate into the plant material submerged in water (to continue its life 
cycle) or penetrate into injured skin of animals present in aquatic environments.

It can be cultivated aerobically in culture media which does not contain cyclo-
heximide. Culturing on Sabouraud agar media at 37 °C shows a rapid growth (24 h) 
which can be attributed to the coenocytic hyphae [1, 8]. The colony has filamentous 
aspect with a short mycelium of white to beige color, and the texture may vary 
between membranous and velvety (Fig. 1.1). Large and sparsely septate hyphae, 
around 5–9 μm wide, branched predominantly in right angle without any spores 
were observed (mycelia sterilia) (Fig. 1.2). The spores are produced only in aquatic 
environments in nature or an appropriate induction medium in in vitro condition as 
shown in Fig. 1.3 [9].

S. de Moraes Gimenes Bosco et al.
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Molecular studies based on phylogenetic analysis on rDNA (ITS and IGS 
regions) have shown that P. insidiosum comprises different genotypes, which were 
classified as clades I, II, and III. Clade I consists of isolates from American conti-
nent (Costa Rica, Brazil, Haiti, and the United States), whereas clade II consists of 
isolates from Asia (India, Thailand, Japan, and Papua New Guinea) and Australia. 
One isolate of this clade was found from a patient in the United States who might 
have acquired the infection from the Middle East. Clade III, which is most distantly 
related to the other two clusters, consists of many isolates from Thailand and a few 
isolates from the United States [10, 11]. Kammarnjesadakul et al. (2011) performed 
phylogenetic analysis based on ITS and Cox II, among isolates of P. insidiosum 
from Americas (n = 2) and Thailand (n = 33) [12]. Both analyses showed similar 
trees, clustering the isolates in clades A (American isolates), B, and C (Thai 

Fig. 1.1 Macroscopic 
aspect of 5 days of culture 
of P. insidiosum on 4% 
Sabouraud dextrose agar

Fig. 1.2 Microscopic 
aspect of coenocytic 
hyphae of P. insidiosum 
with averaging 8 mm in 
diameter and right-angle 
branches. Mycelia sterilia 
(mycelium with absence of 
fruiting body) (lactophenol 
cotton blue, 200 ×)

1 Pythiosis
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isolates). However, the tree based on Cox II showed high resolution, and the authors 
affirmed that Cox II is better for phylogenetic studies on P. insidiosum. Likewise, 
Azevedo et al. (2012) concluded that Cox II tree represented better phylogeny and 
could separate Thai isolates from Brazilian isolates [13]. The phylogenetic evalua-
tion based on the sequences of exo-1,3-β-glucanase gene also showed a well- 
separated tree, in which Thai isolates clustered in clades I and II and Brazilian 
isolates clustered in clade III [14]. The authors also reinforce the genetic variation, 
mainly found in Thai isolates, and suggest an ancient population of P. insidiosum 
from Asian continent.

1.2  Epidemiology

Pythiosis is most frequently found in tropical and subtropical regions of the world. 
Different animal species are affected by disease, such as equines, dogs, cattle and 
small ruminants, cats, wild animals, and humans. However, the most affected spe-
cies are horses, dogs, and humans [6].

Fig. 1.3 Zoosporangenesis production of Pythium insidiosum. (a) Placement of 2% Sabouraud 
dextrose agar blocks with P. insidiosum grown on the surface of Petri dishes containing water agar. 
(b) Placement of sterile grass blades on the top of Sabouraud 2% blocks. (c) View of plates con-
taining water agar with grass blades prior to be incubated at 37 °C for 2 days. (d) Grass blades after 
5 hours of incubation in induction medium at 37 °C showing sporangium (arrow)

S. de Moraes Gimenes Bosco et al.
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Age, sex, and breed of the animal are not considered as determinants of infec-
tion. The most important factor in this respect is the continuous stay in stagnant 
water with abundant plant material, where the zoospores can penetrate into injured 
skin [1, 8]. Human pythiosis has been strongly associated to thalassemic patients 
from Thailand [15–19].

Historically, pythiosis was supposed to be firstly recognized by British veterinar-
ians in horses from Indonesia presenting skin lesions; however, at that time, the 
disease was named hyphomycosis destruens equi [20]. The etiological agent was 
isolated in the early 1900s by Dutch scientists working with horses in Indonesia. 
The authors recognized the hyphal nature of the agent, but no identification was 
given to the etiological agent, since no sporulation of the fungus was observed [21, 
22]. Equine pythiosis had different synonyms over time, such as hyphomycosis 
destruens equi (Indonesia), granular dermatitidis (Japan), equine phycomycosis, 
swamp cancer (Australia, United States), leeches (United States), espundia (Latin 
America), and summer sores (Australia, Latin America, United States) [6].

Equine pythiosis is mainly found in American continent, highlighting the 
Midwest region of Brazil, in Pantanal of Mato Grosso and Mato Grosso do Sul 
states [23, 24]. Owing to the great amount and variety of plant material, high tem-
peratures, and abundance of water, Brazilian Pantanal promotes the maintenance of 
the pathogens in the environment. This geographic region of Brazil is economically 
important for cattle pasture, and the population of the animals here is estimated 
around eight million. During the rainy season (November to March), this region 
observes several flooded areas in which cattle are raised extensively in pastures. 
Horses are employed as work animals to assist in the removal of livestock from 
flooded areas to land (Fig. 1.4). Besides Brazil [23–25], equine pythiosis is also 
reported in Costa Rica [9], Venezuela [26], the United States [27–29], India [20], 
Egypt [30], and Australia [31, 32], and recently, the first case was reported in 
Thailand [33]. Pythiosis has also been reported in donkeys [34, 35].

Canine pythiosis is reported mainly in the United States [36–38] and Brazil [39–
41]. A single case of pythiosis in dog was reported in Africa [42] and Venezuela 
[43]. Pythiosis in cats was reported in the United States [44, 45].

Fig. 1.4 Pantanal region of Mato Grosso do Sul state, Brazil, showing (a) cattle in flooded area 
and the (b) importance of equine for removing livestock from flooded areas to land
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Pythiosis in ruminants has been reported in cattle, sheep, and goats. Among 
ruminants, bovines are undoubtedly the most affected species, especially calves [46, 
47]. Outbreaks of cattle pythiosis have been reported in Venezuela and Brazil. Pérez 
et al. (2005) showed 63 Brahman beef calves, of both sexes, with subcutaneous and 
cutaneous lesions in the lower extremities of limbs [48]. In Brazil, Gabriel et al. 
(2008) reported lesions in 76 mixed breed cattle of both sexes and ages ranging 
from few months to 3 years old in the west region of Rio Grande do Sul state, during 
the months of January and February (rainy season) [49]. All animals showed nodu-
lar and ulcerated skin lesions, mainly in lower extremity of limbs, with different 
sizes, and some of them drained purulent exudate. Konradt et al. (2016) reported 23 
calves with skin lesions, which began after 15 days of animals being exposed to 
extensive marshy regions [50]. The time of evolution of the lesions was around 
20–30 days. It is important to emphasize that in these outbreaks the disease had a 
good prognosis, by the observation of remission of the lesions, a fact not observed 
in other species. Besides cattle, pythiosis has also been reported in goats [51] and 
sheep [52–54]. In wild animals, pythiosis has been reported in camel [55, 56], tiger 
[57], jaguar [58], and a single case in birds [59].

Human pythiosis was firstly reported in Thailand in the middle of the 1980s [60, 
61]. Apart from the majority of cases of human pythiosis observed in the Thai 
patients, some human cases have also been reported in other countries, such as the 
United States [62, 63], Brazil [64, 65], Israel [66], and India [67]. Some imported 
cases of severe keratitis have been reported in patients after swimming in regions 
where pythiosis occurs, such as in Canada [68], France [69], and Spain [70]. These 
patients were reported to swim in Costa Rica, Thailand, Brazil, or Colombia, 
respectively.

1.3  Pathogeny

P. insidiosum produces the infective form (zoospores) in aquatic environment asso-
ciated with plant material. It was demonstrated that zoospores have chemotaxis to 
wounds, damaged skin, hairs, and intestinal mucosa [1, 8]. Once the biflagellate 
zoospores attach to the injured skin of an animal or human exposed to contaminated 
water, they detach the flagella, encyst, and germinate as hyphae into host tissue. 
Ravishankar et al. (2001) evaluated the force exerted by the tip of the hyphae on 
different surfaces (human and animal skin) and observed that the forces of up to 
6.9 mN is not enough to penetrate the healthy skin [71]. It is likely that the pathogen 
employs secreted proteolytic enzymes, in addition to hyphal tip exertion, to facili-
tate its penetration into host tissue [71, 72].

Little is known about virulence factors of P. insidiosum. Besides these data about 
temperature optima, proteolytic enzymes, and tissue pressure, Krajaejun et  al. 
(2011) demonstrated that some genes are related to thermal adaptation, sterol bind-
ing, antioxidation, and immunomodulation as putative virulence factors [73]. 
Elicitins form a protein family that could function as a pathogen-associated molecu-
lar pattern (PAMP), sterol carrier, and immunomodulator. The elicitin (ELI025) is a 
secreted protein identified in P. insidiosum, and it can evade host antibody response, 
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as described by Lerksuthirat et al. in 2015 [7]. Chechi et al. (2018) reported some 
putative virulence factors for P. insidiosum, such as enolase, heat-shock protein 
(Hsp) 70, and glucan 1,3-beta-glucosidase [74]. Enolase may be involved in degra-
dation of extracellular matrix and adhesion; Hsp 70 helps during the process of heat 
stimulation and may also play a role in adhesion; glucan 1,3-beta-glucosidase is a 
hydrolytic enzyme that may favor the hyphal branching and cell wall extension, 
favoring the growth of hyphae in tissues. Krajaejun et al. (2006) demonstrated that 
human patients from different regions of Thailand recognized a protein of 74 KDa 
that was later identified as putative exo-1,3-beta-glucanase [19, 75, 76].

As hyphae grow on animal tissue, they release exo-antigens that act as chemotac-
tic factors for antigen-presenting cells, especially dendritic cells. These cells secrete 
interleukin 4 (IL-4) that leads to immune response type 2, which in turn secretes 
more IL-4 and IL-5. The secretion of IL-4 stimulates B cells to produce IgM, IgG, 
and IgE. IL-5 and IgE mobilize eosinophils and mast cells to the site of infection, 
forming an eosinophilic granulomatous reaction leading to the development of a 
Splendore-Hoeppli-like material around hyphae, which is found in the center of 
eosinophilic micro-abscesses. The pathogenic process of pythiosis has been associ-
ated with the degranulation of eosinophils and mast cells (inflammatory cells) 
around the hyphae, and this fact contributes to tissue damage, leading to extensive 
lesions. In equines, the reaction is so pronounced that the eosinophils strongly 
degranulate around the hyphae of P. insidiosum forming the firm concretions called 
“kunkers.” It is interesting to highlight that the pathogen is camouflaged inside the 
eosinophilic material, a fact that represents an evolutionary strategy that protects P. 
insidiosum to be fully presented to host defenses [77].

Experimental pythiosis can be established by inoculating zoospores subcutane-
ously into rabbits [78]. It has been observed that pythiosis in rabbits may behave 
differently from natural infection in animals, while naturally infected horses, for 
example, develop an extensive ulcerative lesion and rabbits form a well- encapsulated 
and fibrous abscess [79] (Fig. 1.5). Efforts for searching new experimental models 
for pythiosis have been undertaken in the recent years. Zanette et al. (2013) have 
developed a new model for pythiosis infection in a Toll-deficient (Tl) Drosophila 
melanogaster (fruit fly) [80]. It was observed that the infected Tl mutant flies had 

Fig. 1.5 Experimental 
pythiosis in rabbits 
showing large 
subcutaneous nodule of 
firm consistency, without 
ulceration. “Copyright of 
Gen National Publishing 
Group (Rio de Janeiro, 
Brazil), Book: Doenças 
Infecciosas Em Animais de 
Produção e Companhia, 
Chapter of Pitiose (page 
949), reprinted with 
permission”
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lower survival rates (73.7%), after 7 days postinoculation of 1 × 105 zoospores/ml, 
when compared with control group (98.6%) that received sterile PBS. The authors 
concluded that this model may represent a new alternative for studying the virulence 
of P. insidiosum but is still questionable for therapeutic studies, since medications 
may be toxic for these flies themselves and because host-pathogen relationship has 
not been taken into account. Tondolo et al. (2017) have proposed a murine model for 
evaluating the dissemination of pythiosis in immunosuppressed BALB/c mice [81]. 
The authors observed that when the control group (nonimmunosuppressed mice) 
were inoculated, the animals self-healed by increasing the levels of IL-2, IFN-γ, and 
IL-17A, cytokines characteristic of the Th1/Th17 response. On the other hand, 
immunosuppressed infected mice showed high levels of IL-10, IL-6, and TNF-α 
and showed dissemination of the pathogen through the lungs, kidneys, and liver, 
mimicking the vascular/disseminated pythiosis observed in humans [81]. A new 
approach for experimental infection was evaluated by the use of embryonated 
chicken eggs [82]. The authors evaluated different zoospore concentration and 
observed that the inoculation of 50 zoospores/egg produced mortality in 30% of the 
embryos after 48 hours and 95% embryos died within 72 h. Hyphae of P. insidiosum 
were histologically demonstrated in umbilical cords of 95% among the embryos, 
suggesting that this model might be suitable for evaluating pythiosis [82].

1.4  Clinical Aspects

Undoubtedly, horses are the most affected animals of pythiosis. In general, the 
lesions are characterized by pyogranulomatous irregular ulcerative wounds, which 
drain a serosanguinolent exudate with fetid odor, and the animal exhibits an intense 
pruritus. Inside the granulomatous tissue, irregular and yellowish-colored mass 
called “kunkers” only found in equines are noticed [77]. In most cases, it is observed 
as a single lesion in the ventral portion of the thoracic and abdominal walls and face. 
The great majority of lesions are found in the distal extremities of the limbs. The 
more distal is the lesion in the limbs, the worse is the prognosis in horses, as dem-
onstrated by Watanabe et  al. (2015) by observing a series of 28 cases of equine 
pythiosis in the central region of southeastern Brazil, São Paulo state [83]. In nine 
animals with lesions in the metacarpophalangeal joint, three of them were eutha-
nized without therapy, five died after therapy (surgery and antifungal), and only one 
had remission of lesion after surgical debridement, potassium iodine, and ampho-
tericin B therapy [83].

Besides cutaneous/subcutaneous lesions, intestinal pythiosis has also been 
observed in horses. These animals have a history of colic as a result of large tissue 
masses that obstruct the intestinal lumen [84, 85]. Although the pathogenesis of 
intestinal pythiosis has not been completely understood, it is suggested that previ-
ous injury to intestinal mucosa, caused by vegetal material or pathogenic agents, 
may facilitate the penetration of P. insidiosum in intestines. Another hypothesis is 
the active penetration of the agent [84]. Reis Jr. and coworkers in 2003 reported 
three cases of systemic pythiosis in equines through dissemination of P. insidiosum 
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from chronic lesion in mammary glands, nasal cavity, and limbs. The pathogen was 
detected in the liver and lungs by immunohistochemistry and molecular methods 
[86]. Nasal pythiosis was also reported in two horses from semiarid region of Brazil. 
Both animals showed swelling in the rhinofacial region with a serosanguineous 
nasal discharge. The surface of granuloma had a yellow-gray granular aspect and 
cavitations of different sizes containing masses of necrotic tissue, “kunkers.” One of 
the animals had dissemination of the disease to lungs [25]. Bone lesions have also 
been described in horses and are located mainly in limbs, probably by dissemination 
or contiguity of the pathogen from chronic subcutaneous lesions. Occasionally, 
equine pythiosis has also been reported affecting ligaments and tendons of limbs, 
joints, and bones, resulting in edema of the affected limb and laminitis [87]. 
Figure 1.6 shows some clinical aspects of equine pythiosis in Brazil. Pythiosis in 
dogs may be observed in two presentations: gastrointestinal and cutaneous/subcuta-
neous. The gastrointestinal form is most prevalent, and frequently, the diagnosis is 
only postmortem [36, 40]. Dogs become infected by drinking water, in lagoons or 
rivers, contaminated with zoospores. The main clinical sign is chronic anorexia, 
weight loss, vomiting, bloody diarrhea, and the presence of a firm nodular mass on 
the stomach or intestine that is easily palpable on physical examination. Besides the 
stomach and intestines, lesions in the oropharynx and cranial portion of the esopha-
gus and colon infection with metastasis to the prostate have also been reported in 
dogs, resulting in prostatic hypertrophy and tenesmus [88]. Cutaneous/subcutane-
ous lesions in dogs may be found as granulomatous and ulcerated wounds with 
reactive and irregular borders in limbs and the ventral region of the neck, face, 
perineum, and thorax, as well as regional lymphadenopathy [37, 40, 89]. Other 
anatomical sites are the dorsal lumbar and tail base region or lumbosacral region 
[39]. Normally, dogs with cutaneous lesions in the lumbosacral region have a previ-
ous history of flea allergy dermatitis (FAD) that represents the entrance of zoo-
spores into injured skin while these dogs swim in lagoons or rivers [37, 39, 42]. A 
rare and unique condition in which intestinal and cutaneous pythiosis occurred 
simultaneously in a dog was reported by Pereira et al. (2010) in Brazil [40]. The 
animal had an ulcerative lesion in the right thoracic region for 12 months of unre-
sponsiveness to antifungal therapy. Two months prior to death and concurrent with 
skin lesion, the dog became anorexic with frequent vomiting and bloody stools. 
During necropsy, it was observed that the large intestine contained two lesions that 
caused luminal narrowing [40]. Coinfection with pythiosis in dog was reported by 
Connolly et al. (2012) in a male dog from the United States presenting anorexia, 
weight loss, and vomiting for 1 month. Prognosis was considered bad and the dog 
was euthanized [90]. During necropsy, the stomach and duodenum were found to be 
diffusely dark red with marked thickenings. Further gastric lymph nodes were found 
to be enlarged. The lungs of this animal showed some granulomatous lesions, and 
histopathology revealed the presence of yeasts that were identified as Blastomyces 
dermatitidis by immunohistochemistry and serology [90]. There is also a report of 
a primary pulmonary pythiosis in a dog, which presented enlarged cervical lymph 
node and nonproductive cough, which was unresponsive to antibiotic therapy. 
Pulmonary auscultation revealed harsh lung sounds more prominent in the right 
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hemithorax. The dog had no history of cutaneous or intestinal pythiosis [91]. 
Figure 1.7 illustrates clinical aspect of intestinal (Fig. 1.7a) and cutaneous/subcuta-
neous (Fig. 1.7b) lesions in dogs from Brazil.

Feline pythiosis has rarely been reported in literature, and the cases are restricted 
mainly to the retrobulbar, nasal, and intestinal lesions [44, 92]. In the first report on 
feline pythiosis, protrusion of the right nictitating membrane with conjunctivitis, 
soft swelling on the hard palate caudal to the last molar tooth on the right, mild 
respiratory stridor, and bilateral submandibular lymphadenopathy were observed 
[92]. Two other cats developed intestinal obstruction, and clinical presentations 

Fig. 1.6 Clinical manifestations of equine pythiosis in Brazil. (a) Granulomatous lesion in the 
anterior left limb showing large edema in the scapular region. (b) Same animal exposed in (a) 
presenting blood on the lips due to biting the lesion in an attempt to relieve the itching. (c) 
Granulation tissue and exudation of serosanguinolent viscous liquid. (d) Granulomatous lesion 
sectioned evidencing several “kunkers” (arrow). “Copyright of Gen National Publishing Group 
(Rio de Janeiro, Brazil), Book: DoençasInfecciosasemanimais de Produção e Companhia, Chapter 
of Pitiose (page 951) reprinted with permission”
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were anorexia and vomiting [44]. Fortin and coworkers in 2017 reported an unusual 
presentation of pythiosis in oral cavity in a cat which had multilobulated, sublin-
gual mass since 3 months [45]. Nondomestic felids, such as jaguar (Panthera onca) 
and Bengal tiger (Panthera tigris tigris), have been reported with pulmonary and 
cutaneous pythiosis, respectively. The jaguar presented dyspnea and leukocytosis 
which was unresponsive to antibacterial therapy. By an exploratory thoracotomy, it 
was observed that multilobular masses with extensive fibrosis and numerous case-
onecrotic foci were present in the left lung, which were removed and submitted to 
immunohistochemistry, confirming the diagnosis of pythiosis [58]. The Bengal 
tiger presented vomiting, diarrhea, and weight loss. Radiographic examination 
revealed the presence of an abdominal mass, which was removed during necropsy 
and was found to be presumptive for pythiosis. The diagnosis was confirmed by 
immunoblotting [57].

Among ruminants, bovine is the most affected species. Gabriel et al. (2008) 
described an outbreak in Pantanal region of Brazil in which 76 bovines were 
affected, and the animals showed some multifocal, nodular, and ulcerated lesions, 
lacking the presence of “kunkers,” in the medial and lateral portions of the ante-
rior and posterior limbs [49]. In this outbreak, a spontaneous healing of lesions 
was observed which reinforces the aspect of resistance of bovines to pythiosis 
[47]. Two other outbreaks of pythiosis have also been reported in sheep in the 
semiarid northeastern region of Brazil. The main clinical signs were local swell-
ings with ulcerative lesions in the limbs, ventral abdomen, and prescapular 
regions. Limb ulcerated lesions were dry or wet and had a dark red or brown to 
black surface. Three sheep were necropsied, and two of them revealed dissemi-
nation to lungs, several multifocal nodules. One showed dissemination to pres-
capular lymph node, and another animal displayed cutaneous lesion that extended 
to the sesamoid bone [52, 53]. Two cases reported of gastroenteric pythiosis in 

Fig. 1.7 Clinical manifestations of canine pythiosis in Brazil. (a) Intestinal pythiosis in a dog of 
Teckel breed. Note the swelling of the perianal region, with edema and exposure of the mucosa of 
the rectum. (b) Cutaneous/subcutaneous pythiosis in dog of German shepherd breed. Note ulcer-
ated lesion with necrotic areas in the lumbosacral region. “Copyright of Gen National Publishing 
Group (Rio de Janeiro, Brazil), Book: Doenças Infecciosas Em Animais de Produção e Companhia, 
Chapter of Pitiose (page 952), reprinted with permission”
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lambs from different farms in northeast Brazil. One animal showed food regurgi-
tation, lethargy, and anorexia and died 5 days after the first symptoms. The sec-
ond lamb showed no clinical sign of gastrointestinal disorders before death. Both 
lambs, at necropsy, showed ulceration, covered by yellowish caseous granular 
exudate, in the mucosa of the esophagus, reticulum, rumen, omasum, and aboma-
sum. Adhesions were observed between the serosa of the forestomach and 
abomasum to the liver and diaphragm [53]. Pythiosis has been reported in one 
goat that presented lameness and weight loss associated with an extensive, ulcer-
ative, exudative, and pruriginous cutaneous lesion in the metatarsal-phalangeal 
region of the left hind limb with 1 month of evolution. The animal was clinically 
cured after two weeks of surgery [51].

P. insidiosum also causes pythiosis in humans [19, 93, 94]. The disease in 
humans has been reported mostly from Thailand [75], although some cases 
have been diagnosed in other countries as well [6, 19, 64]. Unlike the clinical 
features observed in the animals, human patients with pythiosis usually present 
with symptoms and signs associated with the P. insidiosum infection of eye 
(so-called ocular pythiosis) and arterial tissue of the upper or lower extremities 
(so-called vascular pythiosis) [19, 93]. Patients with the ocular infection seek 
for medical care due to the presence of corneal ulcer, keratitis, ocular pain, 
conjunctivitis, impaired visual acuity, tissue swelling, and hypopyon [75, 93]. 
Patients with the vascular infection seek for medical attention because they 
suffer from intermittent claudication or gangrenous ulcer of an arm or a leg 
(due to arterial insufficiency), alongside with some other clinical features, such 
as fever, itching, cellulitis, tissue swelling, unpalpable arterial pulse, and groin 
or abdominal mass [75, 94]. Average duration of the clinical symptoms of the 
patients with vascular pythiosis from first notice to seeking medical care (~2 
months) is markedly longer than that of patients with ocular pythiosis (~2 
weeks) [75]. This can be attributed to the eye being a highly concerned organ, 
and ocular tissue is an immune privilege site, which could promote the infec-
tion caused by P. insidiosum.

The P. insidiosum infection of other organs is relatively rare, compared to the 
ocular and vascular infections. Infection of the gastrointestinal tract has been 
reported in one Thai patient who presented with upper gastrointestinal bleeding 
and bloody mucous stool [75]. Seven reported cases suffered from the P. insidio-
sum infection of the head and neck region [95]. Their clinical presentations (i.e., 
severe headache, cellulitis, sinusitis, facial palsy, toothache, and seizure) are 
associated with internal and external carotid arteritis and inflammation of head 
and neck soft tissues along with brain abscess. Although the skin is a common 
site of pythiosis in animals (i.e., horses, dogs, cattle, sheep, and goats), only 
some human patients had the P. insidiosum infection of cutaneous/subcutaneous 
tissues. These patients presented with prolonged (up to several months) painful 
subcutaneous nodule and ulcer, or with acute onset (up to several days) of cel-
lulitis, on the arm or leg [75].

In general, human pythiosis is commonly observed in patients aged 20–60 years 
and male workers with an agriculture-related occupation (i.e., farmer and 
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fisherman) [75]. Interestingly, almost all patients with non-ocular pythiosis (vascu-
lar, cutaneous, gastrointestinal tract, and head and neck tissue) had an underlying 
condition, mostly hematological disorders (thalassemia, paroxysmal nocturnal 
hemoglobinuria, anemia of chronic disease, idiopathic thrombocytopenic purpura, 
leukemia, and hemophilia A) [75]. In contrast, most patients with ocular pythiosis 
reported no such underlying diseases [75, 93]. Figure 1.8 shows clinical aspects of 
keratitis (Fig. 1.8a) and cutaneous lesions (Fig. 1.8b) of pythiosis from Thai patients.

In Brazil, only a single case of human disease was reported. The patient reported 
fishing activity 1 week prior to the onset of the lesion that was initially suspected as 
a bacterial infection and showed no improvement on treatment with antibacterials. 
The lesion worsened and became ulcerative. Additionally, a skin biopsy revealed 
broad coenocytic hyphae, leading to the erroneous diagnosis of zygomycosis by 
physicians. Antifungal therapy (amphotericin B, oral itraconazole, and potassium 
iodine) was unsuccessful, and the patient was submitted to an extensive surgical 
procedure to remove the entire lesion, with margins of border and depth (amputa-
tion of the leg was considered prior to this surgical procedure). This case report is 
considered didactic and reflects well upon the difficulty in establishing a correct and 
early diagnosis of pythiosis [64, 65].

1.5  Diagnosis

Diagnosis of pythiosis is difficult and time-consuming, requires equipment, and 
depends on skilled healthcare personnel. Definitive diagnosis of the disease relies 
on clinical and epidemiological analysis and information from laboratory investiga-
tions, which include culture identification, serodiagnosis, hispathological examina-
tion, and molecular-based assays (PCR and sequence homology analysis) as briefly 
described below.

Fig. 1.8 Human pythiosis in Thailand. (a) Ocular pythiosis presents with keratitis. Using slit- 
lamp biomicroscope, inhomogeneous dense infiltration was observed at anterior to mid-corneal 
stroma and multiple small dots spreading with tentacle-liked opacities in superficial layer. 
Photograph by Dr. Passara Jongkhajornpong and Dr. Kaevalin Lekhanont. (b) Vascular pythiosis 
presents with gangrenous ulcers of the 1st, 2nd, and 3rd toes of the right foot. Photograph by Dr. 
Sirawat Srichatrapimuk and Dr. Maria Nina Chitasombat
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1.5.1  Culture Identification

A clinical specimen, obtained for culture identification, should be transferred imme-
diately at room temperature to the clinical microbiology laboratory, as P. insidiosum 
is sensitive to relatively low or high temperatures [76]. The organism can be culti-
vated, in aerobic condition, in Sabouraud dextrose medium preferably at 37  °C 
(98.6 F), and the growth of P. insidiosum is observed in less than 24  h, as flat, 
yellow- to-brownish, non-aerial, submerged colony. The border of infected tissues 
must be collected aseptically, washed three times in sterile saline solution or dis-
tilled water, and sliced into small fragments that must be immersed in culture media 
(Sabouraud, blood agar, potato dextrose agar, and corn meal agar). Only in horses 
the culture must be performed with “kunkers” (Fig. 1.9); otherwise, the isolation is 
not possible. P. insidiosum may be easily recovered in culture; however, since the 
culture media above are not selective and allow the rapid growth of fungal contami-
nants, such as Zygomycetes, its recognition becomes difficult for technicians who 
have no experience in cultivating this pathogen. Microscopically, P. insidiosum is 
observed as sparsely septate, right angle-branching, relatively broad hyphae, which 
resemble filamentous fungi, such as Aspergillus spp., Fusarium spp., and the 
Zygomycetes. Once the pathogen is cultivated, it is necessary to demonstrate the 
zoospore production, as suggested by Mendoza and Prendas in 1988 [9].

Fig. 1.9 Isolation of P. insidiosum from cultured fragments of “kunkers,” removed from equine 
pythiosis, on 4% Sabouraud agar with 24 h of incubation at 37 °C. Note that the hyphae of P. 
insidiosum emerge from the “kunkers” and present hyaline color, with low aerial mycelium. 
“Copyright of Gen National Publishing Group (Rio de Janeiro, Brazil), Book: Doenças Infecciosas 
Em Animais de Produção e Companhia, Chapter of Pitiose (page 953), reprinted with 
permission”
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1.5.2  Serodiagnosis

Detection of the anti-P. insidiosum antibodies in serum samples could aid efficient 
diagnosis of pythiosis. Several immunological techniques have been employed to 
accomplish this. Initially, an immunodiffusion (ID) assay has been developed using 
the crude protein extract of P. insidiosum [96–98]. Although ID is a relatively inex-
pensive and highly specific assay, its diagnostic performance is compromised by 
reportedly low sensitivity and thus leads to false-negative result. The disadvantages 
of the ID test have been overcome by the introduction of the enzyme-linked immu-
nosorbent assay (ELISA) [99–101], which improves detection sensitivity while 
retaining its specificity. Western blot analysis, an assay with high sensitivity and 
specificity, has been reported for detecting the anti-P. insidiosum antibodies [19, 
102, 103]. However, clinical use of ELISA and Western blot is cumbersome due to 
their multistep procedures, relatively long turnaround time, and requirements of 
routinely unavailable equipment. To serve the needs for a user-friendly and rapid 
serodiagnostic assay for pythiosis, hemagglutination assay (HA), which employs 
the P. insidiosum crude protein extract-coated sheep red cells, has been developed 
which provides the results within an hour [104, 105]. However, due to the limited 
detection sensitivity (84–88%) and specificity (82–99%) of HA, an immunochro-
matography (ICT), another user-friendly and rapid diagnostic format, has been 
invented for convenient, efficient, and rapid detection of the antibodies of P. insid-
iosum [19, 106].

Chareonsirisuthigul et al. (2013) compared these serodiagnostic assays, using a 
set of 37 pythiosis sera and 248 control sera, concluding that both ELISA and ICT 
exhibited equivalent diagnostic performance (100% sensitivity and specificity) 
[105]. An improved version of ICT has been developed by Intaramat et al. (2016) 
using the protein A/G conjugated with colloidal gold, which allow detection of the 
serum anti-P. insidiosum antibodies in both animals and humans [107]. They com-
pared the protein A/G-based ICT and ELISA, using 85 sera from humans and ani-
mals (horses, dogs, cattle, and rabbits) having pythiosis and 143 sera from those 
with healthy condition or other diseases, and demonstrated that ELISA had 99% 
sensitivity and 100% specificity, while the protein A/G-based ICT had 91% sensi-
tivity and 100% specificity. In their study, most of the sera with false-negative reads 
by ICT are the sera with weakly positive reads by ELISA. It should be noted that 
sera samples from patients with the ocular infection are likely to be read negative by 
all of the serodiagnostic assays. Thus, serodiagnostic interpretation of such samples 
should be done with caution.

1.5.3  Hispathological Examination

Use of the non-specific histological staining assays, such as Grocott’s methenamine 
silver stain or periodic acid-Schiff (Fig. 1.10), is not effective for discrimination of 
P. insidiosum from some other filamentous fungi (Zygomycetes, Aspergillus spp., 
and Fusarium spp.) because these organisms share microscopic morphologies. 
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Thus, misinterpretation of the histological examination of P. insidiosum-infected 
tissue is likely to occur [64, 65, 108]. A more specific histological staining assay, 
employing the specific antibodies to anti-P. insidiosum, is then needed. Keeratijarut 
et al. (2009) developed the in-house immunoperoxidase assay for histodiagnosis of 
pythiosis, using the rabbit antiserum raised against the P. insidiosum crude protein 
extract [109]. In their evaluation of the tissue sections from 19 patients with pythio-
sis immunohistostaining assay demonstrated 100% sensitivity and 94% specificity 
for detection of P. insidiosum in the infected tissues. The detection specificity of the 
assay was affected by cross-reactivity of the rabbit antiserum with Fusarium spe-
cies. To improve the detection specificity, Inkomlue et  al. (2016) developed an 
immunohistochemical assay by using the rabbit anti-ELI025 antibody [109].

Elicitins are the proteins found only in the oomycetes (especially the genera 
Pythium and Phytophthora) and not in any other fungi. It could, therefore, serve as 
a better target for a more specific histological detection of P. insidiosum. The authors 
compared the sensitivity and specificity of the immunohistochemical assays using 
the rabbit antiserum raised against the elicitin protein (ELI025) and crude protein 
extract of P. insidiosum [110]. While both assays showed equivalently high sensitiv-
ity (100%), only the rabbit anti-ELI025 antibody failed to stain the fungus Fusarium 
and, thus, was more specific than the rabbit anti-P. insidiosum crude protein extract 
antibody (100% vs. 98%).

1.5.4  Molecular-Based Assays

Use of the molecular-based assays for detection of pathogens has become increas-
ingly popular, due to its ease to perform and high diagnostic efficiency. The 

Fig. 1.10 P. insidiosum hyphae in histological sections. (a) PAS staining of cutaneous/subcutane-
ous lesion in dog, evidencing hyphae of pink coloration (400 ×). (b) Gomori-Grocott staining in 
granulomatous areas of the subcutaneous tissue in experimental pythiosis in rabbits, evidencing 
hyphae of blackish color (200 ×). “Copyright of Gen National Publishing Group (Rio de Janeiro, 
Brazil), Book: DoençasInfecciosasemanimais de Produção e Companhia, Chapter of Pitiose (page 
954), reprinted with permission”
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ribosomal DNA (rDNA) region (which is a multicopy gene that contains 18S rRNA, 
ITS1, 5.8S rRNA, ITS2, 28S rRNA, and the intergenic spacer) is the most popular 
target sequence used to detect many microorganisms, including P. insidiosum [111]. 
The molecular-based assays for detection of P. insidiosum are mostly relied on 
sequence homology analysis and PCR detection. For sequence homology, Badenoch 
et al. (2009) used a set of fungal universal primers (NS1 and NS2) to amplify and 
sequence the rDNA gene from the isolated organism. BLAST search of the obtained 
sequence indicates that the organism is P. insidiosum [112]. Similar sequence-based 
approaches targeting the rDNA gene have been successfully used by other investi-
gators to identify P. insidiosum from pure cultures and infected tissues [42, 64, 86, 
113].

The PCR-based assays rely on one or two sets of the rDNA gene-targeting prim-
ers for amplification of a defined size of amplicon, without sequence homology 
analysis. Grooters and Gee (2002) designed two sets of primers in their nested PCR 
for specific identification of P. insidiosum [113]. Because the primers of Grooters 
and Gee failed to amplify one of the Thai strains of P. insidiosum, Vanittanakom 
et al. (2004) designed a new set of the rDNA-specific primers and successfully iden-
tified all Thai strains tested in their study [114]. Some advances in the PCR-based 
assays include the use of a different target gene (glucanase-encoding gene) and a 
rapid amplification platform (real-time PCR) to increase the assay efficiency and 
decrease the assay turnaround time [115]. Rujirawat et  al. (2017) developed the 
single nucleotide polymorphism-based multiplex PCR (targeting the rDNA gene) to 
identify and genotype P. insidiosum simultaneously [116].

1.6  Treatment

1.6.1  Animal Pythiosis

Treatment of animal pythiosis is difficult, since the prognosis is frequently wors-
ened due to the delay in diagnosis. Currently available antifungals do not act on P. 
insidiosum due to lack of ergosterol in the cell membrane [117]. This is the reason 
why extensive surgical debridement is the main choice in the majority of the cases, 
when such approach is feasible. It is important to consider that surgery should con-
tain pathogen-free surgical margin; otherwise, recurrences certainly occur.

There are antifungals routinely used in agriculture (plant fungicide) for the treat-
ment of phytopathogens, including the genus Pythium and Phytophthora. However, 
such antifungals are toxic for animals, which make it impracticable to be used in the 
treatment of animal pythiosis. Among these plant fungicides, Brown et al. (2008) 
tested mefenoxam, as well as several other antifungals (itraconazole, voriconazole, 
posaconazole, terbinafine, and caspofungin), and found that only mefenoxam inhib-
ited radial growth of P. insidiosum in vitro [118]. Recently, the mixture of mefenoxam 
with itraconazole and terbinafine was used for the treatment of canine gastrointesti-
nal pythiosis with satisfactory results. The dose of mefenoxam employed was 4 mg/
kg twice daily during a period of 18 months with no significant clinical, 
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hematologic, or biochemical abnormalities. Despite the tolerability of mefenoxam 
by this dog, the authors’ advice cautions in its prescription until the safety is well 
evaluated in a larger population of dogs [119].

Equine pythiosis has been treated in Brazil, in the majority of the cases, by sur-
gery procedures to remove the entire lesion with pathogen-free margins (if the 
lesion is small) or the excess of granulation tissue (if the lesion is large). Other pos-
sibilities of treatment include immunotherapy, intravenous regional perfusion with 
amphotericin B, and oral administration of potassium iodide, in association with/
without surgery. Immunotherapy consists of administering a macerate of sonicated 
hyphae conditioned in bottles (resuspended in 2 ml of sterile water at the moment of 
application). It is commercially available in Brazil as Pitium-Vac™, with a medium 
cost per dose of US$16.00. The recommendation for using immunotherapy is that 
the lesion is unique and is not more than 60 days old. If more than one dose is 
required, the interval between them is 14 days [120]. The main mechanism of action 
of immunotherapy for healing wound is the switch of Th2 response to Th1, which 
is mediated by mononuclear cells, mainly monocytes and lymphocytes [121, 122]. 
Immunotherapy, when associated with surgical removal in horses, reaches up to 
75% cure [24].

Intravenous regional perfusion with amphotericin B has been employed for the 
treatment of lesions in the middle-third and extremities of limbs of horses. It was 
demonstrated that if such procedure was performed after surgery, around 58% of the 
horses had the wounds healed 60 days after one administration of intravenous 
regional perfusion; and in 42% of the horses, a second administration was necessary 
14 days after the first one [123, 124].

Photodynamic therapy was evaluated experimentally as a new and promising 
therapeutic approach [125, 126].

1.6.2  Human Pythiosis

Treatment of human pythiosis is difficult and challenging. Therapeutic options for 
the disease include the use of antimicrobial drugs, administration of an immuno-
therapeutic vaccine, and surgical removal of an infected organ. Only a few patients 
with pythiosis had a favorable response to the medical treatment using a combina-
tion of antifungal drugs (itraconazole and terbinafine) guided by in vitro susceptibil-
ity analysis [62]. In contrast, most patients underwent a combination of medical 
treatment and radical surgery of an affected organ to control the P. insidiosum infec-
tion [75, 94]. Conventional antifungal drugs (itraconazole and terbinafine) are gen-
erally ineffective against P. insidiosum because the organism lacks antifungal drug 
targets in the ergosterol biosynthetic pathway [117]. Potassium iodide oral solution 
(SSKI) has been used in some patients, but only the patients with cutaneous pythio-
sis showed good responses [75, 94]. Use of the immunotherapeutic vaccine pre-
pared from the P. insidiosum crude protein extract showed a limited efficiency in the 
treatment of pythiosis [75, 94, 127, 128].
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1.7  Prophylaxis, Control, and Public Health Concerns

There is no vaccine as a prophylactic measure aiming to avoid new cases of the 
disease. As mentioned before, vaccine is employed as immunotherapy for switching 
the immune response from Th2 to Th1 profile.

It is strongly recommended to avoid the permanence of animals on stagnant 
water with vegetation, since infective zoospores are found in this environment. 
However, such measure is unpractical in many farms, since pasture is more avail-
able in such areas and attracts the attention of animals for food. Reviewing manage-
ment practices during rainy seasons, such as keeping animals in a drier environment, 
may be a good prophylactic practice to prevent new infections.

The prevention in humans is equally difficult, since it is quite impossible to pro-
hibit swimming in rivers and lagoons as well as stopping agricultural practices. The 
use of personal protective equipment (PPE), such as adequate swimming goggles 
for swimming in rivers/lagoons, rubber gum boots, gloves, and glasses to enter 
flooded fields (such as rice paddies), should be recommended. Another possibility 
is the advertisement for advice for the risk of infection in rivers/lagoons in areas 
endemic for pythiosis.

Direct zoonotic transmission between animals to humans is not reported, since 
infection is acquired in water environment through penetration of zoospores in 
injured skin. It is, therefore, important to note that the concept of zoonosis also 
includes the environment as a source of infection, and in this sense, pythiosis may 
be classified as saprozoonosis. Accidental laboratory infection has never been 
reported; however, care should be taken while dealing with in vitro methods for 
zoospore production [129].
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Abstract
Dermatophytosis, Malassezia otitis and dermatitis represent the superficial 
mycoses with greatest significance in dogs and cats. The causative agents, der-
matophytes and Malassezia yeasts, have evolved independently in order to adapt 
to survival and development within the cutaneous ecosystem. The most prevalent 
dermatophyte species, Microsporum canis, may cause outbreaks at least in its 
principal hosts and at the same time have the ability to infect a wide range of 
mammals, including humans. The non-lipid-dependent species Malassezia 
pachydermatis is a common cause of otitis externa and pruritic dermatitis in dogs 
and sometimes in cats. Dermatophytosis should be considered in the differential 
diagnosis of many skin diseases, and diagnostic tests are systematically required 
in dogs and cats. The diagnosis of Malassezia dermatitis is based on clinical 
signs and the presence of high number of yeasts in lesional skin together with 
clinical and mycological responses to a specific therapy. The treatment of super-
ficial mycoses includes the use of topical and systemic antifungals. In case of 
dermatophytosis, the disinfection of the environment may be required.
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2.1  Introduction

Superficial mycoses of the skin are fungal infections that affect mostly the superfi-
cial layers of the skin, hairs and any other skin appendages, such as claws in carni-
vores [1]. Dermatophytoses and Malassezia infections represent the superficial 
mycoses with greatest impact in dogs and cats [2]. The causative agents, dermato-
phytes and Malassezia yeasts, respectively, are placed in distant branches of the 
fungal tree of life and are likely to have evolved independently to adapt to survival 
and development within a cutaneous ecosystem.

Dermatophytes are filamentous fungi, which are able to use hard keratin, a fun-
damental component of the skin and skin appendages, as a growth substrate. 
According to their affinity, three categories of dermatophytes are usually defined, 
namely, (i) the zoophilic ones, which develop as parasites in mammals, but more 
rarely in birds, (ii) the anthropophilic dermatophytes in man and (iii) the geophilic 
dermatophytes, which develop in the soil, but some of them are able to become 
parasite in animals and man. In all cases, dermatophytic spores can survive in the 
environment leading to resistance and spreading the fungus. In dogs and cats, the 
most prevalent dermatophyte species, Microsporum canis and Trichophyton menta-
grophytes, are true parasites; when in contact with the skin, they infect stratum 
corneum and hairs causing cutaneous lesions. Dermatophytes are also significant 
due to their zoonotic potential and the concern of companion animals’ owners con-
fronted with severe and chronic inflammatory skin diseases [3]. Malassezia yeasts 
are normal commensals and occasional pathogens of the skin for many warm- 
blooded animal species [4]. They have different enzymes including lipases, phos-
pholipases and aspartyl protease, which allow them to survive in the cutaneous 
environment. The non-lipid-dependent species M. pachydermatis is a very common 
cause of otitis externa and pruritic dermatitis in dogs. It is also regularly recovered 
from the skin of cats along with other Malassezia species. The genetic basis of the 
keratinolytic activity of dermatophytes or the lipophilic nature of Malassezia yeasts 
and corresponding adaptation to animal skin (putatively starting from an ancestral 
state as a plant or soil resident) are still in discussion [5, 6].

This chapter provides an overview of dermatophytes and Malassezia yeasts, their 
significance in companion animals, different steps to diagnose superficial mycoses, 
rational control measures in order to treat dogs and cats and also prevention of ani-
mal and/or human against these infections.

2.2  Causative Agents

2.2.1  Dermatophyte Species

Dermatophytes are members of the phylum Ascomycota. They are closely related to 
Coccidioides immitis within the order Onygenales [7]. More than 20 different der-
matophyte species have been isolated from companion animals, but the most com-
monly isolated pathogens are Microsporum canis, Trichophyton mentagrophytes 
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and to a lesser extent Microsporum (Nannizzia) gypseum and Microsporum 
(Nannizzia) persicolor (Table 2.1) [1, 3]. Microsporum canis is by far the most pre-
dominant in cats with over 90% of the feline isolates in most of the surveys con-
ducted worldwide. Trichophyton mentagrophytes remains a frequent pathogen of 
small rodents like mice, rats and chinchillas but can also be found in dogs and cats. 
Microsporum (Nannizzia) persicolor is hosted normally by microtid rodents, by 
dogs and sometimes by cats that frequently borrow and capture preys. The hedgehog- 
associated Trichophyton erinacei can also be found in dogs. T. simii is sparsely 
recorded from birds, carnivores and primates [3]. Microsporum (Nannizzia) gyp-
seum is a geophilic species regularly isolated from lesions of dermatophytosis in a 
wide variety of hosts, particularly dogs, horses and occasionally cats. Other geo-
philic dermatophytes such as M. cookei, M. praecox, T. ajelloi or T. terrestre may be 
isolated in culture from the coat or skin lesions in companion animals, but they are 
supposed to be nonpathogenic. The major dermatophyte species that may be iso-
lated from dogs and cats are listed in Table 2.1. The classification of dermatophytes 
fungi has been recently revised [8], and the names used in Table  2.1 have been 
modified accordingly. Studies about the fungal flora of dogs and cats without any 
cutaneous lesions clearly demonstrated that dermatophytes are not part of the nor-
mal skin microbiome of companion animals [9–11].

A retrospective epidemiological survey concerning mycological analyses in 2055 ani-
mals within a 3-year period was recently conducted by the mycology laboratory of the 
Veterinary College of Alfort (ENVA), France [12]. The prevalence rate of positive culture 
for dermatophytes was 13.8% in dogs with a majority of M. canis identified (71.2%). The 
prevalence seemed to be associated with the way of life, hunting or outdoor dogs being 
more frequently infected. Among cats, the prevalence rate of positive culture was 22.3% 
with M. canis found in 90.8% of the cases. In purebred cats, cultures were significantly 
more frequently positive than in crossbred or household pet cats. There was no associa-
tion between the sex of the animals and the prevalence of positive culture.

Isolation of anthropophilic dermatophytes such as M. audouinii, T. rubrum, T. ton-
surans, T. violaceum and Epidermophyton floccosum from companion animals has also 
been reported but only on rare occasions. This should be carefully considered when 

Table 2.1 Major dermatophyte species infecting dogs and cats

Dermatophyte species Major hosts
Frequent sources of 
contamination

Risk of human 
contamination

Microsporum canis Cats, dogs and many 
other mammals 
(including humans)

Young cats Yes

Trichophyton 
mentagrophytes

Small rodents (mice, 
rats), rabbits, dogs, cats

Small rodents, 
rabbits, dogs

Yes

Microsporum 
(Nannizzia) gypseum

Dogs, cats, horses Soil Yes (but very 
seldomly)

Microsporum 
(Nannizzia) 
persicolor

Small rodents (moles and 
voles), dogs and cats

Small rodents, soil Yes (but very 
seldomly)
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observed in mycological culture from an animal, as it does not necessarily indicate a 
pathogenic role of the isolated fungus. This could simply reflect the dermatophytic flora 
of humans in the concerned area rather than a real infection of the animals. Nevertheless, 
some authentic cases due to T. rubrum [13, 14], T. tonsurans [15] or E. floccosum [16, 
17] have been documented in dogs. In such cases, close contact with an infected person 
and predisposing factors explaining a higher susceptibility of the animal such as a 
tumoural disease, immunosuppressive chemotherapy or ageing have been mentioned.

2.2.2  Malassezia Species

Malassezia yeasts are included in the phylum Basidiomycota and subphylum 
Ustilaginomycotina in which they constitute a specific order Malasseziales [18]. 
Malassezia yeasts belong to normal cutaneous or mucosal microbiota of most 
(probably all) warm-blooded vertebrates [4]. These atypical fungal organisms have 
an affinity for lipids as substrates, and the term “lipophilic yeasts” is frequently used 
to characterise them. Most of the species exhibit an absolute requirement for long 
fatty acid chains, and they cannot be isolated by culture unless specific nutrients are 
provided in the medium. To date, lipid-dependent yeasts include 15 species: M. 
sympodialis, M. globosa, M. restricta, M. furfur, M. obtusa, M. slooffiae, M. derma-
tis, M. japonica, M. yamatoensis, M. nana, M. equina, M. caprae, M. cuniculi, M. 
brasiliensis and M. psittaci [18]. Of these, three species (M. dermatis, M. japonica 
and M. yamatoensis) have been isolated exclusively from human skin so far. 
Malassezia pachydermatis is the only non-lipid-dependent species; it grows on 
Sabouraud glucose agar without any special additional requirements [19]. Table 2.2 
gives the list of the Malassezia species that may be isolated from dogs and cats.

Table 2.2 Malassezia species recovered from the skin of dogs and cats

Species Major animal hosts Related diseases
Risk of human 
contamination

Malassezia 
pachydermatisa

Dogs, cats (and many 
other mammals), birds

Otitis and dermatitis 
in dogs and cats

Yes

Malassezia 
sympodialisb

Cats and other mammals 
(including humans)

Otitis in cats Not reported

Malassezia 
globosab

Cats and other mammals 
(including humans)

Otitis in cats Not reported

Malassezia 
slooffiaeb

Cats, pigs and other 
mammals (including 
humans)

Otitis in cats, 
dermatitis

Not reported

Malassezia nanab Cats and cattle Otitis in cats No
aNon-lipid-dependent Malassezia yeasts, which are able to grow on routine mycological media 
(like Sabouraud dextrose agar) without lipid supplementation
bLipid-dependent yeasts, which require lipid-supplemented media (like Dixon’s medium). Fifteen 
lipid-dependent species are currently described: M. furfur, M. sympodialis, M. globosa, M. obtusa, 
M. restricta, M. slooffiae, M. dermatis, M. japonica, M. yamatoensis, M. nana, M. caprae, M. 
equina, M. cuniculi, M. brasiliensis and M. psittaci [18]
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2.3  Transmission and Predisposing Factors

The occurrence of dermatophytosis or Malassezia dermatitis is not only influenced 
by a vast number of intrinsic factors relating to the animals themselves but also to 
extrinsic factors such as climatic conditions or environmental issues including over-
crowding. Some factors may need more intensive monitoring and/or treatment, 
while others may suggest a less aggressive approach.

2.3.1  Dermatophytosis as a Contagious Disease

Dermatophytosis is easily transmitted through direct contact with infected animals 
or indirectly from contaminated fomites, and all the circumstances that favour 
those contacts should be considered as predisposing factors. This accounts for a 
higher occurrence of dermatophytosis when animals are confined in catteries or 
shelters. Moreover, the great resistance of the dermatophyte spores during months 
or years increases the role of reservoir played by the environment, and the use of 
material that may be shared between companion animals for grooming or transpor-
tation favours the contamination [3]. Enzootic situation regularly occurs in catter-
ies with M. canis, and eradication of dermatophytosis is particularly difficult in 
that case due to a large number of animals (including kittens) in a confined envi-
ronment or to the diffusion of M. canis through exchanges of cats for reproduction 
and pet exhibitions. Occurrence of infection is also high in stray dogs and cats, and 
there is a high risk of human contamination when a puppy or kitten from such a 
population is adopted.

Any breed is susceptible to dermatophyte infection. However, Yorkshire ter-
rier may be at increased risk for generalised dermatophytosis. Short-haired 
Pointers, Labrador, fox terrier, Groenendael, beagle, Pointer, Jack Russell terrier 
and Jagdterrier also appear to be predisposed to dermatophytosis, caused by  
M. persicolor and M. gypseum, probably due to increased contact with contami-
nated soil or preys. Persian and Angora cats have also been found to be fre-
quently infected. In fact, no particular racial factors have been evidenced at 
present, but long-haired breeds seem to be more susceptible. Familial predisposi-
tion has also been seen in cats.

Susceptibility to dermatophytosis depends also on the general health status of 
animals. The parallel evolution of diseases such as hyperadrenocorticism, or the use 
of some treatments, mainly corticotherapy, may favour appearance and severity of 
fungal lesions through impairment of immunity. In cats, the prevalence of fungal 
flora was investigated in regard to the potential immunosuppressive effect of retro-
viruses such as the feline immunodeficiency virus (FIV) and the feline leukaemia 
virus (FeLV). Only one study reported high prevalence of M. canis in FIV-infected 
cats compared to FIV-negative animals [20]. On the contrary, another study [21] 
suggested that the association may be related to differences in the environment 
rather than to the retroviral infection status of the cats [22].
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2.3.2  Malassezia Dermatitis as an Opportunistic Disease

Malassezia yeasts are considered to be opportunistic pathogens that play a signifi-
cant role in the development of different animal diseases such as otitis externa or 
seborrhoeic dermatitis [2]. Pathogenicity is clearly associated with yeast overgrowth 
or sensitisation to the yeasts. Several investigations clearly indicated that some 
breeds are predisposed to the development of abnormally high populations of 
Malassezia yeasts. In dogs, the list includes basset hounds, dachshunds, cocker 
spaniels, Shar Pei, poodles, bulldogs and West Highland white terriers [23]. In cats, 
Devon Rex, Peterbald and Sphinx (Fig. 2.2f) seem to be more frequently colonised 
by Malassezia yeasts [24].

Atopic dermatitis is the most frequently diagnosed concurrent disease in dogs 
with Malassezia dermatitis. However, not all dogs with atopic dermatitis have 
Malassezia dermatitis and vice versa [23]. Ectoparasitoses such as ear mite or flea 
infestations or pruritus from secondary infections may be responsible for yeast 
overgrowth. Malassezia yeasts are frequently isolated from cats with head and neck 
pruritus syndrome. Any debilitating disease may play a role by making dogs and 
cats more susceptible to Malassezia dermatitis. In cats, the isolation of Malassezia 
has been associated with retroviral infections [25], paraneoplastic syndromes [26], 
thymoma [27] and diabetes mellitus [28]. Based on these findings, Malassezia over-
growth may be considered as a marker of life-threatening, underlying diseases in 
some cats.

2.4  Clinical Signs and Lesions

2.4.1  Dermatophytosis in Dogs and Cats

Dermatophytes invade hair shafts and cornified epithelium. As a consequence, der-
matophytosis usually presents as patchy areas of alopecia [3, 23]. Lesions can be 
detected on any part of the body. However, the head and the forelimbs are more 
frequently affected. Multiple lesions may coalesce, while a spontaneous healing at 
the centre may occur. Dermatophytosis is typically considered as non-pruritic, but 
some animals, especially adult cats, may be moderate to intensely pruritic. 
Uncommon clinical manifestations including folliculitis, feline miliary dermatitis, 
feline acne, pemphigus-like syndromes and pseudomycetoma may occur.

In cats, dermatophytosis includes a large range of clinical presentations (Fig. 2.1a 
and b). In kittens, lesions of alopecia are usually localised on the nose, the edges of 
the ears, the fingers and the tail. Lesions are sometimes very small, and their detec-
tion requires an accurate observation and the use of the Wood’s lamp. Miliary der-
matitis is frequently observed in cats mainly in hypersensitivity states such as flea 
allergy or atopy, but also in some dermatophyte infections. Miliary dermatitis 
includes inflammation, pruritus and the presence of small crusts on the back and 
around the neck. In case of chronic infection in a debilitated animal, extensive 
lesions may be found. Among the other clinical presentations of dermatophytosis, 
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onyxis and perionyxis due to M. canis (Fig. 2.1c), associated with or without typical 
ringworm lesions, are difficult to detect and to treat. Exceptionally, as described in 
humans, mycetoma-like lesions have been reported, mostly in Persian cats, in which 
the dermatophyte develops into the dermis and the subcutis leading to nodulous 
lesions [29, 30].

In dogs, dermatophytosis is usually associated with isolated or multiple well- 
circumscribed areas of alopecia without any pruritus (Fig. 2.2d) [3, 23]. Other clini-
cal presentations are less frequently reported. In case of kerion, there is a severe 
inflammation with suppurative folliculitis, and the palpation of the lesions may 
express some droplets of pus (Fig. 2.1e). In hunting dogs or animals with a burrow-
ing instinct, contamination from rodents, from insectivores or from the soil with a 
particular dermatophyte (M. persicolor, M. gypseum, T. mentagrophytes, T. erina-
cei) is frequent and may be responsible for lesions on the face, especially the bridge 
of the nose. In this case, dermatophytosis can be misdiagnosed with an autoimmune 
disease especially pemphigus foliaceus. Pseudomycetoma due to M. canis is possi-
ble in dogs [31] but less frequently than in cats.

Fig. 2.1 Lesions of dermatophytosis in cats (a, b and c) and dogs (d and e) (black arrows). Typical 
lesions present as patchy areas of alopecia. In case of kerion (e), there is a severe inflammation 
with suppurative folliculitis
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2.4.2  Malassezia Dermatitis in Dogs and Cats

Malassezia yeasts are frequently detected in case of otitis externa in dogs and cats 
[2, 23]. Several studies demonstrated that such cases responded to antifungal ther-
apy, supporting the current opinion that Malassezia yeasts act as opportunistic sec-
ondary pathogens within the external ear canal in dogs and to a lesser extent in cats. 
Dufait is credited for the first report of Malassezia yeasts as a cause of more wide-
spread dermatitis in dogs [32]. He described a series of 50 dogs with pruritic derma-
titis from which the yeasts could be readily recovered by cytology or culture and 
which responded to antifungal therapy. These first observations were confirmed by 
other studies [33, 34], and the veterinary dermatology community progressively 
considered the potential role of Malassezia yeasts as a cause of canine skin disease. 
Skin lesions associated with Malassezia yeasts in dogs are erythematous, with vary-
ing degrees of traumatic alopecia [23]. Scaling is often prominent, and a greasy 
exudate is a feature of lesions in intertriginous and interdigital areas in some dogs 
(Fig. 2.2a and b); significant exudation is normally accompanied by nauseous smell. 

Fig. 2.2 Lesions of Malassezia dermatitis in dogs (a, b and d) and cats (c and e) (black arrows). 
Skin lesions are erythematous, with varying degrees of traumatic alopecia. (a) Dog with severe 
limb lesions have marked skin thickening. (c) Cat with generalised Malassezia dermatitis. Lesions 
are characterised by alopecia, erythema, greasy adherent brownish scales and hyperpigmentation 
on the head, the ventral face of the neck and the abdomen. The presence of brown, greasy material 
in the nailfolds may be associated with the presence of Malassezia yeasts. (e) Sphinx cats (f) seem 
to be more frequently colonised by Malassezia yeasts
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Interdigital lesions are common, and in more severe cases, erythema and alopecia 
extend to affect the accessory carpal areas and medial aspects of the limbs. Some 
dogs with severe limb lesions have marked skin thickening, resulting in the forma-
tion of erythematous and alopecic ridges. Pedal skin disease may also progress to 
involve the claw folds with red-brown staining of the claw and exudation in the claw 
fold. Hyperpigmentation and lichenification are frequently observed in dogs with 
chronic disease and is particularly common in West Highland white terriers. Dogs 
with concurrent otitis externa show erythematous vertical ear canals and pinnae 
with varying degrees of lichenification and scaling, accompanied by a yellow or 
brownish ceruminous discharge (Fig. 2.2d). Although skin lesions may be confined 
to one area, multiple regions are usually affected, especially the limbs, the ventrum, 
the ears and the face.

Cases of Malassezia dermatitis have also been observed in cats. In atopic ani-
mals, cutaneous lesions related to Malassezia overgrowth commonly occur on the 
face, ventral neck, abdomen and ear canals. These lesions are characterised by alo-
pecia, erythema, greasy adherent brownish scales, hyperpigmentation, easily 
plucked hair and follicular casts [25] (Fig. 2.2c). Exfoliative erythroderma, greasy 
exudation and varying degrees of pruritus may be seen in cases secondary to a 
severe systemic disease [26–28]. The presence of brown, greasy material in the 
nailfolds may be associated with the presence of Malassezia yeasts but not with 
pruritus (even in Devon Rex cats) (Fig. 2.2e) [35].

2.5  Diagnosis

2.5.1  Diagnosis of Dermatophytosis

Dermatophytosis should be considered in the differential diagnosis of many skin 
diseases, and diagnostic tests are systematically required [3, 23]. Examination of 
the hair coat with an ultraviolet lamp (Wood’s lamp) is a good screening method for 
dermatophytosis in cats and to a lesser extent in dogs. When exposed to the light, 
hairs  – but not the scales  – invaded by M. canis glow fluorescent yellow green 
(Fig.  2.3a). However, some topical medications may destroy the fluorescence. 
Moreover, hairs infected by other dermatophyte species such as T. mentagrophytes, 
M. persicolor or M. gypseum never fluoresce. As a consequence, when Wood’s lamp 
examination is negative, it does not necessarily mean that dermatophytosis is not 
occurring. The observation of fluorescence should systematically be confirmed by 
microscopic examination of hairs, which remains the gold standard diagnostic tool 
even though the recognition of infected hairs is not always easy and may require an 
experienced eye.

Hairs should be collected through skin scrapings or under Wood’s lamp exami-
nation. After digestion with a clearing solution, such as potassium hydroxide or 
chlorolactophenol, infected hairs become enlarged with a swollen structure with a 
rough and irregular surface (Fig. 2.3c). Clusters or chains of fungal spores (2–4 μm 
for M. canis) are typically present on the surface of infected hairs. The infected 
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scales show thin, segmented hyaline hyphae and spores. Dermoscopy may be an 
alternative for the detection and examination of infected hairs in cats. This is a non- 
invasive technique that allows for illuminated magnification of the skin. Scarampella 
et al. [36] published dermoscopic observations in 12 cats with dermatophytosis and 
in control animals with another cause of hair loss. In most of the infected cats, 
opaque, curved or broken hairs with a homogenous thickness (“comma hairs”) 
were evidenced.

Mycological culture remains the most reliable technique for confirming derma-
tophytosis in dogs and cats [3]. Samples may be collected by scraping the cutaneous 
lesions, plucking hairs under Wood’s lamp examination or brushing the hair coat 
with a sterile toothbrush or a little piece of sterile carpet. Several media are suitable 
for mycological cultures, e.g. Sabouraud dextrose agar supplemented with antibiot-
ics (Fig. 2.3d). Dermatophyte Test Media (DTM) are regularly used in veterinary 
medicine. However, only a very few attempts have been made to evaluate the per-
formance of such media with material obtained from animals, and the use of DTM 
is not recommended for the diagnosis of animal dermatophytoses because they may 
give a high number of false-positive results [37]. The samples collected from the 
animals should be sent to a laboratory with an expertise in veterinary mycology. 

Fig. 2.3 Experimental diagnosis of dermatophytosis in companion animals. (a, b) Wood’s lamp 
examination in a cat with a lesion on the head. (c) A hair infected by Microsporum canis. (d) 
Colonies of Microsporum canis on Sabouraud dextrose agar. (e) Microscopic aspect of a 7-day-old 
culture of Microsporum (Nannizzia) persicolor
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Fungal colonies are usually identified by microscopic examination (Fig. 2.3e). The 
number of fungal colonies may vary between mechanical carriers and infected ani-
mals. Mechanical carriage is due to the contamination of the environment and is 
usually associated with a limited number of dermatophyte colonies in culture. 
Infection leads to a massive production of spores (arthroconidia) and is usually 
associated with a very high number of dermatophyte colonies in culture.

Polymerase chain reaction (PCR) for the diagnosis of dermatophytosis in dogs 
and cats was used in only two studies [38, 39]. Cafarchia et al. [38] collected hair 
samples from dogs and cats with a clinical suspicion of dermatophytosis. 
Mycological culture was found positive for 59 out of 183 (32.2%) samples. Infected 
hairs were detected by direct microscopic examination in 22 out of 183 samples 
(12.0%). One-step PCR and nested PCR were reported to be positive for 49 of 183 
(26.8%) samples and 63 of 183 (34.4%) samples, respectively. Over the past few 
years, PCR test is commercially available for the diagnosis of dermatophytosis in 
dogs and cats in European countries and the USA.

2.5.2  Diagnosis of Malassezia Dermatitis

Malassezia dermatitis should be suspected in animals with inflammatory skin dis-
eases characterised by erythematous and/or greasy lesions, especially when lesions 
involve folded areas. In dogs, it may mimic or complicate atopic disease and food 
allergy. Hyperpigmentation and lichenification are frequently observed in animals 
with chronic disease and are particularly common in West Highland white terriers. 
Dogs with concurrent otitis externa show erythematous vertical ear canals and pin-
nae with varying degrees of lichenification and scaling accompanied by a yellow or 
brownish ceruminous discharge. Although skin lesions may be confined to one area, 
multiple regions are usually affected, especially the limbs, ventral neck, abdomen, 
ears and the face. The diagnosis of Malassezia dermatitis is based on clinical signs, 
the presence of high number of yeasts in lesional skin (Fig. 2.4a) and a clinical and 

Fig. 2.4 Experimental diagnosis of Malassezia dermatitis in companion animals. (a) Malassezia 
yeasts on cytological examination (large arrows). Many cocci are also visible (thin arrows). (b) 
Colonies of Malassezia pachydermatis after 7 days of culture on Dixon’s medium
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mycological response to antifungal therapy [23]. The tape strip technique is conve-
nient and reliable: clear adhesive tape is pressed on the surface of the skin, thus 
collecting the stratum corneum cells and superficial microbial organisms. Because 
a small population of yeasts might create disease in sensitised animals, and in view 
of the variations in population sizes between different dog breeds and anatomic 
sites, trial therapy should be given whenever Malassezia yeasts are readily identi-
fied in cytologic specimens obtained from compatible lesions (Fig. 2.4a). Definitive 
identification of Malassezia species is not simple and requires subculturing on spe-
cific culture media (Fig. 2.4b) as well as molecular characterisation.

2.6  Treatment

2.6.1  Treatment of Dermatophytosis

Recently, Moriello et al. (2017) reviewed the existing literature and provided con-
sensus recommendations for veterinary clinicians about the diagnosis and treatment 
of dermatophytosis in cats and dogs [40].

Antifungal treatment should be systematically used to shorten the course of the 
infection and to reduce dissemination of infective material which is composed of 
fragments of hair covered by microscopic fungal spores and of infected scales into 
the environment. Infective material is easily spread and can remain viable in the 
environment for up to 18 months under optimal temperature and humidity. Infected 
animals, with or without clinical signs, and contaminated environments represent 
long-term reservoirs for infection of other animals and owners.

The combination of systemic and topical treatments is required. Systemic 
antifungals are supposed to contribute to speed up the resolution of the infec-
tion, whereas topical antifungals are required to reduce the risk of transmission 
and environmental contamination. Conventional systemic treatment relies on 
oral antifungal drugs: griseofulvin, ketoconazole and more recently itracon-
azole or terbinafine (Table 2.3). Griseofulvin was the most commonly used sys-
temic treatment for dermatophytosis in small animals, although it is no longer 
licensed for animal use in several European countries. The micronised formula-
tion of griseofulvin was recommended to be administered orally at a dose of 
25  mg/kg twice daily with a fatty meal to promote drug absorption. 
Haematological and gastrointestinal adverse effects may occur and are probably 
more common in cats. Griseofulvin is teratogenic and therefore should not be 
given to pregnant animals. The principal alternatives to griseofulvin for sys-
temic therapy of dermatophytosis are azole derivatives. Ketoconazole is licensed 
for use in dogs. It may cause anorexia, vomiting and hepatotoxicity as well as 
may interfere with steroid hormone metabolism. Itraconazole is licensed for use 
in cats with M. canis dermatophytosis using an alternate-week dosing schedule, 
reflecting its incorporation rate into stratum corneum and hair. For concurrent 
topical treatment, many products have been proposed (Table 2.4). The decision 
to use topical therapy should be based upon the owner’s ability and willingness 

R. Moraru et al.



39

Table 2.3 Systemic antifungal drugs for the treatment of superficial mycoses in dogs and cats

Antifungal  
drugsa (chemical 
family)

Indications, dosage 
and frequency of 
administration Comments on use Adverse effects

Itraconazole 
(azoles)

For the treatment 
of dermatophytosis 
or Malassezia 
dermatitis

In most countries, the 
drug is registered for use 
in cats but not in dogs

Itraconazole has lower 
toxicity than ketoconazole, 
and at regular dosages, 
adverse effects are very 
seldom observed

5 mg/kg 
administered every 
24 h

Because of its high 
lipophilicity, the drug 
has proved to be 
effective in an alternate-
week regimen (one week 
off and one week on) for 
the treatment of 
dermatophytosis

The drug should not be 
administered to pregnant 
bitches and queens (even 
if teratogenic effects have 
been reported only in 
rodents and at very high 
doses)

Ketoconazole 
(azoles)

For the treatment 
of dermatophytosis 
or Malassezia 
dermatitis

In some European 
countries, the drug is 
registered for use in dogs 
(but not in cats)

The drug is teratogenic 
and must not be 
administered to pregnant 
bitches and queens

5 mg/kg 
administered every 
12 h

The absorption is 
improved when the drug 
is given with food

Anorexia, vomiting and 
diarrhoea are sometimes 
observed
Ketoconazole has 
hepatotoxic effects, 
including elevated serum 
alanine transaminase 
activity
Ketoconazole interferes 
with the metabolism of 
other drugs and with 
steroid hormone 
metabolism

Griseofulvin 
(polyenes)

For the treatment 
of dermatophytosis 
only

In many countries, the 
drug is no longer used 
and is not registered for 
use in dogs and cats

The drug is highly 
teratogenic and must not 
be administered to 
pregnant bitches and 
queens

25 mg/kg 
administered every 
12 h (micronised 
form)

The drug should be 
administered with a fatty 
meal (the fat enhances 
absorption)

Gastrointestinal disorders 
are sometimes observed

5 mg/kg 
administered every 
12 h 
(ultramicronised 
form)

Myelosuppression has 
been documented in 
FIV-infected cats

(continued)
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to pour or sponge the product over the entire hair coat of the infected animal. 
Spot treatment of lesions is not recommended. The frequency of topical treat-
ment should be at least twice a week.

This combined treatment should be continued for at least 10 weeks. The general 
recommendation is to stop antifungal administration after two consecutive negative 
cultures. Three negative results are preferred when multiple cats are involved. If 
lesions persist after 8 weeks of treatment, veterinarians should suspect (i) that the 
treatment is not being administered correctly by the owner, (ii) that an underlying 
disorder is interfering with the normal action of the immune system or (iii) that the 
animal has a genetic background that makes it more susceptible to dermatophyte 
infection. The presence of resistant strains is regularly suspected, but resistance of 
dermatophytes to antifungal drugs has been proved only in a very few instances and 
thus should not be considered as most likely in cases of treatment failure. Lack of 
environmental control is possibly a reason for the recurrence.

Clipping of the hair coat may be recommended, especially in severely infected 
animals, in long-haired cats or in multi-animal households. Clipping makes topical 
therapy application easy and allows better penetration of the drug. In households 
with one or two pets, spot clipping of lesions may be enough. All whiskers should 
be clipped. In cats, clipping the coat may require sedation. Clipping must be per-
formed carefully and in an area that can be easily disinfected. Infected hairs should 
be burned or placed in a plastic biohazard bag and autoclaved. Disposable clothing 
should be used in order to limit the risk of zoonotic transmission of the disease.

Dermatophyte species may not have the same susceptibility to currently avail-
able antifungals. As a consequence, the specific identification of the dermatophyte 
is required for the choice of the specific treatment for a better understanding of the 

Table 2.3 (continued)

Antifungal  
drugsa (chemical 
family)

Indications, dosage 
and frequency of 
administration Comments on use Adverse effects

Terbinafine 
(allylamines)

For the treatment 
of dermatophytosis 
or Malassezia 
otitis or dermatitis

The drug is commonly 
used for the treatment of 
dermatophytosis 
(especially 
onychomycosis) in 
humans

No teratogenicity has been 
reported in rodents or 
rabbits

20–40 mg/kg 
administered every 
24 h

Terbinafine is registered 
for use in dogs for the 
treatment of otitis 
externa

Vomiting may sometimes 
be observed in cats

aLufenuron is a chitin synthesis inhibitor commonly used for the prevention of flea infestations in 
dogs and cats. Since chitin is a component of fungal cell walls, several studies have investigated 
whether lufenuron has useful antifungal activity. The first retrospective study was conducted in 
Israel and suggested that lufenuron treatment was strongly associated with recovery in many dogs 
and cats infected by diverse fungal infections, including dermatophytosis and Malassezia dermati-
tis [41]. However, the results of other investigations were contradictory, and increasing scepticism 
about efficacy of lufenuron rapidly occurred [42]. To date, the use of lufenuron is not recom-
mended for the treatment of superficial mycoses in dogs and cats [40]
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Table 2.4 Topical antifungal drugs for the treatment of dermatomycoses in dogs and cats

Antifungal drugs

Indications, dosage 
and frequency of 
administration Comments on use Adverse effects

Shampoos
Miconazole + 
chlorhexidine

For the treatment of 
dermatophytosis or 
Malassezia 
dermatitis

Lathering or rubbing 
process may macerate 
fragile hairs and increase 
the release and dispersal 
of spores

No adverse effect has 
been documented

2% miconazole and 
2% chlorhexidine 
twice weekly

Rinses
Enilconazole For the treatment of 

dermatophytosis or 
Malassezia 
dermatitis

The entire body must be 
treated and the antifungal 
agent left to dry on the 
skin

Topical application of 
enilconazole is well 
tolerated (including by 
cats)

0.2% solution twice 
weekly

Careful application (using 
sponges and by patting 
rather than rubbing) is 
recommended
After application, the coat 
and skin can be dried with 
a hairdryer

Lime sulphur For the treatment of 
dermatophytosis

Lime sulphur is 
commonly used in the 
USA but is not available 
in all European countries

Lime sulphur has an 
offensive odour and 
may stain light- 
coloured hair

1:32 or 1:16 twice 
weekly

The entire body must be 
treated and the antifungal 
agent left to dry on the 
skin

Oral ulceration has 
sometimes been 
observed in cats. As a 
consequence, cats 
should be collared to 
prevent them from 
licking the solution

Careful application (using 
sponges and by patting 
rather than rubbing) is 
recommended

Creams, gels, ointments and suspensions
Several 
compounds 
available (e.g. 
miconazole)

The efficacy of these 
products has not been 
demonstrated specifically 
in dogs and cats with 
dermatophytosis or 
Malassezia dermatitis

The products may be 
messy or easily 
groomed off by the 
animals

Captan, povidone-iodine and chlorhexidine (alone and at a concentration lower than 3%) have 
been found to be ineffective against dermatophytes in both in vitro and in vivo studies [40]
Sodium hypochlorite solution has been used as topical treatment of dermatophytosis in cats. 
However, it dries and irritates the skin and bleaches the hair coat. The use of this product is not 
recommended
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epidemiology of the infection and also for preventing new contamination. Moriello 
et al. suggested the objectives of environmental disinfection which are (i) to mini-
mise the risk of dermatophyte transmission to other animals and owners and (ii) to 
minimise fomite carriage on the hair coat of animals that can complicate monitoring 
of dermatophytosis [40]. Among the different disinfectants, which have been tested 
for removing infective material from the environment, the following proved to be 
the most effective: sodium hypochlorite (household bleach) at concentrations from 
1:10 to 1:100, enilconazole as a spray and environmental fogger both at a concentra-
tion of 20 mg/mL, accelerated hydrogen peroxide and potassium peroxymonosul-
fate [43–45].

In catteries and animal shelters, dermatophytosis is very difficult to eradicate and 
creates a significant health hazard for people in contact with the animals. The cost 
of antifungal drugs and the reluctance of the breeders to admit that their colony is 
infected usually account for lack of compliance with treatment. Most recommenda-
tions for the control of dermatophytosis in catteries are based on the concept of a 
total treatment programme, which is associated with the use of reliable diagnostic 
tools, both topical and systemic treatment of all the cats and strong environmental 
decontamination procedures.

In dog and cat breeding units as well as in animal shelters, the main risk is rep-
resented by the introduction of an infected animal. Management plans usually 
include screening, monitoring and treatment procedures. At the point of entry, ani-
mals should be carefully examined, vaccinated against major infectious disease and 
treated for ectoparasites and intestinal worms. The animals should also be screened 
for dermatophytosis via Wood’s lamp examination and fungal culture. Animals 
should then be transferred to a quarantine ward until the results of the tests are 
known. The provision of a separate area for the treatment of animals with dermato-
phytosis is preferable. Treatment decisions should be made according to the results 
of fungal culture. Colony-forming unit count combined with clinical examination 
can help to differentiate mechanical carriers from infected animals. Mechanical car-
riers should be treated with a single topical application of an antifungal drug before 
introduction within the colony. Infected animals are kept in quarantine and treated 
using a combination of systemic and topical antifungal drugs. These animals should 
not be reintroduced to the colony before two consecutive negative fungal cultures 
have been obtained.

2.6.2  Treatment of Malassezia Dermatitis

Topical treatments licensed for canine Malassezia otitis externa in veterinary medi-
cine generally contain either azole antifungal drugs (principally miconazole or 
posaconazole) or nystatin [2, 23]. These are normally combined with antibiotics and 
a glucocorticoid, reflecting the need to control concurrent bacterial infection and 
reduce inflammation and proliferative pathological changes (e.g. stenosis) of the ear 
canal. Combined antibacterial and antifungal drug administration may also prevent 
the switch from bacterial to yeast infection, or vice versa, that may be encountered 
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when antibacterial or antifungal monotherapy is used in dogs with otitis externa or 
otitis media. Concurrent use of ear cleaners is recommended when cerumen is 
excessive. Animals with Malassezia otitis should receive a complete dermatologic 
evaluation, because failure to identify and correct predisposing, primary and other 
perpetuating factors may result in persistent or recurrent disease.

Because Malassezia yeasts are located within the stratum corneum, topical ther-
apy alone may be sufficient to resolve the clinical signs of infection, provided the 
owner and pet are compliant. An evidence-based review about the treatment of 
Malassezia dermatitis in dogs concluded that there was clear evidence for the effec-
tiveness of the twice-weekly use of a 2% miconazole/2% chlorhexidine shampoo 
[46]. The use of oral ketoconazole (10  mg/kg once daily) and oral itraconazole 
(5 mg/kg once daily) for 3 weeks was also evident. Itraconazole might be preferred 
to ketoconazole because it is better tolerated. As in dermatophytosis, the keratino-
philic and lipophilic properties of this drug enable intermittent administration, with 
the advantage of reducing costs and the risk for adverse effects and potentially 
improving compliance. Severe claw fold infections may require longer treatment or 
higher doses, and cases of otitis externa may not respond adequately. Concerning 
otitis externa, identification and correction of primary causes and predisposing fac-
tors are essential for successful management, although many dogs with Malassezia 
dermatitis require regular maintenance therapy to prevent relapse. Clinical and cyto-
logic assessments should be repeated to determine the efficacy of antifungal therapy 
and to establish the evidence of concurrent diseases. Relapsing infection is common 
when primary causes and predisposing factors are not identified and corrected.

2.7  Prevention

Contact with infected animals or contaminated environments represents the major 
risk of dermatophyte infection; therefore, it should be prevented. This prophylactic 
strategy is very simple but not always possible because infected animals do not 
necessarily show obvious clinical signs. Asymptomatic carriers are frequently 
observed in feline populations.

To protect animals, the use of antifungal drugs has been proposed as a preventive 
measure. Oral antifungal drugs are not proved to be effective, whereas topical treat-
ments are more expensive. Rinses or shampoos containing enilconazole or micon-
azole are licensed for dogs and cats in most European countries. The general 
recommendation is to apply an antifungal shampoo or rinse to the entire body of any 
dog or cat, which has been in contact with an infected animal or a contaminated 
area. Under optimum conditions, infective fungal spores germinate within 6 hours 
on the skin of pet carnivores, so the preventive application of antifungal drug should 
be performed in the day following the presumptive contamination.

Efforts to develop vaccines to prevent dermatophytosis in dogs and cats still 
continue. There are only a few products, which are currently commercialised in 
some Central or Eastern European countries. These are live vaccines that may con-
tain different dermatophyte species (e.g. Microsporum canis and Trichophyton 
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mentagrophytes). Investigations proving that these vaccines are protective against 
challenge exposure are still lacking. As a consequence, use of these vaccines should 
not be recommended for prevention of dermatophytosis in dogs and cats [41].
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Abstract
Pathogenic Chrysosporium-related fungi (PCRF) have manifested themselves in 
recent decades as the serious causative agents of mycoses in captive and free- 
living reptiles. The anamorphic (asexual) genus Chrysosporium Corda comprises 
a number of species including Chrysosporium anamorph of Nannizziopsis vriesii 
(CANV), which is considered as a main fungal pathogen in reptiles in many 
countries of the world. Due to increased popularity of exotic reptiles as pets, 
these infections have become widespread around the world in recent decades. 
Taxonomy and nomenclature of Chrysosporium-related fungi have been revised 
radically. The present chapter puts together the recent advances in classification, 
physiology, etiological significance, epidemiology, and occurrence of PCRF- 
induced mycoses in different species of reptiles. Mycoses in mammals including 
humans associated with PCRF are also colligated together with our published 
and unpublished experiences in clinical and laboratory diagnosis, antifungal sus-
ceptibility, therapy, and prevention of reptile mycoses caused by Chrysosporium- 
related fungi. The data demonstrate that PCRF-associated mycoses are important 
aspects of veterinary mycology and herpetology  and thus should be explored 
further.

Keywords
Chrysosporium · Nannizziopsis spp. · Pathogenic fungi · Mycosis · 
Dermatomycosis · Reptile
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3.1  The Current Significance of the Fungal Infections 
in Reptiles

Exotic reptiles took up a niche of popular companion animals in recent decades. 
However, inadequate maintenance conditions predispose animals to various infec-
tious diseases including mycoses. Due to their biological features (exothermy, etc.), 
reptiles are considered to be naturally predisposed for fungal infections [1].

However, the importance of fungal infections in reptiles is still underestimated in 
many cases. Fungi tend to occupy the lowest position in the differential diagnosis 
list of veterinary clinicians. The primary reason for this is that fungi are generally 
considered to be opportunistic pathogens in reptiles, rather than obligate pathogens 
such as viruses, parasites, and bacteria [2]. The anamorphic (asexual) genus 
Chrysosporium Corda includes mostly keratinophilic species that live on the 
remains of hair and feathers in soil. Except reptiles, fungi are rarely reported as 
animal pathogens. Pathogenic Chrysosporium-related fungi (PCRF) are able to 
cause superficial and deep mycoses that affect both captive and wild reptiles [3].

In cold-blooded animals including reptiles, fungal infections can be caused by a 
variety of fungal species. But in last 15 years, PCRF gained etiological importance, 
and now they are evaluated as emerging pathogens in reptiles [4]. In many publica-
tions, the most important Chrysosporium-related pathogen is designated as 
Chrysosporium anamorph of Nannizziopsis vriesii (abbreviated as CANV in many 
reports). However, there is some inconsistency in the traditional and modern nomen-
clature of Chrysosporium-related fungal pathogens.

Nannizziopsis spp. was isolated for the first time in the 1990s from sick captive 
day geckos imported from Madagascar to Germany and from chameleons in Canada 
[5, 6]. Outbreaks of CANV in Australia occurred on two separate occasions in 1994 
and 1997 in crocodiles sourced from the same crocodile farm [7]. The disease was 
known as “yellow fungus” because of the characteristic color of skin lesions of 
affected animals. The most demonstrative yellow fungus manifestations can be seen 
in bearded dragons (Pogona spp.)

The reptile trade, which occurs on a worldwide scale, has obscured the prove-
nance of CANV isolates recovered from sick captive reptiles [8]. Abarca et  al. 
described the first isolation of CANV in Spain from green iguana in the year 2008 
and in bearded dragon (Pogona vitticeps) in 2009 [9, 10]. In 2010, Hellebuyck et al. 
diagnosed CANV in girdled lizard (Cordylus giganteus) in Belgium [11], whereas 
in Australia, it was detected in Pogona barbata by Johnson et al. (2011) [12]. In 
Russia, CANV was mycologically detected for the first time in green iguana [13]. 
In subsequent years, a trend has been observed toward the spread of CANV among 
captive reptiles. Three cases of CANV in pet reptiles were detected in the year 2008 
[14], and up to 2014, CANV became the dominant pathogen of reptilian fungal 
infections in Russia with a share of 37% [15]. Till date, CANV has been isolated 
from captive reptiles of Asia, Australia, Europe, and North America [2].
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3.2  Chrysosporium-Related Fungal Species and Their 
Nomenclature and Host Specificity

The genus Chrysosporium is polyphyletic, having affiliation with at least two orders 
of the Ascomycota. About 65 Chrysosporium species are currently accepted, and 
their sexual morphs (teleomorphs) are found in a variety of genera such as 
Aphanoascus, Arthroderma, or Nannizziopsis [16].

As mentioned earlier, the main Chrysosporium-related pathogen in reptiles is iden-
tified in most reports as Chrysosporium anamorph of Nannizziopsis vriesii (CANV). 
The species Nannizziopsis vriesii (Apinis) Currah (Ascomycota, Onygenales, 
Onygenaceae) has white ascomata, asperulate peridial hyphae constricted at septa, 
hyaline and globose ascospores, and a Chrysosporium asexual morph.

In routine laboratory practice, the identification of Chrysosporium-like fungal iso-
lates is performed on the basis of morphological features. However, several years ago 
from preliminary molecular phylogenetic analysis, it was suggested that the 
Chrysosporium anamorph of N. vriesii actually represented a species complex rather 
than a single species, containing members that could be allied to specific hosts [17]. 
Recently, Sigler et al. [8] and Stchigel et al. [18] published independently the latest 
taxonomic revisions of Chrysosporium-related fungi together with the relationships 
between specific fungal species with their hosts [8, 18]. According to Sigler et  al. 
(2013), one lineage of Chrysosporium-related fungi represents the genus Nannizziopsis 
and comprises N. vriesii, N. guarroi, and six newly described species N. dermatitidis, 
N. crocodili, N. barbata, N. infrequens, N. hominis, and N. obscura isolated from cha-
meleons and geckos, crocodiles, agamid and iguanid lizards, and humans.

N. guarroi and N. dermatitidis were found to be major pathogens of lizards. N. 
guarroi was described originally from captive green iguanas in Spain. They possibly 
acquire the fungus from pet trade. Interestingly, this case is the first case of N. guarroi 
in green iguanas coincided temporally with the first documented European cases of 
yellow fungus disease in bearded dragons [10, 19]. Till then, it has been isolated repeat-
edly from pet inland bearded dragons with yellow fungus disease in North America.

Human-related species of Nannizziopsis are N. infrequens, N. hominis, and N. 
obscura. Other two lineages comprise the genus Ophidiomyces, with the species O. 
ophiodiicola (occurring only in snakes), and Paranannizziopsis gen. nov., with three 
new species P. australasiensis, P. californiensis, and P. crustacea infecting squa-
mates and tuataras [8].

Moreover, based on ribosomal ITS region, actin and β-tubulin gene sequence four 
new species of Nannizziopsis, viz., N. chlamydospora, N. draconii, N. arthrosporioi-
des, and N. pluriseptata were described by Stchigel et al. (2013) [18], which differ 
from those described by Sigler et al. (2013) [18]. They also described Chrysosporium 
longisporum, which was renamed Paranannizziopsis by Sigler et al. (2013). However, 
Stchigel and coauthors were unable to define clear-cut host specificity in newly 
described Chrysosporium-related fungi. Thus, the modern nomenclature of 
Chrysosporium-related fungi is not completely established and requires further study.

Table 3.1 summarizes the current data on the nomenclature and host specificity 
of 15 Chrysosporium-related fungi pathogenic for reptiles, as well as their specific 
morphological features.
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Table 3.1 Current nomenclature of Chrysosporium-related fungi pathogenic for reptiles

Fungus species
Reptile species 
(source of isolation) Morphological features

Genus Nannizziopsis Currah (1985)
N. 
arthrosporioides
[18]

Water dragon 
(Physignathus sp.)

Colonies on peptone yeast extract (PYE) at 30 °C 
attaining a diameter of 34.0–37.0 mm after 
14 days, yellowish white, zonate, felted, slightly 
cottony at center, with lobate margins; reverse 
yellowish white. Hyphae hyaline, septate, smooth 
walled, 1.0–4.0 μm wide, straight or twisted. 
Conidia 1(−2) celled, mostly sessile, also 
produced short protrusions or terminal, hyaline, 
thin and smooth walled, subglobose, pyriform, 
obovate, or claviform to cylindrical, 2.5–
7.0 × 1.5–3.0 μm; intercalary conidia present, 
similar to the arthroconidia in shape and size; 
arthroconidia arranged in short terminal and 
intercalary chains, doliiform to cylindrical or 
irregularly shaped, 5.0–15.0 × 1.5–4.0 μm. 
Chlamydospores absent. Sexual morph not 
observed. Fetid (skunk- like) odor present on all 
the culture media tested

N. barbata
[18]

Coastal bearded 
dragon (Pogona 
barbata)

Colonies on potato dextrose agar (PDA) were 
5.5–6.0 cm in diameter, powdery, flat to slightly 
raised and cottony at the center, but otherwise 
zonate after 21 days. There was no growth at 
35 °C. Aleurioconidia pyriform to clavate, 
measured 3.0–6.5 μm long and 1.8–2.5 μm wide, 
and sessile or borne on slightly swollen cells. 
Fission arthroconidia measuring 4.4–8.5 μm long 
and 1.7–3.5 μm wide, as well as undulate hyphae, 
are commonly produced. Moist colonies on PDA 
demonstrated budding

N. chlamydospora
[18]

Inland bearded 
dragon (Pogona 
vitticeps)

Colonies on peptone yeast extract (PYE) at 30 °C 
attaining a diameter of 41.0–48.0 mm after 
14 days, yellowish white elevated at the center 
and radially folded, compact, with an irregular 
margin; reverse yellowish white. Hyphae hyaline, 
septate, smooth walled, straight or twisted, 
1–3(−4) μm wide. Conidia unicellular, sessile, on 
short protrusions or on side branches, less 
frequently terminal, hyaline, thin and smooth 
walled, pyriform, claviform, or cylindrical, 
3.0–9.0 × 1.5–2.0 μm; intercalary conidia, 
cylindrical to doliiform, 6.0–10.0 × 1.5–2.0 μm; 
arthroconidia catenate, cylindrical to doliiform, 
4.0–10.0 × 2.0–4.0 μm. Chlamydospores 
globose, broadly ellipsoidal or irregular, smooth 
and thick walled, 5–15(−20) μm in diameter. 
Sexual morph not observed. Fetid (skunk-like) 
odor produced on all the culture media tested

(continued)
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Table 3.1 (continued)

Fungus species
Reptile species 
(source of isolation) Morphological features

N. crocodili
[8]

Saltwater crocodile 
(Crocodylus porosus)

Colonies on PDA were 4.0–5.5 cm in diameter, 
velvety to powdery, slightly to strongly zonate, 
and sometimes with exudate droplets after 
21 days. Growth was slow at 35 °C (1.0–2.7 cm 
in diameter after 21 days). Aleurioconidia 
subglobose, measuring 1.5–2.5 μm long and 
1.3–2.4 μm wide, and sessile or borne on swollen 
cells either on the vegetative mycelium or within 
ascomata-like structures (pseudogymnothecia). 
Arthroconidia measuring 3.7–7.5 μm long and 
2.0–3.0 μm wide are produced at low frequency 
and often show germination. Undulate hyphae 
are formed

N. dermatitidis
[8]

Chameleons, geckos Colonies on PDA attained 3.8–4.7 cm in 
diameter after 21 days and were strongly zonate 
and powdery with a thin margin. Most isolates 
failed to grow at 35 °C. Aleurioconidia were 
clavate to pyriform and measured 2.8–7.5 μm 
long if single celled, up to 9.0 μm long if two 
celled, and 1.2–3.0 μm wide. Undulate branches 
and cylindrical to slightly barrel-shaped fission 
arthroconidia were formed with arthroconidia 
measuring 2.8–9.0 μm long and 1.5–3.0 μm 
wide. Transitory yeast-like colonies grown on 
PDA at 30 °C were composed of ovoid to 
cylindrical yeast-like cells and arthroconidia

N. draconii
[18]

Inland bearded 
dragon

Colonies on PYE at 30 °C attaining a diameter of 
32.0–38.0 mm after 14 days, yellowish white, 
felted, slightly elevated at center, with regular 
margin; reverse yellowish white to pale yellow at 
center. Hyphae hyaline, septate, smooth walled, 
1–3(−5) μm wide. Conidia unicellular, mostly 
sessile, also produced on short protrusions or on 
side branches, or terminal, hyaline, thin and 
smooth walled, claviform or cylindrical, 
4.0–7.0 × 1.5–2.0(−2.5) μm; intercalary conidia 
scarce, cylindrical, 4.0–9.0 × 1.5–2.0 μm; 
arthroconidia catenate, mostly cylindrical or 
doliiform, scarcely produced, 5.0–9.0 × 1.5–
2.5 μm. Chlamydospores absent. Sexual morph 
not observed. Fetid (skunk-like) odor produced 
on all the culture media tested

(continued)
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Table 3.1 (continued)

Fungus species
Reptile species 
(source of isolation) Morphological features

N. guarroi
[8]

Green iguana (Iguana 
iguana), inland 
bearded dragon, 
lizard (Agama 
agama)

Colonies on PDA 2.7–4.7 cm in diameter, 
powdery, sometimes sectoring to cottony, often 
strongly zonate, sometimes with exudate 
droplets. Growth at 35 °C was similar, with 
colonies attaining 2.3–4.0 cm in diameter. 
Aleurioconidia clavate to pyriform and measured 
3.2–6.5 μm long and 1.5–2.5 μm wide. Undulate 
hyphae were common. Arthroconidia in chains 
measured 2.8–7.0 μm long and 2.0–3.7 μm wide 
and sometimes showed budding in young 
cultures. N. guarroi is distinguished from other 
reptile-associated Nannizziopsis species by its 
slightly lower growth rate at 30 °C and good 
growth at 35 °C. This species is considered the 
etiologic agent of yellow fungus disease in inland 
bearded dragons, a contagious and progressive 
necrogranulomatous dermatomycosis first 
observed about 15 years ago

N. pluriseptata
[18]

Skink lizard 
(Eumeces 
inexpectatus)

Colonies on PYE at 30 °C attaining a diameter of 
38.0–40.0 mm after 14 days, white to orange 
white, zonate, felted, slightly cottony at the 
center, with regular margins; reverse orange 
white. Hyphae hyaline, septate, smooth walled, 
1.0–5.0 μm wide, straight. Conidia 1(−5) celled, 
mostly sessile, also produced on short protrusions 
or on side branches, or terminal, hyaline, thin and 
smooth walled, pyriform, obovate, claviform to 
cylindrical, 2.5–8.0(−15.0) × 1.5–2.5 μm; 
intercalary conidia occasionally present, 
cylindrical to doliiform or irregularly shaped, 
2.5–5.0 × 2.0–2.5 μm; arthroconidia, disposed in 
lateral or terminal short chains, cylindrical to 
doliiform, 4.0–7.0 × 2.5–3.5 μm, usually bearing 
sessile conidia. Chlamydospores and sexual 
morph absent. Fetid (skunk-like) odor present on 
all culture media tested

N. vriesii Currah 
(1985) [8]

Lizard (Ameiva sp.) Nannizziopsis vriesii is distinguished from all the 
other Nannizziopsis species described here by the 
production of ascomata (gymnothecia) produced 
on oatmeal salts agar (OAT) at 30 °C. Colonies on 
PDA were 4.5–5.5 cm in diameter after 21 days, 
velvety to slightly cottony, and furrowed. Growth 
was inhibited at 35 °C, with colonies attaining 
2.5 cm in diameter. Aleurioconidia 2.5–6.0 μm 
long (in rare cases up to 8 μm long) and 
1.5–2.7 μm wide. Isolates produced undulate 
hyphae and cylindrical fission arthroconidia 
measuring 2.7–7.3 μm long and 1.7–2.7 μm wide 
and sometimes showing yeast-like budding

(continued)
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Table 3.1 (continued)

Fungus species
Reptile species 
(source of isolation) Morphological features

Genus 
Paranannizziopsis 
[8]

Colonies were pale and moderately fast growing. 
Vegetative hyphae were narrow, branched, and 
septate, sometimes with racquet mycelia. Conidia 
(aleurioconidia) sessile or produced on slightly 
swollen cells or on short stalks and released by 
rhexolytic dehiscence. They are hyaline, smooth, 
pyriform, and clavate to obovate. Arthroconidia 
absent, intercalary, or produced in adjacent 
chains. Undulate lateral branches were produced. 
No teleomorph was produced. Paranannizziopsis 
species are distinguished from Nannizziopsis and 
Ophidiomyces species by the uncommon 
occurrence or absence of fission arthroconidia

P. australiensis
[8]

Northern tuatara 
(Sphenodon 
punctatus punctatus), 
coastal bearded 
dragon, aquatic file 
snake (Acrochordus 
sp.)

Colonies on PDA attained 4.5–5.0 cm in 
diameter and were powdery or sometimes 
cottony, flat, or faintly zonate. There was no 
growth at 35 °C. Aleurioconidia sessile or 
subtended by slightly swollen cells from which 
one or two conidia were produced. Pyriform to 
clavate conidia of 3.5–8.0 μm long and 1.5–
2.7 μm wide. Occasional intercalary 
arthroconidia and undulate hyphae were 
produced. Ascomatal initials occurred in cottony 
sectors and appeared as inflated cells with 
secondary proliferations

P. californiensis
[8]

Tentacled snake 
(Erpeton 
tentaculatum)

Colonies on PDA attained 4.5–5.2 cm in 
diameter and were powdery and flat to slightly 
zonate. Growth at 35 °C was strongly inhibited. 
Aleurioconidia were clavate to pyriform or 
obovate, measured 4.0–8.5 μm long and 
1.8–2.6 μm wide, and were sessile or borne on a 
slightly swollen cell. Undulate hyphae were 
uncommon, and arthroconidia were not observed. 
Ascomatal initials occurred in cottony sectors 
and were associated with large irregularly shaped 
cells. The latter measured 10.0–36.0 μm long and 
3.5–9.5 μm wide

P. crustacea
[8]

Tentacled snake Colonies on PDA attained 5.8–6.5 cm in 
diameter and were powdery, flat, and 
occasionally with dense downy overgrowth. 
There was no growth at 35 °C. Aleurioconidia 
were clavate to pyriform or obovate, sessile or 
formed on short stalks, and measured 4.0–7.5 μm 
long and 2.0–3.5 μm wide. Undulate hyphae, 
fission arthroconidia, and occasional intercalary 
arthroconidia were produced. Arthroconidia 
measured 3.8–9.2 μm long and 1.9–2.7 μm wide

(continued)
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Table 3.1 (continued)

Fungus species
Reptile species 
(source of isolation) Morphological features

P. longispora
[8]

Tentacled snake The sequence of C. longisporum groups closest 
to P. crustacea but differs at 9 positions in the 
ITS region. This level of sequence difference, 
combined with morphological differences, 
including the absence of growth at 30 °C, 
absence of fission arthroconidia in chains, and 
longer conidia (3.0–13.0 μm long), provides 
support for the retention of both species

Genus 
Ophidiomyces
[8]

Colonies were yellowish white and moderately 
fast growing. Vegetative hyphae were narrow, 
branched, and septate, occasionally with racquet 
mycelia. Conidia sessile or borne on short stalks 
and released by rhexolytic dehiscence 
(aleurioconidia). Aleurioconidia hyaline, smooth, 
and cylindrical to clavate. Arthroconidia were 
formed in chains by schizolytic fragmentation of 
hyphae or were sometimes intercalary. Short, 
undulate, and sparsely septate lateral branches 
were common. No teleomorph is known

O. ophiodiicola
[8]

Captive and wild 
snakes (black rat 
snake, brown tree 
snakes, garter snake, 
green anacondas, 
broad-headed snake, 
carpet snakes, Boa 
constrictor, Nerodia 
species, timber 
rattlesnakes, eastern 
massasauga 
rattlesnakes)

Colonies on PDA were 4–6 cm in diameter and 
were velvety to powdery, dense, flat, frequently 
zonate, and sometimes with cottony sectors. 
Clear exudate droplets were often present. Most 
isolates failed to grow at 35 °C. Aleurioconidia 
were sessile or borne at the ends of short stalks, 
cylindrical to clavate, and 2.5–7.5 μm long and 
1.5–2.5 μm wide. Arthroconidia were 3.0–
12.5 μm long (in rare cases up to 15.0 μm long) 
by 1.5–3.5 μm wide. In young cultures on PDA, 
arthroconidia sometimes showed budding or 
germination. Undulate hyphae were commonly 
produced. Some isolates produced ascomatal 
initials in cottony sectors. Most isolates produced 
a strong to weak mercaptan-like odor

Genus Chrysosporium Corda (1833)
C. longisporum
[18]

Tentacled snake Colonies on PYE at 25 °C attaining a diameter of 
40.0–46.0 mm after 14 days, white to pale orange 
(M. 6A3), zonate, felted, slightly cottony at 
center, with regular margins; reverse pale orange 
(M. 5A2). Hyphae hyaline, septate, smooth 
walled, 1.0–5.0 μm wide, straight. Conidia 1(−2) 
celled, mostly sessile, or produced on short 
protrusions or on side branches or terminal, 
hyaline thin and smooth walled, pyriform, 
obovate, claviform to cylindrical, 3.0–13.0 × 2.0–
3.5 μm; intercalary conidia present, cylindrical to 
doliiform, 3.0–6.0 × 2.0–3.0 μm, usually bearing 
sessile conidia; arthroconidia in chains absent. 
Chlamydospores and sexual morph absent. Fetid 
(skunk-like) odor present on all the culture media 
tested
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3.3  Physiological and Morphological Features 
of Pathogenic Chrysosporium-Related Fungi

The morphological differences between genera and species of Chrysosporium- 
related fungi are not so clear as to differentiate these species without DNA sequenc-
ing. All isolates are moderately fast growing on PDA (potato dextrose agar) at 30 °C 
and have yellowish white, velvety to powdery, dense, and sometimes zonate colonies 
with uncolored to yellowish reverse [8]. Similar colonial morphology can be observed 
on SDA (Sabouraud’s dextrose agar) (Fig.  3.1). In some cases, the heterogenous 
colonial morphology can be seen (Fig. 3.2). It is noteworthy that PCRF сan actively 
grow on media enriched with the sheep blood (Fig. 3.3). In a number of isolates of N. 
guarroi, we observed the presence of incomplete (partial) hemolysis (Fig. 3.4). This 
indicates that some of PCRF fungi are able to synthesize the hemolysins.

All isolates of PCRF produce aleurioconidia which are solitary conidia released 
by lytic dehiscence. The aleurioconidia are commonly sessile, sometimes subtended 
by slightly swollen cells, or formed at the ends of short stalks. They are clavate or 
pyriform with truncate bases, occasionally subglobose or obovate, mostly single 
celled, and occasionally two celled (Fig. 3.5). Nannizziopsis and Ophidiomyces spe-
cies commonly have chains of adjacent cylindrical arthroconidia that are produced 
by schizolytic fragmentation of the hyphae. Arthroconidia sometimes demonstrate 
budding and are found especially in the moist yeast-like colonies. In tissues, arthro-
conidia occur in the stratum corneum or deeper in the epidermis or in characteristic 
aggregates or tufts at the surface of lesions (Fig. 3.6). Aleurioconidia also can be 
seen in affected tissues. According to Sigler et al. (2013), the notable characteristic, 
occurring in members of all three genera (Nannizziopsis, Paranannizziopsis, and 
Ophidiomyces) but not in Chrysosporium species or dermatophytes, was the forma-
tion of short, solitary, undulate, lateral branches that were occasionally sparsely 
septate [8]. They may play a role in pathogenicity, at least in reptiles, by possibly 

Fig. 3.1 Colonies of 
Nannizziopsis guarroi on 
SDA
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Fig. 3.2 Heterogenous 
colonial morphology of N. 
guarroi

Fig. 3.3 Colonies of N. 
guarroi on agar with sheep 
blood

Fig. 3.4 Partial hemolysis 
caused by N. guarroi on 
agar with sheep blood
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aiding in attachment. PCRF isolates failed to produce ascospores with the exception 
of N. vriesii isolates,  that were incubated on culture media for several months. 
Cultures often have a specific unpleasant odor which is compared with the smell of 
a skunk or the smell of a mercaptan.

The keratinolytic activity of PCRF is attributed to the keratinase which relates 
them with dermatophytic fungi. Keratinases are the most important virulence fac-
tors of dermatotropic fungi (Microsporum spp., Trichophyton spp.), ensuring the 
penetration of pathogen into the stratum corneum. These enzymes stipulate the 
positive results in in vitro hair perforation test for both dermatophytes and PCRF. The 
presence of keratinolytic activity indirectly confirms that PCRF are primary patho-
gens not opportunists. The temperature optimum for PCRF growth is 28–30°С. The 

Fig. 3.5 Sessile 
aleurioconidia and hyphae 
of N. guarroi (400×)

Fig. 3.6 Arthroconidia of 
N. guarroi in affected 
reptile skin. (Diff-Quik- 
stained cytological smear, 
1000×)
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temperature of 37 °C is unfavorable, and the growth of fungal cultures was found to 
be restricted. Thus, these fungi, unlike dermatophytes, are not thermotolerant and 
affect warm-blooded animals rarely except Nannizziopsis guarroi, which shows 
optimal growth at 35 °C [20].

This feature can be used to treat reptilian mycosis, and exposure of high tempera-
ture (37–39 °C) may be helpful for the treatment; however, it should be tolerable to 
the patient. The PCRF fungi are naturally resistant to cycloheximides, which are 
protein biosynthesis inhibitors in eukaryotes. Due to this feature, culture media with 
cycloheximide can be successfully used for the selective isolation of these fungi in 
the laboratory (Fig. 3.7).

In our practice, for PCRF isolation, we use media with selective supplement for 
dermatophytes containing cycloheximide and an antibiotic. PCRF fungi can also be 
isolated on DTM (dermatophyte test medium). Unlike dermatophytes, these fungi 
do not cause the alkalinization and redness of the medium (Fig. 3.8).

Fig. 3.7 Colonies of N. 
guarroi isolated from 
clinical samples on SDA 
supplemented with 
chloramphenicol and 
cycloheximide

Fig. 3.8 Colonies of N. 
guarroi do not turn DTM 
medium red
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3.4  Clinical Manifestations of PCRF-Associated Mycoses 
in a Range of Reptile Species

PCRF mycoses are diagnosed in various representatives of the class Reptilia, includ-
ing order Squamata which comprise lizards (Lacertilia), chameleons (Chameleontes), 
snakes (Ophidia), and order Crocodilia. In tortoises (Chelonia), there are no cases 
of PCRF mycoses reported in literature. But in the author’s practice, rare cases of 
these infections have been found. Reptile species susceptible to PCRF mycoses are 
listed in Table 3.2.

Reptiles infected with PCRF can present with a range of clinical signs, from focal 
skin lesions to systemic disease. The most common clinical signs are associated with 
the integument. Crust formation, color change, and necrosis are commonly seen. 
Like any other cutaneous fungal lesions, PCRF infections tend to start as focal lesions 
that spread from a central point. Because of the invasive nature of this fungus, it is 
common to observe pyogranulomatous disease as it invades through the epidermis 
and dermis. Once the fungus invades through the integument, it can spread locally or 
systemically. However, the fungus is reported to be locally invasive [2].

Table 3.2 Species of reptiles found to be infected with pathogenic Chrysosporium-related fungi 
[2]

Common name Scientific name References
Lizards
Ameiva Ameiva chaitzarni [21]
Day geckos Phelsuma spp. [22]
Green iguanas Iguana iguana [9]
Central inland bearded dragon Pogona vitticeps [23]
Coastal bearded dragon Pogona barbata [12]
Panther chameleon Furcifer pardalis [6]
Jackson’s chameleon Chamaeleo jacksoni [6]
Jeweled chameleon Chamaeleo lateralis [6]
Parson’s chameleon Chamaeleo parsonii [6]
Veiled chameleon Chamaeleo calyptratus [24]
Girdled lizard Cordylus giganteus [11]
Leopard geckos Eublepharis macularius [28]
Snakes
Boa constrictor Boa constrictor [29]
Ball pythons Python regius [22]
Garter snakes Thamnophis spp. [22]
Brown tree snake Boiga irregularis [26]
Milk snake Lampropeltis triangulum [22]
Corn snake Pantherophis guttatus [22]
Tentacle snakes Erpeton tentaculatum [27]
Eastern massasauga rattlesnakes Sistrurus catenatus catenatus [3]
File snakes Acrochordus spp. [30]
Crocodilians
Saltwater crocodiles Crocodylus porosus [7]
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The clinical manifestations of PCRF-associated mycoses are supposed to vary 
among different species of reptiles. Thus, bearded dragons affected with PCRF 
(CANV) typically present with dermatitis characterized by crusts, ulcers, and pyo-
granulomatous disease [12, 23]. Originally described as yellow fungus disease, the 
crusts found on bearded dragons tend to have a yellow coloration. Lesions in bearded 
dragons are often multifocal and may include the head, oral cavity, limbs, ventrum, 
or dorsum. Infection tends to be aggressive and disseminate into the subcutaneous 
tissues which is usually followed by necrosis, sloughing, and ulceration involving 
muscle and bone. The infection can disseminate with a fatal outcome [19, 23, 30].

Chameleons are the other group of lizards that seem to be highly susceptible to 
PCRF (CANV) infections. Additionally, these infections are unlikely to be limited 
to a group from a single native origin. Affected chameleons often present with focal 
to multifocal necrotic (black) areas of skin surrounded by crusts. The lesions may 
be found on the body, limbs, and tail [6]. Other species of lizards that have been 
reported to develop PCRF (CANV) infections in captivity include day geckos 
(Phelsuma spp.) [22], a wild-caught girdled lizard (Cordylus giganteus) [11], green 
iguanas (Iguana iguana) [9, 14], and an ameiva (Ameiva chaitzarni) [21]. The 
lesions in these animals were similar to those described for bearded dragons and 
chameleons and included crusting and ulcerative dermatitis lesions on the head and 
body. An outbreak of CANV mycosis in colony of leopard geckos (Eublepharis 
macularius) was reported by Toplon et  al. (2013) [28]. Histopathology of the 
affected animal revealed multifocal to coalescing dermal and subcutaneous hetero-
philic granulomas that contained septate fungal hyphae. The multifocal epidermal 
hyperplasia with hyperkeratosis was also observed. Moreover, hyphae of causative 
fungus, occasionally with terminal chains of arthroconidia found within the stratum 
corneum, were consistent with the CANV. In one case, focal extension of granulo-
matous inflammation into the underlying masseter muscle was also seen, and 
Chrysosporium anamorph of Nannizziopsis vriesii (CANV) was identified by 
sequencing of the internal transcribed spacer region of the rRNA gene.

According to our observations, sloughing yellowish scales and decolorized skin 
foci are often observed in green iguanas affected by PCRF (Figs. 3.9 and 3.10). In 
chameleon (Chamaeleo calyptratus), the mycosis was characterized by necrosis 
and parakeratosis of the epidermis, edema and infiltration of subepidermal tissues, 
and the formation of granulomas and severe scabby crusts (Figs. 3.11 and 3.12), 
whereas in monitor lizard (Varanus exanthematicus), a severe peripheral edema 
with muscle infiltration was manifested along with depigmentation and desquama-
tion of the epidermis (Fig. 3.13). In above mentioned cases, CANV was culturally 
diagnosed as etiologic agent. The authors noticed that superficial infections in rep-
tiles are clinically different from bacterial dermatoses and characterized by pro-
nounced hyper- and parakeratose reactions accompanied by huge scabby crusts 
with hydrophobic properties resembling the structure of the squama (Fig. 3.14). The 
thickness of the crust correlates with the aggressiveness of the infection (Fig. 3.15).

In our opinion, the signs of muscle infiltration are unique for PCRF infection. 
The fungus is especially actively disseminating before molting, during the accumu-
lation of lymph in the zona intermedia, where there is a demarcation of new and old 
epidermal skin generation. Therefore, the use of multivitamin preparations and 

R. S. Ovchinnikov and D. B. Vasyliev



61

retinol for stimulation of molting in the case of fungal infections is not recom-
mended. In other cases, molting usually leads to a reduction of lesions (in case of 
the concomitant etiotropic therapy).

According to the published data, bearded dragons and chameleons tend to be the 
most common case presentations of PCRF mycoses in reptiles. Based on the data 
obtained from Moscow Zoo, the predisposed species are green iguana (Iguana 

Fig. 3.9 Yellowish skin 
scales in green iguana 
infected by PCRF

Fig. 3.10 Decolorization 
of the skin infected by 
PCRF in green iguana
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iguana) and bearded dragons (Pogona vitticeps). Chrysosporium-related fungal ele-
ments were cytologically detected in the following:

Blue-tongued skink (Tiliqua scincoides) – periorbital infection together with finger 
infection.

Figs. 3.11 and 3.12 PCRF-associated mycosis in chameleon (Chamaeleo calyptratus). 
Formation of granulomas and severe scabby crusts, parakeratosis, edema, and subepidermal 
infiltration

Fig. 3.13 PCRF- 
associated mycosis in 
monitor lizard (Varanus 
exanthematicus). 
Depigmentation and 
desquamation of the 
epidermis and severe 
peripheral edema along 
with muscle infiltration
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Ocellated lizard (Lacerta lepida) – local lesions of dark color on lateral and abdomi-
nal scales (3–5 mm in size), with the formation of rugged scabs and local infiltra-
tion of subcutaneous tissue.

Armenian rock lizard (Lacerta rudis) – similar lesions as found in Lacerta lepida. 
Probably the same strain of pathogenic fungus, because animals were kept in 
closely spaced terrariums and common tools for cleaning were used.

Western fence lizard (Sceloporus occidentalis) – merging parakeratosis foci on the 
skin of the neck and sides, with the formation of scabs and local infiltration of 
muscles.

Fig. 3.14 Huge scabby 
crusts resembling the 
structure of the squama in 
green iguana affected by 
PCRF

Fig. 3.15 The thickness of the crusts correlates with the aggressiveness of the PCRF infection in 
green iguana
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Parrot-beaked tortoise (Homopus areolatus) – vesicular merging foci on the skin of 
the thighs and tail, differing in color, but without the formation of crusts. Perhaps 
due to an early stage of the infection.

Chinese softshell turtle (Pelodiscus sinensis) – local ulcerative-necrotic lesions on 
the skin of the zygomatic area of the head, covered with a strong scab of yellow 
color.

The determined cases of PCRF infections in these animal species are not 
described in the literature. Although mycological culturing of these samples was not 
carried out, characteristic arthrospores and aleurioconidia were observed in direct 
microscopical examination. It makes possible to presume a preliminary diagnosis of 
PCRF by cytological examination of skin lesions. Along with the lacertian, both 
captive and wild snakes can be affected by PCRF. At least 9 species of snakes have 
been diagnosed with CANV till 2011 (Table  3.2). Although the distribution of 
CANV lesions in snakes seems to be primarily associated with the head [3, 25, 27, 
29], in some cases, it can also be found on ventrum [26]. The active burrowing by 
the snakes may stir up the fungus from the substrate. Lesions are similar to those 
described with necrotizing dermatitis and may include erythema, plaque and crust 
formation, and the presence of vesicles. Among PCRF, the most important pathogen 
for wild snakes is Ophidiomyces ophiodiicola. The mycosis caused by O. ophiodi-
icola can be identified by skin lesions and thick blisters that can distort the face of a 
snake and even prevent it from feeding which often leads to starvation. The outcome 
of the disease varies between species, but the mortality rate is especially high in 
rattlesnakes, including the eastern massasauga rattlesnake. According to the latest 
data, about 30 snake species are infected in the United States (15 states), and 3000 
snake species of rest of the world are vulnerable for the disease. The disease has also 
been reported in captive snakes from England, Germany, and Australia [25].

In Moscow Zoo, CANV was observed in snakes common boa (Boa constrictor), 
woma python (Aspidites ramsayi), and coastal taipan (Oxyuranus scutellatus) 
(authors’ unpublished data). In Boa constrictor, lesions were expressed as deforma-
tion, depigmentation, and desquamation of squama. The absence of a scab indicated 
a subacute course of the disease (Fig. 3.16). In coastal taipan, lesions were located 
on the ventral and lateral sides of the body and were manifested in the form of local 
and confluent foci of necrosis penetrating to the intercostal muscles. Peripheral 
local edema and the formation of scabby crusts were also seen (Fig. 3.17). There is 
a single report of PCRF (CANV) infection in captive saltwater crocodiles 
(Crocodylus porosus) [7]. The lesions were associated with the skin and mortalities 
(n = 548) were recorded. Infections were recorded twice on the same farm in a span 
of 3 years. High-density production facilities, such as those used for the crocodilian 
leather industry, probably made crocodiles highly susceptible to PCRF infections. 
Moreover, a case of PCRF mycosis was also diagnosed in Caiman crocodilus in 
Moscow Zoo by the authors.

In general, there are few reports on the epidemiology and prevalence of PCRF 
infections among reptiles in the literature. Most publications represent the descrip-
tions of individual clinical cases or outbreaks. To clarify the situation, we conducted 
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an etiological study of skin lesions of reptiles kept in captivity in the Moscow region 
[15]. The mycological examination of clinical samples from 109 reptiles having skin 
lesions was performed. Seventeen reptile species were presented including green 
iguana (Iguana iguana) (35 animals), central bearded dragon (Pogona vitticeps) (9 
animals), red-eared slider (Trachemys scripta elegans) (14 animals), Chinese softs-
hell turtle (Pelodiscus sinensis) (10 animals), monitor lizard (Varanus spp.) (5 ani-
mals), frill-necked lizard (Chlamydosaurus kingii) (4 animals), spiny- tailed lizards 
(Uromastyx spp.) (4 animals), geckos (Gekko spp.) (9 animals), chameleons 
(Chameleo spp.) (8 animals), skinks (Scincidae spp.) (7 animals), python (Python 
regius) (3 animals), and caiman (Caiman crocodilus) (1 animal). Fungal infections 

Fig. 3.16 PCRF- 
associated mycosis in 
common boa (Boa 
constrictor). Deformation, 
depigmentation, and 
desquamation of squama

Fig. 3.17 PCRF-associated mycosis in coastal taipan (Oxyuranus scutellatus). Lesions on ventral 
and lateral side of the body are manifested as necrotic foci penetrating to the intercostal muscles. 
Edema and scabby crusts are also seen
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were diagnosed in 86 reptiles, which accounted for 79% of the total number of ani-
mals examined. Eighteen fungal species were isolated, among which the 
Chrysosporium anamorph of Nannizziopsis vriesii (CANV) dominated (37%). The 
most susceptible reptile species was found to be green iguana (89% of CANV cases).

Identification of fungal species in the aforementioned study was performed on 
the basis of conventional mycological techniques (morphological characteristics, 
etc.). Three most typical CANV cultures isolated from captive green iguanas were 
identified by sequencing of ITS region. In the NCBI GeneBank database, the best 
match was found with the sequence KX755439 belonging to the species 
Nannizziopsis guarroi (unpublished data 2017).

Although reptiles are the main targets of PCRF, several cases have also been 
described in warm-blooded animal species. Chrysosporium pannicola (formerly C. 
evolceanui) was isolated from the skin of a dog [31] and from a horse [32]. Similarly, 
the probable cases of mycosis caused by C. tropicum were reported in two breeds of 
chickens [33] and in a dog [34]. Recently, Cook et al. (2015) reported the dissemi-
nated infection in a German shepherd dog caused by Chrysosporium spp. The diag-
nosis was based on a positive fungal culture and cytological investigations of 
intralesional fungi associated with granulomatous splenitis and neutrophilic lymph-
adenitis. The patient showed rapid clinical improvement on oral posaconazole. 
Based on colonial and microscopic features, the fungus was identified as 
Chrysosporium spp. Unfortunately, further speciation of the isolate and antifungal 
susceptibility testing could not be performed [35].

Several cases of mycoses caused by genus Nannizziopsis have been described in 
humans. Diagnosed fungal species apparently are specific for humans [8]. Human 
cases of Nannizziopsis mycoses are summarized in Table 3.3.

Most of these human cases occurred as opportunistic infections in immunocom-
promised patients. Suchonwanit et al. (2015) reported a case of primary cutaneous 
Chrysosporium infection following ear piercing in an immunocompetent patient 
[40]. A 25-year-old healthy woman presented with a 2-year history of an itchy ery-
thematous plaque on the right ear pinna. PCR was performed on the colony sample 
using the gene fragment, and BLASTN search against the GeneBank database 
revealed a 98% nucleotide sequence identity to Chrysosporium spp.

Apparently, the probability of transmission of PCRF infection from domestic 
reptiles in humans is very low. N. guarroi, the main causative agent of mycoses in 
bearded dragons and iguanas, has not yet been isolated from humans [8]. The envi-
ronment and wild animals seem to be a more likely source of infection for humans 
[4]. However, precautions when dealing with reptiles are still advisable.

3.5  Ecology of PCRF and Predisposing Factors

The source of the etiologic agents of contagious PCRF-associated mycoses is not 
well defined as CANV is not a member of the resident or transient microbiota of 
reptile skin. Pare et al. [22] evaluated the mycobiota of skin in different reptiles and 
found the rare presence of CANV in comparison to Aspergillus spp., Paecilomyces 
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spp., and Penicillium spp. In total, 127 reptile (36 lizards, 91 snakes) sheds were 
evaluated, and CANV was isolated only from an African rock python (Python 
sebae). Thus, the rarity of CANV suggested that it is not an opportunistic fungal but 
an obligate pathogen that infects reptiles after exposure. In order to confirm its sta-
tus, veiled chameleons (Chamaeleo calyptratus) experimentally infected with the 
fungus Chrysosporium anamorph of Nannizziopsis vriesii (CANV). Chameleons 
were inoculated by direct application of a conidial suspension on intact and abraded 
skin [24]. The CANV induced lesions in all experimental groups and was recovered 
from infected animals, thus fulfilling Koch’s postulates. A breach in cutaneous 
integrity, as simulated by mild scarification, increased the risk of infection. CANV 
dermatomycosis was shown to be contagious and could readily spread within a 
reptile collection, either directly through contact with infective arthroconidia or 
indirectly via fomites. Dense tufts of arthroconidiating hyphae were demonstrated 
histologically on the skin surface of many animals that developed dermatomycosis, 
and these arthroconidia may act as infective propagules. The infection was similar 
to that described for clinical cases.

Recently, the pathogenicity of Ophidiomyces ophiodiicola (a member of CANV 
complex) was experimentally studied by Lorch et al. (2015) [41]. They experimen-
tally infected captive-bred corn snakes (Pantherophis guttatus) in the laboratory 

Table 3.3 Cases of human mycoses caused by the species of genus Nannizziopsis [37]

Species Disease, dissemination Immune status References
N. 
infrequens

Localized, bronchial wash 
specimen, M, 40 years old, 
USA, IA, 2004

HIV positive Sigler et al. (2013) [8] 
(elucidated further from 
Brandt et al. 2005) [36], 
who named isolate as 
Nannizziopsis vriesii)

N. 
hominis

Disseminated disease. Right 
thigh mass with lung lesion, 
M, USA, CA, 1994

HIV positive [8]

N. 
hominis

Disseminated inguinal node, 
Nigerian, M, 32 years old, 
with disseminated 
adenopathy, USA, MA, 2000

Immunocompetent [8]

N. 
obscura

Localized disease.
Abscess right ankle, African, 
M, 24 years old (isolated 
twice), USA, NY, 1984

Immunocompetent Sigler et al. (2013) 
(elucidated further from 
Stillwell et al. [1984] [38] 
who named isolate as 
Chrysosporium spp. [8]

N. vriesii Disseminated disease. Lung 
infiltration and a brain 
abscess in a Nigerian, M, 
38 years old, Germany, 2005

HIV positive Steininger et al. (2005)
[39]

N. 
obscura

Disseminated disease. 
Thoracic collection, 
lymphadenopathy, and skin 
rash in Gambian, M, 
34 years old, UK. 2015

Immunosuppressed 
for renal transplant

[37]
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with pure cultures of O. ophiodiicola. All snakes in the infected group (n = 8) devel-
oped gross and microscopic lesions identical to those observed in wild snakes with 
snake fungal disease (SFD). Furthermore, the same strain of O. ophiodiicola was 
recovered from lesions of all animals in the infected group. The host response to the 
infection included marked recruitment of granulocytes to sites of fungal invasion; 
increased frequency of molting and abnormal behaviors, such as anorexia; and rest-
ing in conspicuous areas of enclosures. While these responses may help snakes to 
fight infection, they could also impact host fitness and may contribute to mortality 
in wild snakes with chronic O. ophiodiicola infection. This experiment demon-
strates that O. ophiodiicola is the causative agent of SFD and can elicit pathological 
changes and affects the fitness of wild snakes.

Since reptile owners usually have many animals in their collection, hence aware-
ness regarding good hygiene practices is essential to prevent the dissemination of 
the disease. Although inadequate diet and husbandry, environmental stresses, 
trauma, and existing dermatitis are likely contributors, however, the circumstances 
under which mycotic diseases in reptile species occur are still unknown [24].

In Moscow Zoo, fungal infections caused by PCRF are very rare. In general, the 
disease is prevalent in captive animals of private owners or in the animals having 
been recently imported from dealers. PCRF mycoses occur more often during group 
maintenance of reptiles. It is important to determine more specific risk factors asso-
ciated with this fungal pathogen. Substrate also plays an important role in disease 
dissemination; therefore, it is important to examine substrates under different condi-
tions (e.g., temperature and humidity) for the presence of this organism. Pet owners 
should be advised to maintain the cleanliness of pet’s habitat. Moreover, PCRF 
being keratophilic, it is possible that the food sources (e.g., crickets) can also be the 
source of infection for reptiles. Therefore, its association with foodstuffs must be 
evaluated and discussed [2]. Since little is known about dissemination of PCRF, 
thus further research is needed on the epidemiology of this infection.

3.6  Diagnosis of PCRF-Associated Mycoses

In case of superficial lesions (dermatitis) in reptiles, veterinary practitioners are 
inclined to predict the bacterial etiology of the disease. Although bacteria can be 
isolated from most skin lesions, they do not always possess the clinical significance. 
The primary etiological role may belong to pathogenic fungi. The clinical signs usu-
ally do not differentiate the bacterial infection from the fungal one. Thus, mycologi-
cal diagnostic testing considering PCRF in cases presenting with dermatitis or 
necrosis is recommended [2].

Wearing medical clothes during examination and treatment of infected reptiles 
can help in reducing transmission to other uninfected reptiles, as transmission 
occurs by direct contact or indirectly via fomites. Primary mycological diagnosis 
can be carried out directly in the doctor’s office. It consists of direct microscopy 
(cytology) of the samples from the affected areas. The samples (crusts, scabs, scales, 
etc.) are taken from the periphery of the lesion focus by sterilized forceps and (or) 
scalpel.
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Direct microscopy is done in 10–15% solution of potassium hydroxide with sub-
sequent moderate heating of the slide. In samples positive for PCRF, the fungal 
elements can be detected occasionally segmenting apart the arthrospores (Figs. 3.18 
and 3.19). If numerous fungal fragments are found in affected tissues, the mycotic 
etiology of the infection can be confirmed. Full-thickness biopsy samples can be 
submitted for culture, histopathology, and/or polymerase chain reaction (PCR) test-
ing. Fungal elements can be detected in histological sections (Fig. 3.20), but due to 
presence of inflammatory cells (macrophages and heterophils), identification of 
PCRF seemed difficult.

Granuloma formation is a common defense reaction in reptiles which consists of 
central fibrin, cell detritus, and fungal elements surrounded by heterophils, macro-
phages, and connective tissue. The infected epidermis is often ulcerated, with fibrin 
deposition, fungal hyphae, and conidia [20]. However, mycological examination 
should not be limited to microscopy of the samples. Identification of fungal species 
and determination of antifungal susceptibility can be obtained only by cultural 
study (inoculation of the samples on mycological nutrient media). PCRF cultures 
(tested in our laboratory) do not cause reddening of DTM (dermatophyte test media) 
in contrast to dermatophytes (Trichophyton spp., Microsporum spp.) (Fig.  3.8). 
Incubation of the inoculated media is carried out at 28–30 °C. The beginning of 
growth of PCRF colonies can be seen on the 4th to 6th days. The colonies on SDA 
or Malt Extract Agar (MEA) media are usually white, velvety, or powdery, with 
diameter up to 1 cm on the 7th day (Fig. 3.7). From the 7th to 10th days, fungal 
cultures begin to sporulate which is necessary for proper identification of fungus. In 
case of slow growth, the cultures are incubated for 14–21 days. A fragment of myce-
lium can be taken for microscopy from mature colonies. PCRF usually forms 
numerous unicellular aleurioconidia, located directly on unspecialized hyphae 

Fig. 3.18 Microscopic 
detection of branching 
hyaline hyphae in skin 
scales affected by PCRF. 
(Smear in 15% solution of 
potassium hydroxide, 
400×)
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(Fig. 3.5). Morphological features intrinsic for different species of PCRF have been 
described in Table 3.1.

When the culture of PCRF is isolated and identified, the antifungal susceptibility 
testing can be performed [20]. In our laboratory, we use the discs with clotrimazole 
(10 μg, HiMedia), nystatin (100 U, HiMedia), miconazole (10 μg, HiMedia), fluco-
nazole (25  μg, HiMedia), ketoconazole (10  μg, HiMedia), itraconazole (10  μg, 
HiMedia), and voriconazole (1 μg, HiMedia) (Fig. 3.21). Moreover, E-test strips 
which quantitatively determine MIC (minimal inhibitory concentrations) for some 
antifungals have also been used (Fig. 3.22). The appropriateness of this test in a 
particular case should be discussed with the attending veterinarian. Considering 

Fig. 3.20 Fungal elements in histological section of affected skin. (Hematoxylin and eosin 
1000×)

Fig. 3.19 Hyphae forming 
arthrospores in skin scales 
affected by PCRF. 
(Diff-Quik-stained 
cytological smear, 1000×)
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osteomyelitis which is common in affected reptiles, radiographs can be used to 
assess the integrity of the bone while planning medical and surgical options. 
Advanced imaging such as computed tomography can also be used for better char-
acterization of extent of lesions (especially bony involvement) [2].

Few publications indicate the applicability of PCR (polymerase chain reaction) for 
the diagnosis of PCRF mycoses [9]. For instance, Schmidt-Ukaj et al. (2016) applied 
PCR for identification of Nannizziopsis chlamydospora in 3 central bearded dragons 
(Pogona vitticeps) [42]. PCR kits that are useful for routine diagnosis of these myco-
ses are currently being developed. TaqMan real-time PCR has also been used to detect 
Ophidiomyces ophiodiicola (a member of PCRF group) in clinical samples [43]. One 
assay targets the internal transcribed spacer region (ITS) of the fungal genome while 
the other targets the more variable intergenic spacer region (IGS). Both assays 

Fig. 3.21 Disc diffusion 
method for antifungal 
susceptibility testing of 
PCRF

Fig. 3.22 Quantitative 
susceptibility testing of 
PCRF to ketoconazole 
using E-test strips. 
Minimal inhibitory 
concentration (MIC) value 
is 4.0 μg/ml for tested 
culture
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performed equivalently and proved to be more sensitive than traditional culture meth-
ods, detecting O. ophiodiicola in 98% of the culture-positive samples and in 40% of 
the culture-negative snakes having clinical signs of the disease.

At present, MALDI-TOF MS (matrix-assisted laser desorption-ionization-time- of-
flight mass spectrometry) is being introduced to identify pathogenic fungi. As obligate 
reptile pathogenic fungi (PCRF, etc.) are not included in the commercially available 
MALDI-TOF MS databases, thus, identification of reptile-associated fungi using this 
method has not been reported. However, MALDI-TOF MS is a rapid and reliable 
alternative to multilocus sequencing for the differentiation of reptile pathogenic fungi, 
and it is most likely that future databases would be expanded to cover reptile isolates 
in the near future. To date, the gold standard of fungal differentiation for fungal organ-
isms that infect reptile species is multilocus sequencing of the large or small subunit 
and the internal transcribed spacer (ITS) region of the nuclear ribosomal gene [20].

As the above mentioned molecular methods are unavailable for identification of 
fungi in most veterinary laboratories, therefore, in routine practice, the identification of 
fungi is based on morphological features and cannot exactly correspond to the modern 
nomenclature. In such circumstances, it seems acceptable to use the traditional name of 
the pathogen (e.g., CANV complex or PCRF group) in the clinical context.

3.7  Therapy and Prevention of PCRF-Associated Mycoses 
in Reptiles

Treatment of fungal infections in reptiles includes the administration of effective 
antifungal agents (both topical and systemic) for a long term, along with mainte-
nance of optimal environmental conditions. Debridement and surgical removal of 
crusts is the first step for successful treatment of deep fungal dermatitis (Fig. 3.23). 
Disinfection of skin lesions with a 0.125% chlorhexidine solution is also 

Fig. 3.23 Debridement 
and surgical removal of 
crusts in green iguana 
affected by PCRF
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recommended [20]. There are relatively few reports that discuss effective dosages 
and dosage intervals of antifungal agents. Most of them are summarized in Table 3.4.

Most treatment regimens use systemic azole antifungals such as ketoconazole, 
itraconazole, or voriconazole. Treatment typically consists of both topical and sys-
temic application of antifungals. In the past, ketoconazole was used as the drug of 
choice for treating fungal diseases in vertebrates; however, newer drugs with fewer 
side effects have been developed (e.g., itraconazole and voriconazole) to replace it. 
Itraconazole is often used for therapy of CANV infections, but treatment is not 
always successful [23]. Voriconazole is a second-generation triazole that is being 
used more frequently in human and veterinary medicine because it seems to have a 
lower incidence of side effects compared with other antifungals [44].

The oral treatment of CANV dermatomycosis in bearded dragons (Pogona vitti-
ceps) with itraconazole (5 mg/kg, once a day) versus voriconazole (10 mg/kg orally, 
once a day) at an ambient temperature of 28–30 °C was compared [45]. Both drugs 
were found to treat the animals successfully (in 27 and 47 days for itraconazole and 

Table 3.4 Antifungals employed for therapy of PCRF (CANV) mycoses in reptiles

Animals and clinical 
manifestation Treatment Outcome References
Two green iguanas (Iguana 
iguana) – cutaneous 
hyalohyphomycosis

Oral ketoconazole and 
topical 2% 
chlorhexidine solution 
and terbinafine

Clinical cure [9]

Bearded dragon (Pogona 
vitticeps) – dermatomycosis

Oral ketoconazole 
(20 mg/kg 24 h PO) 
and topical 
chlorhexidine and 
terbinafine

Lesions regressed; lost 
for follow-up

[10]

Bearded dragon (Pogona 
vitticeps) – focal maxillary 
swelling involving the skin 
and gingiva

Itraconazole and 
topical miconazole 
therapy

Failure (fatal) [23]

Bearded dragon (Pogona 
vitticeps) – focally extensive 
discoloration and thickening 
of the skin

Itraconazole Failure (euthanized after 
10 weeks of therapy)

[23]

Bearded dragon (Pogona 
vitticeps) – hyperkeratotic 
exudative dermatitis on a 
swollen forelimb

Amputation and 
itraconazole

Clinical cure [23]

Fourteen naturally infected 
bearded dragons (Pogona 
vitticeps)

Itraconazole (5 mg/kg 
q24h) or voriconazole 
(10 mg/kg q24h) until 
complete clearance of 
the fungus

2 out of 7 survived after 
itraconazole treatment. 
Only a single animal 
died in the 
voriconazole-treated 
group

[45]

Girdled lizard (Cordylus 
giganteus) – cutaneous 
hyalohyphomycosis

Voriconazole 10 mg/kg 
of body weight once 
daily for 10 weeks

Clinical cure [11]
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voriconazole, respectively); however, voriconazole appeared to be safer for the ani-
mals with 6 of 7 survivors as compared to 2 of 7 in the itraconazole group. Notably, 
hepatocellular injury may have occurred in approximately 50% of the animals in 
both groups as there were significant elevations of aspartate transaminase levels, 
while plasma concentrations of voriconazole in the bearded dragons showed more 
interindividual variation than itraconazole plasma concentrations. To minimize the 
risk of side effects with itraconazole, lower doses at less frequent intervals are rec-
ommended. Pulse therapy is another potential consideration for reducing toxic side 
effects associated with itraconazole, as it was demonstrated in mammalian hosts 
[46].

Side effects and toxicity of triazole antifungals in reptiles represent an important 
issue in veterinary medicine. The most common clinical signs associated with tri-
azole toxicity are anorexia and depression. Affected animals tend to develop mild 
hepatitis as a result of the toxicity; therefore, liver functioning tests should be per-
formed or are recommended before, during, and after treatment regimens. Behavioral 
observation is the best method for monitoring animals. Further, serial measurement 
of clinical chemistries and determination of level of drug (by performing liver biop-
sies) should be undertaken. Reptiles with hepatic disease secondary to drug toxicity 
are often depressed and anorexic. The clinical chemistries commonly used to asses 
sliver disease include aspartate aminotransferase (AST), gamma glutyltransaminase 
(GGT), and bile acids. Although AST and GGT are not liver specific, they may be 
helpful in combination with other parameters. Bile acid testing is the most useful for 
evaluating liver function and should be performed if secondary liver disease is sus-
pected. Results of bile acid testing should be interpreted carefully taking into 
account the species of the animal. Liver biopsies can be used to assess liver disease 
and check for the accumulation of drugs beyond safe levels [2].

An increase in the level of AST (120–420 mmol/l) in 57.1% of cases (n = 7) was 
observed when ketoconazole therapy course in green iguanas lasted over 2 weeks. 
However, supportive therapy with heptral, B complex, and LRS (lactated Ringer’s 
solution) usually allowed withstanding course duration up to 4–5 weeks with the 
dosages of ketoconazole 20 mg/kg daily. The toxicity of voriconazole for snakes 
was reported by Allender (2017) [47]. In his practice, 4 of 7 snakes died in 12 h after 
the commencement of voriconazole. However, voriconazole was successfully used 
for therapy of CANV in 9 green iguanas by us (Fig. 3.23, 3.24 and 3.25). The choice 
of the drug was determined by the susceptibility of the CANV cultures in vitro. 
Voriconazole was administered orally at doses of 5 mg/kg/day (4 cases) and 10 mg/
kg/day (5 cases). The duration of the course was 3–7 weeks, usually until removal 
of the scabs and epithelialization on the periphery of the dermatitis foci. Therapy for 
two additional weeks is also recommended. Topical antifungals (ointment or emul-
sion) were applied along with the systemic therapy. The complete cure was observed 
in 3 cases. In other cases, the persistent remission was achieved.

In three cases, despite complete epithelialization, granulomas remained in the 
subepidermal layers, which were surgically removed (Fig. 3.25). Relapses of the 
mycosis occurred not only in animals having granulomas but also in completely 
cured reptiles. New lesions appeared both in the zone of primary infection and in 
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completely different areas of the body. In some cases, the antifungal susceptibility 
of CANV isolates also differed from the initial one.

Among systemic azoles, posaconazole could be a promising drug for the treat-
ment of mycoses in reptiles. It was already used for successful treatment of fusari-
omycosis in marine turtles Caretta caretta [48]. Posaconazole has  also been 
successfully used in wild and exotic animals for treatment of resistant mycoses, e.g., 
coccidioidomycosis in dolphins [49]. Recently, a successful treatment of 
Nannizziopsis obscura infection by posaconazole in immunocompromised human 
patient was reported [37]. Moreover, oral posaconazole therapy demonstrated rapid 
clinical improvement in disseminated Chrysosporium spp. infection in a German 
shepherd dog [35]. But as far as PCRF in reptiles is concerned, there is no report on 
posaconazole therapy. In some cases of PCRF mycoses in reptiles, voriconazole- 
resistant fungal isolates showed susceptibility against ketoconazole therapy. This 
indicates that the therapy should be based on laboratory data on the antifungal sus-
ceptibility of a particular fungal isolate.

Fig. 3.24 Subepidermal 
darkly pigmented 
granuloma remained after 
antifungal therapy

Fig. 3.25 Epithelialization 
of lesions after 3 weeks of 
combined antifungal 
therapy in green iguana
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In addition to azoles, terbinafine can also be effective in the treatment of mycoses 
caused by PCRF. The pharmacokinetics of terbinafine with the use of a subcutane-
ous implant and for nebulization therapy in the case of CANV in snakes was inves-
tigated by Allender [47]. The topical application of terbinafine in green iguanas in 
the Moscow Zoo with confirmed CANV mycoses showed efficiency in 44.4% of 
cases (n = 9). However, in comparison to azoles, terbinafine showed more potent 
dermato-toxicity. Usually pathological changes resembling a chemical burn appear 
on the skin of green iguanas as early as 1–2 weeks of therapy.

Terbinafine was successfully used by us for the systemic treatment of dissemi-
nated mycoses caused by Paecilomyces lilacinus in the group of green iguanas and 
the Fusarium moniliforme mycosis in the group of frilled-neck lizard 
(Chlamydosaurus kingii). Terbinafine was administered at a dose of 5 mg/kg by 
pulse therapy: daily, for 5 days, followed by a break for 7 days, etc. [50]. However, 
in all cases of oral administration of terbinafine, lizards developed severe depres-
sion, temporary paresis, vomiting attempts, and polyuria. But, no increase in AST, 
ALT (alanine aminotransferase), and GGT levels in the blood was observed.

In two cases of CANV treatment with terbinafine in green iguanas, by the 5th 
day of therapy, there was an increase in the level of uric acid up to 867 and 
617 μmol/l, respectively. After the acute episode of renal failure, the animals were 
relieved with allopurinol (20 mg/kg/daily) and polyionic crystalloid solutions intra-
venously drip (30 ml/kg/daily). The animals remained stabilized, but therapy was 
not found effective. Therefore, the use of terbinafine for the systemic therapy in 
lizards should be prescribed only in accordance with laboratory indications.

Caspofungin, the most modern antifungal belonging to echinocandins, is of 
interest for the therapy of PCRF mycoses. In our practice, it was used for the treat-
ment of CANV dermatomycosis in green iguana, but the clinical improvement was 
not significant. The drug was used at a dose of 1 mg/kg every 48 h by slow intrave-
nous bolus administration for 14 days, and no distinct side effects were found asso-
ciated with the use of caspofungin.

Chitin synthesis inhibitors (lufenuron and nikkomycin) have been used for the 
therapy of human and animal mycoses [51]. In our practice, we used the 5% emulsion 
of lufenuron (manufactured by Syngenta) to treat CANV dermatomycosis in two 
green iguanas. Despite the declared low toxicity of the drug for humans and bees, the 
topical application of emulsion diluted at 1:10 caused a severe toxic reaction (saliva-
tion, apnea, stupor) in lizards. Apparently, the reactions were associated with inhala-
tion of drug vapors. Then the drug was used topically at a dilution of 1:1000, daily. 
Within 2 weeks, significant clinical improvements such as spontaneous removal of the 
scrotal crusts and partial epithelialization at the periphery of the dermatitis foci were 
noticed. However, further use of lufenuron as monotherapy failed to prevent the recur-
rence of the disease. Oral form of the drug (Program tablets for dogs, 67.8 mg) at 
doses of 10 mg/kg once a week for 4 weeks was not found effective.

As tools of adjunctive topical treatment of PCRF mycoses, nystatin, terbinafine, 
clotrimazole, and enilconazole were also used (authors’ unpublished data). 
Unfortunately, we have no sufficient data to objectively compare the clinical effi-
cacy of these drugs. However, based on limited observations, clinical improvement 
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with nystatin was observed in 41% of reptiles (n  =  7), terbinafine 44% (n  =  9), 
clotrimazole 58% (n = 12), and enilconazole 66% (n = 6) (Fig. 3.25). These data 
need to be verified in the future, taking into account the background systemic 
therapy.

As mentioned earlier, adequate light and heat are essential for reptilian health 
and largely influence clinical recovery because metabolism of drugs, use of fluid 
therapy, and immune system of reptiles are heat dependent [52].

Taking into account the contagious nature of the disease, during the treatment of 
PCRF infections in reptiles, it is necessary to employ hygienic measures. If affected 
reptile is detected, the cage mate needs to be observed closely for signs of disease. 
It is desirable to isolate a sick animal to reduce the risk of cross-infection. Other 
exposed reptiles should have thorough veterinary examinations, and any skin lesions 
should be assessed to rule out fungal infection as the underlying cause. Reptile that 
comes with a skin lesion or that develops a skin lesion while in quarantine should 
not be released until mycosis is eliminated.

In the prevention of fungal infections, the quarantine of animals destined for sale, 
especially those imported, plays a crucial role. The standard veterinary quarantine 
at 30 days may not be sufficient to detect infected animals. The quarantine in the 
Moscow Zoo lasts up to 60 days, during which the latent PCRF infection usually 
turns into a clinically manifested form. Reptiles imported illegally can possess a 
dangerous source of fungal pathogens.

Proper sanitation and hygiene are key risk reducers. Disinfectants possessing 
antifungal activity should be used for decontamination of reptilian cages, animal 
care equipment, and house environment. Future studies on fungicidal activity of 
available disinfectants against Chrysosporium-related fungi are highly needed. 
In-depth studies on the ecology of the fungal pathogens, pathways of infection, and 
its transmission are also required.
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Abstract
Aspergillosis is a one-health infectious disease caused by fungi belonging to the 
genus Aspergillus, a group of ubiquitous saprophytes recovered from a variety of 
substrates in the environment. Aspergillus species cause a wide range of diseases 
in human and various animal species, including acute, chronic, noninvasive 
localized infections, fatal disseminated diseases, as well as allergic reactions. 
There are more than 250 validly described species in the genus Aspergillus based 
on polyphasic taxonomy, and they are subdivided into 22 distinct sections. 
Species identification of Aspergillus species can be challenging. A two-step 
approach has been suggested for molecular identification of Aspergillus species 
in the clinical setting. The first step is to sequence ITS, the barcoding marker for 
the identification to the intersection level, followed by sequencing of partial 
β-tubulin for individual species identification within the sections. The matrix- 
assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass spec-
trometry (MS)-based strategy has also shown promising results to discriminate 
the intra-section level of clinically relevant species of Aspergillus, including the 
non-fumigatus “cryptic” species.

The antifungal triazoles are preferred agents for treatment and prevention of 
infections caused by Aspergillus species. However, with wide application of 
azoles in medical practice and agriculture, emergence of triazole resistance in A. 
fumigatus caused by mutations in the Cyp51A gene has become a global public 
health concern.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9435-5_4&domain=pdf
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4.1  Introduction

Aspergillus species are ubiquitous saprophytes recovered from a wide variety of 
environments and substrates on the earth throughout the year [1]. The great majority 
of aspergilli are prevalent in soil-decaying vegetation, seeds, grains, and foodstuffs. 
Only a few species are well known as important opportunistic zoopathogens [2–4]. 
There are more than 250 validly described species in the genus Aspergillus based on 
polyphasic taxonomy, and they are subdivided into 22 distinct sections [5]. Of these, 
13 sections, including Candidi, Circumdati, Flavipides, Fumigati, Nidulantes, 
Nigri, Ornati, Restricti, Tanneri, Terrei, Usti, Versicolores and Warcupi, contain 
clinically relevant species [6, 7]. Of note, identification at the species level is critical 
for proper disease management [8].

In humans, inhalation of Aspergillus conidia into the lungs may cause multiple 
diseases, which depends on the immunological status of the host, including invasive 
and chronic pulmonary aspergillosis, aspergilloma, and different forms of hyper-
sensitivity diseases such as allergic asthma, hypersensitivity pneumonitis, and aller-
gic bronchopulmonary aspergillosis [9, 10].

Aspergillosis in animals covers a wide range of diseases from localized condi-
tions to fatal disseminated infections, as well as allergic reactions caused by fungi 
belonging to the genus Aspergillus [11]. Similar to infections in humans, animals 
exhibiting inability to produce a normal immune response are at higher risk of 
infection. Aspergillosis may also occur in healthy animals under environmental 
stress and other immunocompromising conditions [12, 13].

This chapter represents a summary of comparative knowledge on Aspergillus 
infections in humans and various types of animals.

4.2  Aspergillosis in Humans

In humans, invasive aspergillosis occurs in patients with iatrogenic immunosup-
pression (secondary immunodeficiencies) during the treatment of neoplastic or 
autoimmune diseases and in recipients of allogeneic hematopoietic stem cell trans-
plantation (HSCT) and solid organ transplantation in the setting of neutropenia 
induced by myeloablative chemotherapy [14, 15], and/or corticosteroid treatment, 
which qualitatively and quantitatively affects neutrophils and 
monocytes/macrophages [16, 17]. The recruitment and activation of neutrophils 
and Ly6Chi inflammatory monocytes at the site of Aspergillus-infected tissue are 
critical for effective inhibition of Aspergillus conidia and invasive filamentous ele-
ments via distinct mechanisms [8].
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In addition, the number of primary immunodeficiencies (PIDs) recognized as 
underlying conditions predisposing to Aspergillus infections are also increasing, 
most often in children and young adults [18]. PIDs are congenital genetic disor-
ders, mostly due to single-gene abnormalities that cause enhancement in suscepti-
bility to autoimmunity and/or infectious disease [19–21]. As a result, patients may 
suffer from recurrent, protracted, or severe infections caused by opportunistic 
pathogens including molds and yeasts [22, 23]. Among the known congenital 
immunodeficiencies, CGD (chronic granulomatous disease); AD (autosomal-dom-
inant) hyper-IgE syndrome (HIES); AD deficiency in GATA2 (also known as 
MonoMAC, syndrome of monocytopenia, B cell, and NK cell lymphopenias); AD 
or AR (autosomal- recessive) severe congenital neutropenia (SCN) syndromes; 
LAD (AR type I leukocyte adhesion deficiency), also called CD18 deficiency; and 
CARD9 (caspase recruitment domain-containing protein 9) deficiency are dis-
cussed here. Patients with these conditions are at risk for developing infection by 
Aspergillus species [18, 24].

Individuals with chronic respiratory disease are also susceptible to airborne fun-
gal infections including allergic bronchopulmonary aspergillosis (ABPA) [25], 
severe asthma with fungal sensitization (SAFS) [26], and chronic pulmonary asper-
gillosis [27]. CPA, a chronic progressive infection that destroys lung tissue in non- 
immunocompromised patients, is thought to affect about three million people 
worldwide [27, 28]. CPA complicates individuals with preexisting lung disease 
such as pulmonary tuberculosis (TB), nontuberculous mycobacterial infection, 
asthma, allergic bronchopulmonary aspergillosis (ABPA), chronic obstructive pul-
monary disease (COPD), sarcoidosis, and pneumothorax [29]. If untreated, 50–85% 
of patients with CPA will die within 5 years [30, 31].

4.3  Aspergillosis in Animals

Similar to infections in humans, animals exhibiting inability to produce a normal 
immune response are at higher risk of infection [11]. Aspergillosis may also occur 
in healthy animals under immunocompromising conditions. In addition to environ-
mental stressors, tuberculosis is a well-known underlying disease in chronic necro-
tizing pulmonary aspergillosis and aspergilloma [12, 13], with the clinical symptoms 
of aspergillosis being characterized by limited invasiveness that occurs in mildly 
immunocompromised animals [13, 32, 33].

4.3.1  Invertebrates

In invertebrates, A. sydowii caused a large epizootic affecting sea fan corals 
(Gorgonia spp.) [34], first documented in 1995 near Saba the Bahamas and subse-
quently spreading throughout the Caribbean basin, including in the Florida Keys 
[35, 36]. Studies also suggest that sponges may be potential new reservoir of a 
marine pathogen, A. sydowii [37]. It is believed that virulence of A. sydowii increases 
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with temperature, probably because the rate of pathogen development continued to 
increase in a temperature range where coral defenses became less potent [38]. 
However, it remains difficult to distinguish between the role of the environment in 
allowing opportunistic pathogens to increase and creation of a niche for new patho-
genic microorganism that causes coral disease [39].

Aspergillus species are also known to infect honeybee (Apis mellifera) brood, 
causing stonebrood disease over all larval stages [40, 41]. Aspergillus species with 
the ability to produce mycotoxins such as A. flavus, A. fumigatus, and A. niger have 
been suggested to be the primary cause of this disease [42]. In some countries, ston-
ebrood is a notifiable disease that has to be reported to the authorities if it occurs.

Despite above described diseases of Aspergillus species in honeybees and sea fan 
corals, aspergillosis has not been reported from any other invertebrate animal in 
natural conditions. However, a variety of different insect species such as Drosophila 
melanogaster and Galleria mellonella have also been employed to study fungal 
pathogen-host interactions [43, 44].

4.3.2  Reptiles

In reptiles, Aspergillus disease may be promoted by immunocompromising condi-
tions, such as husbandry deficiencies or inappropriate temperatures, humidity, or 
poor enclosure hygiene [45]. Aspergillus species such as A. fumigatus, A. niger, and 
A. terreus have been isolated from both cutaneous and disseminated infections [46] 
in turtles (Sternotherus odoratus) [47], crocodiles [48], San Esteban chuckwallas 
(Sauromalus varius) [49], free-ranging gopher tortoise (Gopherus polyphemus) 
[50], and captive snakes (Eunectes murinus) [51].

4.3.3  Birds

Avian aspergillosis is predominantly a disease of the respiratory tract, but all organs 
can be involved, leading to a variety of acute or chronic manifestations [52, 53]. All 
avian species should be considered as susceptible. Aspergillus fumigatus is the 
major respiratory pathogens and has been involved in significant common-source 
sapronotic die-offs of domestic and free-ranging wild birds [54]. 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. fumigatus [55, 56]. In tropical countries, A. flavus is 
probably more prevalent than A. fumigatus [57]. Clinical manifestations of aspergil-
losis in birds depend on the infective dose, spore distribution, preexisting diseases, 
and immune response of the host [52, 53, 58–60]. It is believed that impaired immu-
nity and the inhalation of a large inoculum of conidia are important causative factors 
[61]. Active fungal proliferation and sporulation of A. fumigatus on organic material 
produce large amounts of small-sized conidia that are easily dispersed in air, then 
potentially inhaled, and deposited deep in the respiratory tract. Discriminatory 
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molecular genotyping based on multilocus microsatellite panels has demonstrated 
that the environment of diseased animals may be a source for A. fumigatus infection 
and that either multiple [62–64] or single genotype-linked infections could occur in 
confirmed cases [65]. Susceptible hosts will develop polymorphic clinical forms in 
relation to either localized or disseminated lesions [53, 66]. Economic significance 
of aspergillosis is most readily apparent in poultry production, where disease occurs 
late in the growing cycle [67]. In spontaneous outbreaks, the mortality ranged 
between 4.5% and 90%, with the age of diseased birds varying from 3  days to 
20 weeks [56–68].

Of note, both host and fungus characteristics explain the particular susceptibility 
of birds to Aspergillus infection [69, 70]. Environmental stressors may also play a 
role, e.g., in poultry farms, where many environmental stressors may be present, 
including excessive ammonia and moisture, inappropriate temperature, and 
degraded litter. Furthermore, feed contamination with mycotoxins and/or compet-
ing pathogens may affect avian immunocompetence. In wild birds, it has been 
shown that there is a significant link between resource allocation and the costs of 
immunity, especially in defense against pathogens in environments where multiple 
factors change in time and space [71].

4.3.4  Dogs

Sinonasal, bronchopulmonary, and disseminated infections are major forms of 
aspergillosis in dogs [72–74], and a breed or gender predisposition can be recog-
nized [75]. Factors that may predispose dogs to infection include injury to any of 
the mucous membranes, the use of catheters, administration of antibiotics, and 
immunosuppressive drugs or the presence of other diseases. Sinonasal aspergillo-
sis is usually seen in dolichocephalic and mesocephalic dogs and is very rare in 
brachycephalic dogs. German Shepherds and Rottweilers are the commonly 
affected breeds. Dogs of any age may be affected, but approximately 40% are 
3 years or younger and 80% are 7 years or younger [75]. In several studies of dogs 
with chronic nasal disease, sinonasal aspergillosis occurred with a frequency of 
7–34% [76]. It is the second most common cause of nasal discharge in dogs after 
nasal neoplasia [77]. Aspergillus fumigatus is most frequently isolated, although 
various other species including A. niger, A. nidulans, A. versicolor, and A. flavus 
have been reported. Penicillium spp. and other fungi are much less frequently 
detected [78, 79]. Bronchopulmonary aspergillosis is a rare disease in dogs [80–
82]. The clinical signs are nonspecific, including depression, fever, and cough [80]. 
Disseminated aspergillosis in dogs is relatively 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. fumig-
atus, A. niger, and A. flavipes [83]. Otomycosis due to Aspergillus species has 
occasionally been described in dogs previously been treated with various topical 
and oral antibiotics, which may have predisposed them to develop a secondary 
Aspergillus infection [84].
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4.3.5  Cats

Sinonasal and sinoorbital infections are two forms of Aspergillus disease in cats [73, 
74]. Orbital aspergillosis is characterized by progression of sinonasal aspergillosis 
to the preorbital area, which is challenging to treat and the prognosis for resolution 
of infection is generally poor [85–87]. Cats stressed by underlying disease (such as 
viral infection) or immunosuppression are more susceptible to infection [85–87]. 
Viral diseases (due to feline immunodeficiency virus and feline leukemia virus) [88, 
89] may cause a severe immunodeficiency and short-term reduction of the number 
of neutrophils and of lymphocyte responsiveness [90]. Moreover, an inherited sus-
ceptibility are presumed to influence the incidence of aspergillosis in purebred cats 
of brachycephalic conformation [91]. Ulcerative keratomycosis is common in cats 
and is frequently associated with feline herpes viral infection [92]. 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. udagawae 
and A. viridinutans [87, 93].

4.3.6  Ruminants

In ruminants, Aspergillus species, particularly A. fumigatus, are known worldwide 
to cause pneumonia, gastroenteritis, mastitis, placentitis, and abortions [94]. Dairy 
cows in early lactation show increased susceptibility to Aspergillus infections [94]. 
Other factors that seem to predispose to aspergillosis include the presence of other 
diseases such as tuberculosis, cholangiocarcinoma, and intense antimicrobial ther-
apy [32, 95].

Bronchopulmonary aspergillosis is a fatal disease in ruminants that may progress 
rapidly [95]. Clinical signs of disease include pyrexia; rapid, shallow, and stertorous 
respiration; nasal discharge; and a moist cough. The lungs are firm, heavy, and mot-
tled and do not collapse. In subacute to chronic mycotic pneumonia, the lungs con-
tain multiple discrete granulomas, and the disease grossly resembles tuberculosis 
[96–98]. Overall, histologic examination of the lungs in pulmonary aspergillosis 
indicates abundant hyphae and high numbers of associated oxalate crystals [96]. In 
cows, the gastrointestinal tract, and almost exclusively the omasum, is the primary 
site of mycotic lesions caused by A. fumigatus [95]. The reported incidence of 
mycotic mastitis in cows caused by A. fumigatus has increased subsequent to the 
antibiotic treatment of animals, although the number of reported cases is lower than 
in small ruminants [99–102]. 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 [103].

Secretory products of Aspergillus such as gliotoxin and tremorgens are toxic to 
cattle. A. fumigatus-contaminated silage was found to contain fumigaclavine A 
and C and several fumitremorgins [104]. Cattle-consuming silages containing 
these mycotoxins demonstrated signs of generalized deterioration, protein defi-
ciency, malnutrition, diarrhea, irritability, abnormal behavior, and occasionally 
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death. A neurological syndrome also has been observed in dairy cattle associated 
with consumption of patulin- and clavatol-contaminated foodstuffs produced by 
A. clavatus [105, 106].

4.3.7  Horses

Aspergillus species cause guttural pouch infections, keratomycosis, and pneumonia 
in horses [107–111]. The inflammation of the intestines, prolonged administration 
of antibiotics, immunosuppressive state of the host, and the presence of endocri-
nopathies and/or neoplasia often are predisposing factors thought to weaken the 
immune system of the horse, favoring penetration and growth of opportunistic fungi 
such as Aspergillus [112–115]. In horses, aspergillosis can be rapidly fatal when the 
infection invades the lungs. Pulmonary aspergillosis in horses may present with 
mild respiratory signs, tachypnea associated with adventitious lung or pleural 
sounds, and fever [116–118]. Nasal aspergillosis is another uncommon presentation 
of disease in horses with a wide range of clinical signs, characterized by dyspnea 
and nasal discharge [119]. In horses, keratomycosis is a relatively common disease, 
particularly in warm climates, usually following a corneal injury by plant material. 
In guttural pouch infections, inflammation of the cranial nerves leads to the devel-
opment of dysphagia (with nasal discharge), laryngeal hemiplegia, facial paresis, or 
Horner’s syndrome. Typical lesions are characterized by clearly demarcated, 
yellow- brown, necrotic tissue firmly adherent to the surface of the medial compart-
ment of one guttural pouch [120, 121]. As long as the underlying structures (vessels 
and nerves) are not affected, the infection remains asymptomatic. However, the ero-
sion of the internal carotid or maxillary artery leads to the sudden development of 
profuse epistaxis in a horse at rest [122, 123].

4.3.8  Marine Mammals

In marine mammals, stranded northern bottlenose whale (Hyperoodon ampullatus), 
killer whale (Orcinus orca), and stranded harbor porpoise (Phocoena phocoena) 
aspergillosis can be primary or secondary to any chronic infection, physiologic 
stress, or immunosuppression [124–126]. Pulmonary infections due to A. fumigatus 
or less frequently A. niger or A. terreus occur in cetaceans [127, 128]. Other organs 
may also be affected [124, 126, 129].

4.3.9  Nonhuman Primates

Aspergillosis also may occur in various nonhuman primate species, particularly in 
immunocompromised hosts as a posttransplant infectious complication [130, 131] 
or following metabolic disorders [132]. In addition, the underlying infection with 
Simian Immunodeficiency Virus (SIV) could be considered a risk factor [13, 133]. 
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Environmental exposure to Aspergillus species is an important source of infection 
in nonhuman primates such as rhesus macaques (Macaca mulatta), cynomolgus 
macaques (Macaca fascicularis), and baboons (Papio spp.), which are extensively 
used in research models of solid organ transplantation [13, 130, 133, 134]. Similar 
to ruminants, when diagnosing pulmonary aspergillosis in primates, the possibility 
of concurrent involvement of tuberculosis should be considered [13].

4.4  Diagnosis and Species Identification

Since Aspergillus species are ubiquitous environmental airborne contaminants, a 
positive culture from a nonsterile clinical specimen does not indicate aspergillosis. 
However, isolation of Aspergillus species in cultures even from non-sterile speci-
mens can be of diagnostic importance. The non-fumigatus Aspergillus species in the 
section Fumigati are very difficult to differentiate from A. fumigatus with certainty 
based solely on morphological and physiological characteristics since many charac-
teristics are variable between strains. However, most of them grow slower than A. 
fumigatus at 37 °C, and thermotolerance can be used as a presumptive diagnostic 
criterion to differentiate them from A. fumigatus, the only Aspergillus species of 
clinical importance that grows readily at temperatures higher than 45 °C [135].

The current species recognition and identification of Aspergillus spp. are gener-
ally polyphasic based on morphology, physiology, and molecular data, and this 
requires skills and equipment that may not be universally available [136]. A two- 
step approach has been suggested in the clinical setting for molecular species iden-
tification of Aspergillus. The first step is to sequence ITS, the barcoding marker for 
the identification to the intersection level, followed by sequencing of partial 
β-tubulin for individual species identification within the sections [137].

The matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) 
mass spectrometry (MS)-based strategy has shown promising results to discrimi-
nate the intra-section level of clinically relevant species of Aspergillus, including 
the non-fumigatus “cryptic” species [138, 139]. Currently, four different MALDI- 
TOF MS benchtop platforms are commercially available for the routine identifica-
tion of microbial pathogens in diagnostic laboratories; they include the Andromas 
(Andromas SAS, Paris, France), the Axima@Saramis (Shimadzu/Anagnos Tec, 
Duisburg, Germany), the Bruker Biotyper (Bruker Daltonics, Bremen, Germany), 
and the Vitek MS (bioMérieux, Marcy l’Etoile, France) systems. Of these, the latter 
two systems, Bruker Biotyper and Vitex MS, are the only systems that have been 
approved by the US Food and Drug Administration for identification of bacteria and 
yeasts [140]. The main concerns regarding the MALDI-TOF MS-based mold spe-
cies identification is the molecular components similarities among sister species 
which may hinder the species differentiation.

In addition, Aspergillus galactomannan ELISA has shown promising result in the 
diagnosis of Aspergillus infection in small animals. Immunofluorescent procedures 
can also be used to identify hyphae in tissue sections [141].
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4.5  Treatment

Many of the antifungal agents that are used in humans are also used in animals for 
the treatment of Aspergillus infections. These are the polyenes (e.g., amphotericin 
B) and azoles, including both the imidazoles and triazoles [142]. Table 4.1 summa-
rizes the uses of various antifungals that have proved to be successful in various 
animals against Aspergillus infections.

4.6  Risk of Antifungal Resistance

Recent changes in the taxonomy of Aspergillus have major implications for our 
understanding of drug susceptibility profiles [143]. New sibling species of A. 
fumigatus exhibit in vitro susceptibility profiles that differ significantly from that 
of A. fumigatus. While acquired resistance is an emerging problem in A. fumigatus 
[144, 145], other Aspergillus species may be intrinsically resistant to amphotericin 
B and azoles [143]. MICs of A. flavus clinical isolates to amphotericin B are con-
sistently twofold dilution steps higher than those of A. fumigatus [146]. Using 
CLSI methodology [147], A. nidulans was shown to have MIC values of 1–2 mg/l 
for amphotericin B, which is higher than commonly observed with A. fumigatus 
[148]. Itraconazole and voriconazole cross-resistance and variable susceptibilities 
for caspofungin were observed in vitro against A. felis, another possibly intrinsi-
cally resistant sibling of the A. fumigatus species complex [93, 149, 150]. In the 
section Usti, azoles are not active against A. calidoustus with MICs of ≥8 mg/l, 
while other classes of antifungal drugs also appear less active [151]. Resistance of 
A. terreus to amphotericin B is well known [152]. Based on susceptibility to azoles, 
three different susceptibility patterns were distinguished in the black aspergilli 
(section Nigri). Some isolates showed low-azole MICs and 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 [153].

Several studies have analyzed Aspergillus isolates from different animals for 
resistance to commercially available antimycotic agents, and many of them reported 
surprisingly high levels of azole resistance in Aspergillus species. There is no evi-
dence of emerging azole resistance among A. fumigatus isolates from dogs and cats, 
and topical azole therapy should be effective against most isolates [154]. However, 
acquired resistance to itraconazole and voriconazole has been reported for avian A. 
fumigatus strains obtained from domestic and wild birds in Belgium and the 
Netherlands [155], where azole resistance is widespread both in clinical and envi-
ronmental isolates. The source of these resistant isolates is unclear. However, two of 
the four resistant strains were isolated from birds that received itraconazole. This is 
important, and a fungicide-driven route of resistance selection in A. fumigatus may 
have implications for the management of aspergillosis in animals. Another possibil-
ity in these birds can also be considered as an indication of the presence of acquired 
resistance in the surrounding environment [156]. Of note, resistance to medical 
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Table 4.1 Recommended indications of antifungals against Aspergillus infections in animals

Antifungal 
drug

Animal 
species Recommended dosages

Amphotericin 
B

Birds Conventional AmB: IV 1.5 mg/kg q8h 3–5 days
Nebulization: 15 min 1 mg/kg q24 h 10–14 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; long-term treatment 
needed

Ketoconazole Birds 30 mg/kg q 12 h 14–30 days
Fluconazole Dogs Nasal infection: 1.25–10 mg/kg/day q12h, 50 mg/cat q12h, for 

3–6 months
Cats CNS infection: 1.25–10 mg/kg/day q12h, 50 mg/cat q12h, for 

3–6 months
Itraconazole Birds Treatment: 5–15 mg/kg q12h with food for 7–21 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 
15–25 mg/kg/day, for 1 week

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

Cats 2.5 mg/kg q12h, or 5 mg/kg q24h, or 50–100 mg/cat PO (give 
with food), for 15–30 days

Horses 2.5 mg/kg q12 or 5 mg/kg q24h PO
Voriconazole Birds 10–18 mg/kg q12h

Dogs 4–5 mg/kg q12h PO
Cats 4–5 mg/kg q12h PO
Horses Systemic infection: 2–4 mg/kg q24h, or 3 mg/kg q24h PO, 

topical solution for keratitis and intracorneal administration
Posaconazole Dogs 5–10 mg/kg q12–24 h

Cats 5 mg/kg q24h
Clotrimazole Birds 

(raptors)
Nebulization: 45 min q24h

Dogs Single or multiple intranasal local instillation, topical treatment
Cats Single or multiple intranasal local instillation, topical treatment

Miconazole Birds 45 min/day in raptors
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)
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triazoles may be associated with resistance selection to azole fungicides in the envi-
ronment [157]. In humans, azole-resistant Aspergillus disease can be observed in 
patients without previous azole therapy, indicating that hosts inhale both azole- 
susceptible and azole-resistant A. fumigatus conidia [158].

In another study, Ziółkowska et al. (2014) investigated the in vitro susceptibility 
of A. fumigatus strains isolates obtained from oral cavity, lungs, and air sacs of 
healthy domestic geese, birds with aspergillosis, and from their environment. All of 
the strains were susceptible to enilconazole, itraconazole, and voriconazole but, 
irrespective of source, showed various degree of resistance to miconazole, clotrima-
zole (MIC90 = 16 μg/ml), and amphotericin B (MIC90 = 16 μg/ml) [159]. To assess 
the potential risk of azole-resistance emergence in avian farms where azole com-
pounds were used for the control of avian mycoses, a drug susceptibility study 
including A. fumigatus isolates from birds and avian farms was conducted in France 
and Southern China [160]. A total number of 175 A. fumigatus isolates were ana-
lyzed. No resistant isolate was detected, and the distribution of MICs was similar 
for isolates collected in farms with or without azole chemoprophylaxis. For 61 ran-
domly selected isolates, the full coding sequence of Cyp51A gene was determined 
to detect mutations. Nine amino acid alterations were found in the target enzyme, 
three of which were new mutations.

Of note, invasive infections caused by azole-resistant A. fumigatus are challeng-
ing to treat due to the lack of therapeutic options. In humans, combination of an 
azole with echinocandins or lipid formulations of amphotericin B can be used, and 
5-flucytosine has also been recommended to be added to other therapies in patients 
with central nervous system infections caused by resistant isolates [161]. However, 
both antifungals have limitations, including toxicities, which may prohibit their 
long-term use in both humans and animals. Depending on the mechanism of resis-
tance, higher doses of certain triazoles may be attempted, and there is a recent report 
of the successful treatment of invasive aspergillosis caused by an A. fumigatus iso-
late harboring a TR46/Y121F/T289A mutation in a bottlenose dolphin with high- 
dose posaconazole [162]. Here, the oral solution of posaconazole was incorporated 
into gelatin capsules and administered with a goal of achieving trough concentra-
tions of >3 mg/l, which was achieved after prolonged administration and resulted in 
clinical improvement.

4.7  Concluding Remarks

Overall, Aspergillus species are capable of causing different clinical diseases in a 
wide range of living organisms. A. fumigatus remains the most frequently causative 
fungal agent; however, role of the newly identified Aspergillus species in causing 
disease in animals remains unclear, considering the fact that clinical observations 
and evolution of infections caused by non-fumigatus Aspergillus species may differ 
significantly from those by A. fumigatus. To prevent invasive Aspergillus infection 
in animals, treatment should be based on eliminating predisposing factors such as 
improper husbandry, and appropriate samples should be taken for culture and 
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susceptibility testing and selection of antifungal agents. To reduce risk of mycotox-
ins, preventive strategies to inhibit growth of Aspergillus species and to reduce 
mycotoxin loads in animal feed are required.
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5Some Clinically Significant Genera 
of Dematiaceous Hyphomycetes: 
An Update

Shanker Mohan Singh and Richa Gumasta

Abstract
Dematiaceous (melanized or phaeoid) fungi are common in the environment. 
However, clinical diseases caused by them are uncommon. Despite their rarity, 
they are being increasingly recognized as causal agents of disease in man and 
animal. There is growing awareness among medical fraternity about the clinical 
significance of these melanized fungi in medical practice. In this article, we have 
reviewed some clinically significant publications reporting some emerging pha-
eoid genera up to 2017. The genera reviewed are Alternaria, Aureobasidium, 
Bipolaris, Exserohilum, Curvularia, Ochroconis, Exophiala, Phialophora, 
Chaetomium, Neoscytalidium, Leptosphaeria, Microascus, Lecythophora, 
Phaeoacremonium, Scedosporium, Veronaea, Fonsecaea, Wallemia sebi, 
Verruconis, etc. In addition, laboratory diagnosis and future areas of research 
have also been dealt along with conclusion.

Keywords
Clinical significance · Phaeoid · Genera · Review

5.1  Introduction

In the recent years, there has been spectacular decrease in incidence and mortality 
due to microbial diseases largely because of effective preventive measures based on 
sound knowledge of pathogenesis and immunology of these diseases particularly in 
the west. It is, however, ironical that in such an era when so many advances have 
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been made in the rapid cure of microbial as well as nonmicrobial diseases, certain 
opportunistic mycotic infections have increased on the global basis. This notable 
growth in the prevalence and incidence of opportunistic infections has been attrib-
uted to direct consequences of these medical advances which directly or indirectly 
affect immune system of man. Some of these are broad-spectrum antibiotics, adre-
nal corticosteroids, immunosuppressive drugs for organ transplantation, chemother-
apy for cancer, prolonged use of indwelling catheters, prosthetic heart valve surgery, 
open heart surgery, renal transplantation, pacemaker wires, etc. Apart from these, a 
number of conditions may promote the development of fungal infections in the 
compromised host. These include malignant diseases, blood dyscrasias, diabetes 
mellitus, endocrinopathies, autoimmune disorder, AIDS, etc.

Out of numerous fungi in nature, infections caused by dematiaceous genera have 
been and continue to be unusual clinical phenomenon, particularly with increasing 
number of immunocompromised patients resulting in a resurgence of interest in 
these pathogens. Periodically, some reviews [1–9] have been written on the infec-
tions caused by dematiaceous fungi. Since many new findings have accumulated, a 
review of the current status of available information on some emerging medically 
important genera of the clinical-type phaeohyphomycosis was considered worth 
undertaking. Such a review would serve to bring together widely scattered data for 
critical analysis and would point out the unexplored areas of research.

5.1.1  Alternaria

Alternaria infection has been mostly described in Europe. In France, 23 cases have 
been published followed by 6 cases from Japan and 5 from the USA [4, 10–12]. In 
India, only three cases have been reported [13, 14]. This fungal infection affects 
both men (22 cases) and women (17 cases) aged 8 months to more than 80 years. 
They can be encountered in rural populations, especially in people having occupa-
tions that make them an easy prey to traumas. In few cases, no predisposition or 
deficiency likely to have caused the disease was encountered [4]. Inversely, in other 
patients, there is a clue to different types of predispositions like kidney transplanta-
tion, Cushing’s syndrome [4], lymphoma [15], and Hodgkin’s disease plus other 
chronic diseases like lupus, diabetes, etc. [4]. Table 5.1 shows cases described in 
different parts of the world. In most of the cases, the infection was confined to the 
dermal region with the fungal element spreading to the dermal layer accompanied 
by inflammatory reaction followed by an epidermal infection in which the hyphae 
were confined to stratum corneum [4]. Cases of sinusitis and nail infection are found 
to be rare [4, 13]. It is interesting to note that no systemic infection has been reported 
by Alternaria spp. so far. The clinical pictures described are variable. Typically, the 
initial sign is a macula gradually converting to usually squamous, sometimes crust 
like, indurated, verrucous, purplish erythematous nodule. The nodules can be either 
single or scattered all over the body or clustered at a site [4]. In maximum number 
of cases, elbow, forearm, wrist, and back of the hands were involved [4, 16]. Knees 
and pretibial region were the next in the order of frequency [15]. Interestingly, in a 
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number of cases, the lesions were mainly located on the face; unusual site reported 
was breast [4]. The infection at different sites of the body indicates that the pathogen 
may have entered the body through some trauma, but unfortunately such an inocula-
tion was seldom mentioned in the case histories.

In most of the cases, the histopathological examination revealed a well-delimited 
dermal granuloma containing hyphae and single-celled structures [4]. Recently, in 
an experimental animal model, several giant cells containing fungal elements of A. 
chlamydospora along with spiral shape of fungal hyphae were observed in the gran-
uloma on intraperitoneal inoculation. A. chlamydospora also exhibited neurotro-
pism in animal model [17].

Alternaria strains reported as human pathogen belong to different species. 
However, majority of the cases were caused by either A. tenuissima or A. alternata. 
Unfortunately, several authors have identified them only up to the genus level. 
Experimental infection of small mammals frequently resulted in superficial lesion 
[2]. Ohashi (1960) reported an epidemic internal disease caused by A. alternata 
[18]. His experimental infections resulted in a high death rate among guinea pigs. 
Dubois et  al. (2005) reported a case of cutaneous phaeohyphomycosis due to A. 
infectoria [19, 20]. A. malorum has also been reported to cause subcutaneous lesion 
[21]. Interestingly in 2017, Liu et al. (2017) reported a case of cutaneous infection 
in a stem cell transplant patient due to A. rosae [22].

Regarding treatment, it was observed that corticosteroids often produced ulcer-
ation. Injection of amphotericin B (amp-B) or miconazole into the lesions was 
effective occasionally [2, 4]. Ketoconazole exhibited diverse effects in the treat-
ment. In some cases, it showed no improvement, while in others, definite improve-
ment pertaining to healing was evident [2, 4, 15]. High doses of itraconazole only 
could cure a female patient who had several episodes of recurrence following exci-
sion and ketoconazole treatment [4].

5.1.2  Bipolaris and Exserohilum

Table 5.1 summarizes cases infected by Bipolaris and Exserohilum species. The 
total number of patients infected with Bipolaris species, namely, B. hawaiiensis and 
B. australiensis, were 16. Clinically significant species of Bipolaris causing human 
disease are B. spicifera, B. hawaiiensis, and B. australiensis.

In about 21 patients, an underlying local or systemic predisposing factor was 
present. Local factors included an injured cornea, allergic rhinitis, or nasal polypo-
sis, and systemic factors included peritonitis following continuous ambulatory peri-
toneal dialysis (CAPD), cardiac surgery, chronic bronchitis with bronchiectasis, 
lymphoma, immunosuppressive therapy, leukemia, and myelodysplasia. 
Immunocompromised patients were more susceptible to systemic infection. B. 
hawaiiensis and B. spicifera demonstrated particular attraction for central nervous 
system [23]. Nevertheless, it is interesting to know that in about ten cases, no pre-
disposing factors were identified. This indicates that isolation of Bipolaris and 
Exserohilum from clinical specimens, even of otherwise healthy people, may 
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suggest a serious infection. We, therefore, suggest that critical clinical and labora-
tory evaluations of such patients should be done before arriving at a firm 
diagnosis.

Bipolaris and Exserohilum are responsible for a number of clinical syndromes 
[23–25]. Infection of the nose and paranasal sinuses was the most common form 
followed by infection of the central nervous system, skin, cornea, peritoneum, endo-
cardium endocarditis, and bones. One immunocompromised patient also had posi-
tive blood cultures of B. spicifera. The prognosis was usually good since the 
infection resolved in about 24 cases including those with serious manifestations 
such as encephalitis, endocarditis, osteomyelitis, peritonitis, and paranasal involve-
ment [3, 26]. Four patients, all with predisposing factors, died. One case developed 
corneal perforation and in another sputum examination disclosed masses of dema-
tiaceous mycelia for over two years.

Regarding treatment, systemic amphotericin B is probably the most effective 
method of treating infections caused by Bipolaris or Exserohilum species. Four out 
of six patients who had not received systemic amphotericin B treatment died. 
Inversely, 16 patients received this drug with or without surgical excision and 14 of 
them recovered. Surgical excision alone of patients with nasal and paranasal infec-
tion cured four patients, and in other four cases, surgical excision along with sys-
temic therapy was necessary. The role of imidazole derivatives in these infections is 
not clear.

In India, to our knowledge, the first case of bilateral nasal phaeohyphomycosis 
caused by B. hawaiiensis was diagnosed in a woman with chronic renal failure 
admitted in 1985 to the Christian Medical College Hospital, Vellore, and success-
fully treated with nystatin solution [27]. Lastly, we believe that infections caused by 
Bipolaris and Exserohilum species particularly in India are underdiagnosed. We 
recommend that it must be considered in different diagnoses, particularly in immu-
nocompromised patients. Three species of Exserohilum causing human infections 
are E. rostratum, E. longirostratum, and E. mcginnisii. They have been reported as 
etiologic agents of sinusitis [25], CNS, keratitis [28], and disseminated case [29] 
along with cutaneous and subcutaneous diseases [30, 31]. In India, first report of E. 
rostratum cutaneous infection was reported by Agrawal and Singh [32].

5.1.3  Cladosporium

There are over 500 described species of Cladosporium. Most of these are ubiquitous 
saprophytes, occurring most abundantly in the air [2, 33–39]. Among these, C. tri-
choides, C. carrionii, C. deVriesii, C. herbarum, C. cladosporioides, C sphaero-
spermum, and C. oxysporum have been reported pathogenic to humans [40, 45].

Twenty-six cases of cerebral phaeohyphomycosis have been attributed to 
Cladosporium trichoides [41–45]. However, since 1960, two new names, 
Cladophialophora bantianum and Xylohypha bantiana, have been used for this fun-
gus, and the controversy surrounding these names is still unsettled [2, 31, 46–49]. 
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As the taxonomy of C. trichoides is controversial, we prefer to use its original name 
in this article on the basis of its priority [48].

In Table 5.1, cultural and histopathologically documented cases of brain abscess 
caused by C. trichoides have been included. Cases not validly reported or lacking 
cultural confirmation and incorrect fungal identification have not been included in 
this review. Out of thirty-three documented cases, 23 involved the central nervous 
system, 5 involved the skin, 2 involved the nails, and in 1 case bronchopulmonary 
disorder was suspected though it was not histologically confirmed. Majority of the 
patients had no apparent physiologic factors predisposing to infection. Headache 
was the most common presenting symptom of CNS infection followed by focal 
deficits, hemiparesis, temperature range of 36.9–39.5 °C, cranial nerve defects, pap-
illedema, lethargy, meningismus, and ataxia. It is interesting to note that the initial 
diagnosis of CNS phaeohyphomycosis or other fungal infection was not described 
in any case, and diagnosis was not established until surgery. The initial diagnosis 
was bacterial brain abscess or meningitis, space-occupying mass, brain tumor, and 
viral encephalitis. Frontal and parietal lobes and cerebellum were mostly infected. 
Lesions on the brain were of two types: (1) discrete, well demarcated, and encapsu-
lated, associated with good prognosis and (2) lesions not well demarcated and often 
with satellite lesions, not resectable, and associated with poor prognosis.

Review of CNS phaeohyphomycosis revealed that the survival rate of patients is 
35–45%. At present, it is not possible to distinguish specific dematiaceous hypho-
mycetes in vivo [49]. Therefore, cultural identification is important in determining 
prognosis as well as therapy. Dixon and Polak (1987) reported that dematiaceous 
fungi demonstrate different responses to antifungal agents. This dependency of spe-
cific cultural identification of etiologic agent for therapeutic decisions may lessen in 
future with the availability of new broad-spectrum antifungals [50].

CNS phaeohyphomycosis generally occurred in males without predilection for 
racial or geographic location. As C. trichoides can be isolated from detritus [51, 52], 
traumatic or inhalational exposure to soil may be significant. Experimental infec-
tions have demonstrated that respiratory tract may be a portal of entry [53]. However, 
only mice treated with corticosteroids were found to have cerebral infection after 
respiratory challenge. These observations suggest that defective host immunity and 
exposure to a source where organism thrives in nature are important in establishing 
CNS infection in human [41].

Neurosurgical resection is an important determinant for cure because patients 
who did not undergo surgery died and were diagnosed postmortem. Unfortunately, 
antifungal therapy was not associated with improved survival of the patient. 
However, amphotericin B (10  mg/kg) reduced mortality by 20%. At present, a 
course of 5 flucytosine (FC) and amphotericin B (amp-B) seems best especially for 
poorly resectable lesions.

C. carrionii is an established causal agent of the clinical type chromoblastomy-
cosis of man [2]. This fungus causes granulomatous skin lesions leading to warty, 
cauliflower-like tumors [2]. Interestingly, Barde and Singh [54] reported for the first 
time C. carrionii as a causal agent of phaeohyphomycosis. Like Phialophora 
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verrucosa [1], C. carrionii could also play a dual role as pathogens of two clinical 
types, chromoblastomycosis and phaeohyphomycosis.

Cladosporium sphaerospermum is a ubiquitous saprophyte, occurring on all 
sorts of substrate. It was originally described from citrus leaves, but the neotype 
strain CBS 193.54 was isolated from human nails. A C. sphaerospermum-like strain 
described as Hormodendrum cladosporioides was involved in psoriasis-like, later 
eczematous skin lesions on humans [2]. The original strain of H. langeronii CBS 
189.54, reidentified as C. sphaerospermum by other authors [55, 56], was isolated 
from human nodular lesions. Likewise, we have also diagnosed several cases of 
phaeohyphomycosis caused by C. sphaerospermum [unpublished data]. We are of 
the opinion that such cases are rather underdiagnosed.

C. herbarum has been implicated as pathogen under unusual circumstances [57]. 
C. cladosporioides was implicated as the cause of a pulmonary ball; however, 
pathogenicity of these strains have been doubted by later authors. In 1984, Gonzalez 
et al. (1984) reported subcutaneous phaeohyphomycosis caused by C. deVriesii in a 
26-year-old woman from Grand Cayman Island. She was successfully treated with 
surgical excision along with 5 FC and thiabendazole [40].

In India, Chandramukhi and Gokul [58] reported that at National Institute of 
Mental Health and Neuroscience, Bangalore, four cases of CNS infection caused by 
C. bantianum were encountered in 10 years. All the infected patients were males. 
The clinical picture in two cases was abnormal behavior and stroke syndrome. In 
one case, it was brain abscess; and in another case, chronic meningitis along with 
chronic brain abscess was observed. Interestingly, none had any predisposing fac-
tors. However, none of these reported cases in the review were documented by the 
authors. In India, Tamsikar et al. (2005) reported a case of sebaceous cyst due to C. 
cladosporioides [59].

5.1.4  Curvularia

Some of the species of the genus Curvularia are opportunistic pathogens causing 
phaeohyphomycosis. They may cause variety of mycoses in man and animals 
including insects [60] like keratitis, sinusitis [61], endocarditis [62], cutaneous and 
subcutaneous infection [63], systemic infection [60], onychomycosis [64], and CNS 
infection [65]. Clinical isolates include C. senegalensis, C. brachyspora, C. clavata, 
C. verruculosa, and C. inaequalis [66]. Among these, C. lunata is the most common 
clinical species. Forester et al. (1975) reported C. lunata to cause mycotic keratitis 
[67]. Rohweeder et al. (1979) reported C. lunata as a causal agent of disseminated 
infection in a football player who was a 25-year-old immunocompetent male [68]. 
Deep soft tissue abscess, pulmonary suppuration, paravertebral abscess, and cere-
bral abscess all followed leg ulcers from neglected abrasion. From India, Barde and 
Singh [69] reported C. lunata from a case of onychomycosis involving all the finger 
and nails with a primary debilitating disease. This fungus was also involved in the 
case of mycotic keratitis reported by Agarwal et al. (1982) for the first time from 
India  [70]. Singh et  al. (1991) reported C. lunata causing disseminated 

S. M. Singh and R. Gumasta



113

phaeohyphomycosis among a group of Nezara viridula (Insecta: Heteroptera) para-
sitizing vegetable crop Vigna unguiculata [60]. Dark lesions were seen on pronotum 
and abdominal sterna. Histopathology revealed that almost all internal organs and 
tissues were extensively damaged. C. lunata exhibited predilection for chitinous 
tissues and elicited cellular immune response by granulocytes (phagocytosis). This 
was the first report of phaeohyphomycosis in an insect, extending the disease to 
invertebrates.

Nityananda et al. (1964) reported C. geniculata from mycotic keratitis in human. 
Kaufman reported C. geniculata infection on a homografted aortic valve [71, 72]. 
Forester et al. (1975) reported that C. pallescens, C. senegalensis, and C. verrucu-
losa may also cause nonspecific corneal ulcers. C. pallescens was also described as 
the cause of a pulmonary mycetoma with cerebral metastasis in a human patient 
[67, 73]. Vishnoi et al. (2005) studied animal pathogenicity of a clinical isolate of C. 
geniculata from cancer patient in albino rats [74]. They reported that C. geniculata 
was capable to cause disease in the animal. The target organs were lungs, liver, and 
kidneys in both healthy and diseased rats.

We were referred a case of 29-year-old female suffering from sinusitis caused by 
C. lunata. She underwent an operation for right and left lateral rhinotomy and eth-
moidectomy on 22-7-1988. The granuloma was surgically removed, and the patient 
was put on amphotericin B treatment for 7 months taking 1.425 g of the drug. After 
a trouble-free period of 20 months, she again developed similar symptoms and was 
readvised surgical excision and antifungal treatment. At this juncture, on January 
1991, we were consulted for antifungal therapy. Our experience suggests that 
in vitro amphotericin B is not active against C. lunata, and this was the probable 
reason why amp-B could not kill the fragments of the fungus left after surgery lead-
ing to the recurrence of the lesion. Though we advised for the antifungal therapy, the 
patient could not be followed up (unpublished data).

5.1.5  Dactylaria and Ochroconis

Saccardo established Dactylaria in 1880 for D. purpurella which he had mistakenly 
described in 1877 as Ascrotheciun purpurellum. Georg et  al. (1964) described 
Diplorhinotrichum gallopavum Cook as the etiologic agent of fungal meningitis in 
Turkey. Bhatt and Kendric [75, 76] proposed the new combination Dactylaria gal-
lopava after uniting Diplorhinotrichun under their amended definition of the genus 
Dactylaria. Later, deHoog (1983) proposed the genus Ochroconis for most species 
formerly classified under the name Scolecobasidium and classified three species 
under Ochroconis that were pathogenic to humans and animals, namely, O. gallopa-
vum, O. humicola, and O. tschawytschae [2, 77]. Because of the morphological 
similarity of conidia produced by O. gallopavum and Scolecobasidium constrictum, 
these two species were reduced to varietal status under new combination D. con-
stricta var. gallopava and P. constricta var. constricta [78, 79]. Cannon (1990) 
reported that the method of conidial secession in Dactylaria is schizolytic, while in 
Ochroconis, it is rhexolytic justifying the separation of the genera [80].
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Dactylaria constricta is known as the causative agent of acute encephalitis in 
Turkey and Chicks [2]. Fukushiro et  al. (1986) reported subcutaneous abscess 
caused by O. gallopavum (D. constricta) [81]. Similarly, Terreni et al. (1986) found 
D. constricta to cause disseminated infection in immunocompromised patients [82]. 
Dixon et al. (1987) evaluated the pathogenic potential of D. constricta and found 
that D. constricta formerly known as D. gallopava was capable of causing infec-
tions in the CNS, whereas the isolates of D. constricta formerly known as 
Scolecobasidium constrictum were nonpathogenic [83]. Sekhon et al. (1990) con-
firmed the above conclusion using antigenic relationship [84]. They found no anti-
genic relatedness between D. gallopava and S. constrictum and concluded that they 
should be retained as separate entities. Fukushiro et  al. (1986) reported the first 
human infection caused by O. gallopavum in a patient with an acute myeloblastic 
leukemia [81]. The lesions were manifested as subcutaneous nodules and abscess. 
The second disseminated fatal infection caused by O. gallopavum, the first in the 
USA, was described by Terreni et al. (1990) in a 62-year-old man with chronic lym-
phocytic leukemia of T-cell type and also diabetes mellitus [85]. Sides et al. (1991) 
described a third human infection caused by this emerging pathogen in a patient 
from North Carolina, USA, with malignant lymphoma [86]. The patient, a 60-year- 
old man with a 9-year history of malignant lymphoma, developed an initial pulmo-
nary infection with Nocardia asteroides which later disseminated to the central 
nervous system with multiple brain abscesses. He was treated successfully with 
intravenous trimethoprim sulfamethoxazole for 6  weeks. A follow-up CT scan 
showed complete resolution of the abscesses. However, 2 years later, he returned to 
the hospital with symptoms of loss of concentration; ataxia, leaning to the left; and 
confusion. Craniotomy revealed a right frontal lobe abscess. Histopathology of the 
tissue revealed dematiaceous fungus. The fungal isolate was identified as O. gal-
lopavum. Later, despite treatment with amp-B, 5FC, and fluconazole, the patient 
gradually deteriorated and died.

Apart from these documented cases, Sides et al. (1991) have reported that A. A. 
Padhye of Centre of Disease Control, Atlanta, has identified increasing numbers of 
O. gallopavum isolates from clinical specimens [86]. In many instances, the fungus 
was not considered to be a pathogen but was treated as a saprophyte by the sender 
laboratory. This may, in part, be due to the failure of O. gallopavum to grow on 
media containing cycloheximide. Like all other neurotropic fungi, O. gallopavum 
exhibits its innate ability to grow at temperatures higher than 37°C. It is, therefore, 
suggested that when fungi with thermotolerant abilities are isolated from clinical 
specimens especially from immunocompromised patients, they should be fully 
investigated as opportunistic pathogens rather than being discarded as 
contaminants.

5.1.6  Exophiala

This genus was proposed in 1966 by Carmichael. It currently includes eight species, 
four of which are known to cause phaeohyphomycosis in humans. These are E. 
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jeanselmei (Langeron) McGinnis et Padhye, E. moniliae de Hoog, E. spinifera 
(Nelson et Conant) McGinnis, and E. werneckii (Horta) von Arx [87]. The most 
frequently documented human pathogen is E. jeanselmei. Its clinical picture varied 
from cutaneous to subcutaneous abscess. In most instances, the patient presented 
with solitary, discrete, asymptomatic, well-encapsulated subcutaneous nodules [88, 
89]. The lesions may occur on the feet, legs, hands, arms, back, or other body sites. 
In many cases, the patient recalled localized trauma at the site of lesions. Such 
patients have been frequently misdiagnosed as ganglion cysts, Baker’s cysts, etc. 
Dense collagenous connective tissue surrounds the abscess [88–90] in which mac-
rophages, scattered giant cells, neutrophils, eosinophils, and lymphocytes may be 
seen. The fungus is prominent in the wall of the abscess [91]. Predisposing factors 
like diabetes, lupus, and leukemia have been found in some cases [9]. E. jeanselmei 
infection was described in a 53-year-old man in the USA who was undergoing treat-
ment with steroid compounds against rheumatoid arthritis for 5 years. He developed 
subcutaneous abscess with sinus tracts at the site of the intramuscular injection. 
Another case was reported from Japan in a 61-year-old woman who had been 
receiving corticosteroids therapy for nephritic syndrome and developed a lesion that 
began as small, slightly erythematous papule on the planter aspect of the foot which 
gradually enlarged to flatly elevated plaque that discharged pus. In both cases, treat-
ment consisted of complete excision of the lesion [9]. South et al. (1981) reported 
successful treatment of a patient having subcutaneous phaeohyphomycosis caused 
by E. jeanselmei with ketoconazole [92].

In India, Singh and coworkers (1992) reported a case of cutaneous phaeohypho-
mycosis due to E. jeanselmei in a 35-year-old male who had flat erythematous moist 
lesions on the interdigital area of the third digit of the left foot [93]. Earlier, 
Prabhakar et al. (1983) and Lal et al. (1984) had reported a case, each of phaeohy-
phomycosis and chromoblastomycosis, respectively [94, 95]. Similarly, Hemashettar 
and coworkers described a case of mycetoma pedis in a 35-year-old farmer due to 
E. jeanselmei [96, 97]. It is interesting to note that this species has the potentiality 
to cause phaeohyphomycosis, chromoblastomycosis, as well as mycetoma. 
However, parasitic form of E. jeanselmei has created certain controversy [98]. It is, 
therefore, important that while conceptually maintaining the term chromoblastomy-
cosis and phaeohyphomycosis as separate entities, one must have in mind that the 
definition of clinical entity has to be determined by the host-parasite relationship. 
An interesting question also arises of how to treat such cases where fungus is the 
same but clinical types are different.

The only well-documented human infection caused by E. moniliae was reported 
by McGinnis et al. in 1981. They observed a primary subcutaneous lesion on the 
dorsum of the third digit of the left foot caused by this fungus in a 63-year-old male 
without predisposing factor and no history of a recent foot injury [4]. Matsumoto 
et  al. (1984) described two cases of phaeohyphomycosis caused by E. moniliae 
from Japan [87]. The first case was of a 9-year-old girl with slow-growing subman-
dibular lesion. The lesion was slightly elevated, flat, and erythematous. The patient 
had no predisposing factor. The second case was a 53-year-old male surgeon who 
had for the last 3 years slowly growing vegetative tumor on his left buttock. The 
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tumor was dark brown, ellipsoidal, circumscribed, and a heaped-up granuloma-like 
plaque measuring 11 × 13  cm. The histological specimens of the lesion showed 
pseudocarcinomatous proliferation in the epidermis and multiple necrotizing granu-
lomata in both upper and lower dermis. Histologically, dematiaceous mycelium and 
yeast-like cells were present predominantly; therefore, these cases were considered 
as cases of phaeohyphomycosis.

The first report of infection caused by Phialophora spinifera involved a fatal 
infection of a child from India [99]. de Hoog subsequently reidentified this fungus 
as Exophiala spinifera [2]. Later, E. spinifera was described causing a granuloma-
tous mass in the nasal granuloma due to its ability to produce annellides on spine-
like conidiophores [100]. In addition to these cases, Padhye and coworkers reported 
two cases in humans [101, 102]. Lacaz et al. (1984) reported a cutaneous infection 
in a 5-year-old girl, and Dai et al. (1987) reported a systemic infection in a 9-year- 
old boy [103, 104]. Recently, two cases of feline phaeohyphomycosis caused by E. 
spinifera have been described extending this disease to animals [105]. Despite the 
wide geographic distribution of E. spinifera in North, Central, and South America 
[2, 101, 102], along with Asia, [99, 104] and Australia [105], only eight human 
infections caused by this dematiaceous pathogen have been reported. With regard to 
the treatment of four human cases, first proved fatal. In the second one, nasal granu-
loma was diagnosed early and was successively excised, third was treated effec-
tively with a combination of ketoconazole and flucytosine, and the last showed 
clinical improvement with itraconazole after treatment with amp-B, ketoconazole 
and flucytosine had proved ineffective. The reports of the other two human cases do 
not provide enough follow-up data for adequate assessment.

Tinea nigra palmaris caused by Exophiala werneckii almost exclusively occurs 
in tropical and subtropical countries and is particularly common in coastal areas. E. 
werneckii syn. Cladosporium werneckii is the main etiologic agent of the clinical 
type tinea nigra palmaris, a human disease characterized by blackish slightly scaly 
usually asymptomatic stains on the palms [2]. In India, two cases of tinea nigra from 
South have been reported [96, 106]. The strains occur superficially on one of the 
palms rarely on both or on the sole [2]. It remains doubtful whether all cases of 
similar lesions on other part of the body were caused by the same species [2]. It has 
been found that except for few cases, the cause of infections has been preceded by 
hand injuries [2]. Experimental infection is not always successful [2, 107]. 
Inoculation of feet usually gives no significant reaction [2]. But when the fungus is 
inoculated in the bleeding area of the palm, typical lesions do develop [2].

Exophiala dermatitidis, a normally saprophytic dematiaceous fungus, has also 
been reported as a cause of phaeohyphomycosis in humans. A review of the litera-
ture yielded nine validly documented cases of E. dermatitidis infections (Table 5.1). 
This dematiaceous fungus was first isolated by Kano in 1934 from a lesion on the 
cheek of a Japanese woman and was designated Hormiscium dermatitidis [108]. 
Most publications about human infections due to E. dermatitidis have come from 
Japan involving the skin which typically shows discoloration, granuloma, and ovoid 
cells in direct microscopy. In the case reported by Urabe et al. (1977), the brain was 
also found infected along with the skin, and intravenous treatment with amp-B was 
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a failure [109]. Similarly, the lung, lymph nodes, and brain also showed involve-
ment along with the skin in the patient reported by Harada et  al. (1976) [110]. 
Autogenous vaccine showed rapid progress, but death occurred in 11 months due to 
E. dermatitidis in two sisters from Taiwan, one 19-year-old student in whom lymph 
nodes, bile duct, ilium, liver, and brain were involved and the other a 25-year-old 
nurse in whom E. dermatitidis showed involvement in the lymph nodes and brain 
[2]. Systemic therapy in the younger sister with nystatin, streptomycin, chloram-
phenicol, colistin, and intravenous amp-B proved unsuccessful. Similarly, intrave-
nous treatment with amp-B and griseofulvin in case of the elder sister caused rapid 
progress with death in 5 months. Hohl et al. (1983) reported a subcutaneous cyst 
with occasional drainage on the knee due to E. dermatitidis in a diabetic man with 
impaired T-cell function and cutaneous allergy for the first time in North America 
[111]. Repeated cultures of the lesion were positive for E. dermatitidis despite ther-
apy with amp-B. Polak experimentally inoculated E. dermatitidis in Swiss albino 
mice that produced acute, fatal cerebral infection closely resembling human phaeo-
hyphomycosis [112]. No curative medical therapy is known for this infection, but 
surgical excision seems to be the treatment of choice for circumscribed E. derma-
titidis infections. In view of lack of apparent efficacy of the currently known anti-
fungal agents and the severity of the disease caused by E. dermatitidis, further 
experimental and clinical investigations seem to be warranted in the search for cura-
tive treatment. Today, E. dermatitidis should be considered invasive, capable of dis-
semination, and difficult to treat. E. dermatitidis was earlier known as Wangiella 
dermatitidis. A case of phaeohyphomycotic cyst caused by E. xenobiotica in patient 
with rheumatoid arthritis and lung cancer has been reported [113]. Likewise, a case 
of subcutaneous phaeohyphomycosis caused by E. salmonis has also been reported 
[114].

Exophiala asiatica is a newly described species causing a fatal, disseminated 
cerebral phaeohyphomycosis in China [115]. E. spinifera has also been reported in 
cases of subcutaneous infection [116, 117].

5.1.7  Neoscytalidium (Syn Hendersonula toruloidea, Nattrassia 
mangiferae)

Hendersonula toruloidea now known as Nattrassia mangiferae and also as 
Neoscytalidium dimidiatum is a well-recognized plant pathogen causing branch 
wilt, canker, and dieback disease of a wide range of trees [118]. Gentles and Evans 
were the first to suggest that this fungus could invade human skin and nails among 
immigrants from Pakistan, India, Fiji, and Kenya [119]. Since then, several reports 
have appeared regarding infections caused by this fungus [120, 121]. In India, Singh 
and Barde reported six cases and concluded that such infections may be common in 
India [122]. The species is classified in a coelomycete genus because of forming 
pycnidia. The hyphomycetous synanamorph Scytalidium dimidiatum is prevalent. A 
second species S. hyalinum also causes human infection [123].
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The taxonomy of human pathogenic Scytalidium spp. is confusing because of its 
pleomorphic nature. Singler et  al. (1997) reviewed the taxonomic status of this 
group and made four observations which make the taxonomy of this pathogen com-
plicated [124]: first, the change of the pycnidial state Hendersonula toruloidea to 
Nattrassia mangiferae; second, the pathogen consisting of three cultural variants; 
third, similarities in morphology and clinical presentation between N. mangiferae 
and Scytalidium hyalinum; and fourth, the name S. dimidiatum that was given to the 
Scytalidium synanamorph of N. mangiferae. Dhindsa et al. (1998) reported a case of 
subcutaneous infection due to Scytalidium synanamorph of N. mangiferae in a DLE 
patient [125]. N. dimidiatum primarily produces infections mimicking those caused 
by dermatophytes [126, 127]. There are occasional reports of ocular infections 
[128]. The name Nattrassia mangiferae has now been placed in the new genus 
Neofusicoccum [129]. To merge the entirety of Scytalidium with Fusicoccum was 
found to be inappropriate by Crous et  al. (2006) because they demonstrated N. 
dimidiatum to be phylogenetically distinct from Neofusicoccum mangiferae, thus 
suggesting N. dimidiatum to be the correct name for Nattrassia mangiferae [129].

5.1.8  Phialophora

Phialophora is a heterogenous assemblage of about 45 species [2]. Of these, nine 
species are known to be opportunistic pathogens of man and animals. These are P. 
richardsiae, P. parasitica, P. mutabilis, P. bubakii, P. verrucosa, P. repens, P. hoff-
mannii, P. americana, and P. europaea [130]. Some of human pathogens with phi-
alidic conidiogenesis assigned to Phialophora have been moved to Phaeoacremonium 
[131] and Pleurostomophora [132].

Table 5.1 shows cases of mycosis due to P. richardsiae. Interestingly, eleven 
cases showed a marked resemblance in their clinical picture, i.e., the development 
of painless, well-defined, localized nodules often encapsulated by a fibrous layer. 
Central necrosis and inflammation occurred, and the nodule contained a viscous and 
yellowish fluid. This picture agrees well with the general description of phaeohy-
phomycotic cysts given by Zeifer and Connor in 1980 [89]. Unusual sites of infec-
tion were a lacrimal duct and prostate gland [2]. Two cases reported recently were 
remarkable because subcutaneous cysts or granuloma were not formed; instead, 
only the cutaneous layers of the skin were involved with only little inflammatory 
response [134]. The age of the patients varied from 15 to 80 years. Males outnum-
bered females (9:4). Maximum infections were seen on extremities like leg sole 
[135], finger [136], rarely knee [137], gluteal region [134], and lacrimal duct [2]. 
Similarly, the maximum number of patients had some predisposing factors respon-
sible for infection. Two cases had diabetes, one had malignant lymphoma with dia-
betes and hepatosplenomegaly [135, 138, 139], one was a renal transplant patient 
[137], and the other developed a cystic mass on finger probably because he received 
Depo-Medrol injection as a treatment for extensor tendinitis. Trauma of the elbow 
probably helped in the development of phaeohyphomycotic cyst in a 79-year-old 
male [136]. Also, there were three cases reported [2, 134, 140] which were probably 
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healthy as in their case histories, no predisposing factors were described. Regarding 
therapy, it is evident that the surgical excision of the localized cyst appears to be the 
best mode of therapy sometimes with or without antimycotic therapy [2, 137]. 
Relatively little information is available on the treatment of infections caused by 
dematiaceous fungi by antimycotics. Antifungal therapy of such infections may 
yield variable results within strains of a single species [141]. This necessitates 
in vitro testing of each clinical isolate [142]. Strain of P. richardsiae (CBS [143, 
144]) isolated from a 15-year-old female [134] proved most susceptible to clotrima-
zole both in vitro and in vivo. On the contrary, the other strain of P. richardsiae 
isolated from a 50-year-old female, mother of the previous case, was most suscep-
tible to amorolfine in vitro, but in both, the patients’ cutaneous lesions were suc-
cessfully treated with topical clotrimazole cream. Amorolfine was not attempted in 
the treatment of the second case [134]. P. verrucosa is primarily an agent of chro-
moblastomycosis [145], and other reported infections are endocarditis, keratitis, 
and osteomyelitis [146, 147]. A recently described species implicated in superficial 
infections is P. europaea [131].

Phialophora parasitica, for the first time, was described as the etiologic agent of 
subcutaneous infection in a kidney transplant patient undergoing therapy [148]. 
Since then, seven cases of P. parasitica infection have appeared in the literature 
(Table 5.1), and four of these were kidney transplant patients in whom P. parasitica 
was isolated from subcutaneous infection [149–152]. In two cases [153, 154], 
trauma appeared to be the predisposing factor, and in one case [155], the patient was 
healthy. Surgical excision with or without treatment with antimycotics like ketocon-
azole [152], ketoconazole-itraconazole [149], fluconazole, and amp-B, along with 5 
FC [153], was the best treatment.

Two cases of P. bubakii have been reported in literature. Incidentally, in one of 
the cases, human nail was involved with trauma as the predisposing factor [155]. In 
another case, P. bubakii caused subcutaneous abscess in a renal transplant patient 
[154]. The cases of phaeohyphomycotic cyst caused by P. verrucosa [144], P. repens 
[156], and P. gougerotii [157] have been reported.

5.1.9  Chaetomium

Two ascomycetes genera, viz., Chaetomium and Achaetomium, are neurotropic and 
have been reported to cause human infection [158]. They form sexual-stage perithe-
cia in culture. The human pathogen C. globosum is reported to cause invasive dis-
ease and is neurotropic [160]. It also causes phaeohyphomycotic cyst [159]. C. 
perlucidum and C. atrobrunneum are neurotropic and should be considered in the 
differential diagnosis of CNS fungal disease [161]. Chaetomium strumarium is also 
neurotropic and an agent of CNS phaeohyphomycosis [162, 163].
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5.1.10  Leptosphaeria

Leptosphaeria senegalensis and L. tompkinsii are agents of black grain mycetoma 
restricted to Northern West Africa and India [161].

5.1.11  Microascus

It is a perithecial teleomorph with Scopulariopsis as anamorph. Several species of 
Microascus have been documented as agents of brain abscess [164], suppurative 
cutaneous granulomata in a patient with chronic granulomatous disease [165], 
endocarditis [166], and onychomycosis [167]. M. cirrosus was the etiologic agent of 
disseminated disease in a pediatric bone marrow recipient [168], and M. trigonospo-
rus was reported in fatal pneumonia and in another bone marrow transplant recipi-
ent [169].

5.1.12  Lecythophora

Species of Lecythophora, viz., L. mutabilis and L. hoffmannii, are of clinical signifi-
cance. They are reported to cause endophthalmitis [170], sinusitis [171], and pros-
thetic valve endocarditis [172].

5.1.13  Phaeoacremonium

The genus initially accommodated isolates with characters similar to both 
Acremonium and Phialophora [173, 174]. Human pathogens included in this genus 
are P. parasiticum [175], P. alvesii [176], P. amstelodamense, P. griseorubrum, P. 
krajdenii, P. rubrigenum [176], P. tardicrescens, and P. venezuelense [177]. 
Infections caused by P. parasiticum include subcutaneous abscesses [150], thorn- 
induced arthritis [153], and disseminated infection [178].

5.1.14  Lasiodiplodia

L. theobromae is a pycnidial fungus. It has been reported to cause subcutaneous 
disease [180], pneumonia in a liver transplant recipient [181], and mycotic keratitis 
[178,182]. This fungus was formerly known as Botryodiplodia theobromae.

5.1.15  Macrophomina

M. phaseolina is known to cause disseminated disease in a renal transplant recipient 
and cutaneous infection in a child with leukemia [183].
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5.1.16  Neoscytalidium

N. dimidiatum was earlier known as Scytalidium dimidiatum [185, 186]. This 
species may also produce pycnidial synanmorph Nattrassia mangiferae and has 
now been placed in a new genus Neofusicoccum [129, 130]. N. dimidiatum cause 
skin infection which mimics the infection caused by dermatophytes. Other infec-
tions include mycotic keratitis and deep mycosis in immunocompromised 
patients [128,186,187].

5.1.17  Rhinocladiella

Four species of this genus are known agents of phaeohyphomycosis. R. mackenziei 
is a frequently fatal neurotropic fungus thought to be restricted to Middle Eastern 
countries and has now been reported from India causing brain abscesses in a man 
with no history of traveling abroad [189, 190]. R. aquaspersa is an occasional agent 
of chromoblastomycosis [190]. R. basitona was reported from Japan causing subcu-
taneous lesion in a man [192]. R. similis (R. atrovirens) is reported to cause myce-
toma and cerebral phaeohyphomycosis in an AIDS patient [193, 194]. In 2013, Cai 
and coworkers for the first time isolated R. basitona from an immunocompetent 
child in China [195].

5.1.18  Acrophialophora

Acrophialophora fusispora is a rare species causing phaeohyphomycosis and is often 
confused with Scedosporium prolificans. It has been reported as an agent of cerebral 
phaeohyphomycosis in a leukemic child [195], as an agent of keratitis [196].

5.1.19  Phialemonium

The genus contains two species of clinical interest, P. obovatum and P. curvatum. 
Infection due to P. curvatum includes cutaneous and subcutaneous infections, dis-
seminated disease, endophthalmitis, peritonitis, arthritis associated endovascular 
infections, and endocarditis [197, 202]. Rivero and coworkers have reviewed and 
published cases due to Phialemonium spp. [202].

5.1.20  Scedosporium

The genus Scedosporium and its teleomorph have been reviewed by Cortez and 
coworkers [203, 204]. S. prolificans appears to occupy a more restricted geographi-
cal range with infections occurring mainly in Australia, Spain, and the USA [205]. 
Infection with this organism is of major concern in all settings due to its resistance 
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to antifungal therapy and high mortality associated [206–209]. The major risk fac-
tors are malignancy, organ transplant, pulmonary mycosis, bone and joint infection, 
cystic fibrosis, and hematological malignancies [210]. Molecular characterization 
suggests two or three distinct genotypes of S. prolificans which have been reported 
from France [211].

5.1.21  Pseudoallescheria

Teleomorphic genus Pseudoallescheria boydii (anamorph Scedosporium boydii), P. 
apiosperma (anamorph Scedosporium apiospermum), and P. ellipsoidea are also 
seldom reported to be pathogenic against humans. Other species of clinical interest 
in P. boydii species complex include S. aurantiacum [211] and S. dehoogii [212].

5.1.22  Fonsecaea

The genus Fonsecaea comprises of two species: F. pedrosoi and F. monophora [213, 
214]. Former is known to cause chromoblastomycosis [215,  216], and the latter 
causes chromoblastomycosis, subcutaneous infection, and cerebral phaeohyphomy-
cosis [217]. A genome sequence of strain type F. multimorphosa CBS 980.96 T was 
obtained. This species was first isolated from a cat with cerebral phaeohyphomyco-
sis in Queensland, Australia [219].

5.1.23  Phoma and Phoma-like Pycnidial Fungi

All the above genera produce morphological similar pycnidia which are difficult to 
differentiate and identify. Their documentation and reporting as casual agents in dis-
ease are limited by a lack of adequate identification. Species in these similar genera 
are best differentiated by their sequencing. They are reported to cause subcutaneous 
disease [220], endophthalmitis [221, 222], and deep tissue infection [218,  221, 
223–225].

5.1.24  Veronaea

V. botryosa infections were initially seen in China but now are a global concern. 
Literature reveals 12 cases reported since 1990 including three cases in transplant 
recipients [227–230]. Two cases are noteworthy as agents of subcutaneous disease 
in heart [230] and liver [231] transplant recipients. The present scenario suggests 
that V. botryosa is an emerging pathogen for immunocompromised patients. First 
report of V. botryosa as a causal agent of chromomycosis in frogs indicates animals 
are also susceptible to this pathogen [233]. The genus was examined at the molecu-
lar level by Arzanlose and coworkers [191]. V. botryosa has been reported as 
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pathogen of white sturgeon [234]. The authors reported the diversity of V. botryosa 
from different hosts and evaluated its pathogenicity in Acipenser transmontanus 
[232].

5.2  Some Emerging Pathogenic Genera

Some other well-documented human pathogenic genera reported in literature are 
Phaeoannellomyces elegans [234], Cephaliophora irregularis Thaxter incorrectly 
identified as Arthrobotrys oligospora Fries [235, 236], Scopulariopsis brumptii 
[237], Tetraploa aristata [238, 239], Thermomyces lanuginosus Tsiklinsky [240], 
Botryomyces caespitosus de Hoog and Rubio [241], Chaetomium  globosum    
[242,  243], Aureobasidium pullulans [244], Ramichloridium cerophilum [2], 
Rhinocladiella compacta [2], Wallemia sebi [2, 323], Tritirachium oryzae [245], 
Phoma cava [247], P. cruris-hominis [247], P. eupyrena [246, 247], P. minutella 
[248], Aureobasidium melanogenum [249],  Oidiodendron cerealis [250], 
Peyronellaea glomerata [251], Phaeosclera dermatioides [252], Phyllostictina cit-
ricarpa [91], Stenella araguata [253], Taeniolella stilbospora [254], Trichomaris 
invadens [255], Pseudomicrodochium suttonii [256], Pleurostomophora richard-
siae [319], Cladorrhinum bulbillosum, Coniothyrium fuckelii, Dissitimurus exe-
drus, Oidiodendron cerealis, Phaeotrichonis crotolariae, Pleurophoma pleurospora, 
Sarcinomyces phaeomuriformis, and Scytalidium lignicola [6]; all these fungi have 
one unifying character, i.e., they all form in vivo dematiaceous fungal hyphae or 
yeast-like cells. In some cases, however, the fungal element may not appear dema-
tiaceous. For such cases, Wood and Bell [257] suggested the use of Fontana Masson 
Silver Stain. This stain is melanin specific and helps in confirming the dematiaceous 
nature of the fungi in tissue. The value of this stain was well documented in the case 
of dog infected by Phialemonium obovatum [258]. Some photomicrographs of 
medically important genera of phaeohyphomycoses have been provided in Figs. 5.1, 
5.2, and 5.3. An updated list of phaeoid genera reported in human and animal dis-
eases up to 2017 has been shown in Table 5.2.

5.3  Laboratory Diagnosis

Since the fungi discussed in this review are found in the environment and may 
also be encountered as contaminants of clinical specimens, their isolation may 
pose a diagnostic dilemma to determine if the isolate is a pathogen; a colonizer, 
i.e., not actually invading living tissues; or a contaminant. To resolve this prob-
lem, certain parameters were suggested [156, 260]. These were (1) the suspected 
organism should be repeatedly isolated from the clinical specimens, (2) fungal 
structures observed in direct microscopic examination should be morphologi-
cally compatible with the fungus isolated from the specimen, (3) histopathology 
of the biopsy specimen indicating tissue invasion, and (4) ability to grow at 37°C.

Usually, in  vivo appearance of several dematiaceous opportunistic pathogens 
like Phialophora and Exophiala looks alike. This may suggest a presumptive 
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Fig. 5.1 Neoscytalidium. Broad septate hyphae and contiguous anthroconidia (lactophenol cotton 
blue, 400×). (Source: http://thunderhouse4-yuri.blogspot.in/2011/11/neoscytalidium-dimidiatum.
html)

Fig. 5.2 Microscopic view of conidia-like arthrospores of Wallemia sebi. (Source: http://old.
vscht.cz/obsah/fakulty/fpbt/ostatni/miniatlas/images/plisne/mikro/Wallemia%20sebi%20
CCF%203005%20mikro.jpg)

identification of the pathogen and may help in the immediate initiation of appropri-
ate therapy particularly when dealing with immunosuppressed patients where infec-
tion may rapidly progress to a fatal outcome. Nevertheless, precise identification of 
the pathogen is essential as even the strains of a single species respond differently 
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Table 5.2 Updated list of phaeoid genera reported in human and animal diseases up to 2017

S. No. Genus Species
1 Achaetomium A. strumarium
2 Acrophialophora A. fusispora
3 Alternaria A. alternata, A. chlamydospora, A. dianthicola, A. 

infectoria, A. longipes, A. tenuissima, A. rosae, A. 
dennisii, A. malorum

4 Anthopsis A. deltoidea, A. malorum
5 Arnium A. leporinum
6 Arthrinium A. phaeospermum
7 Ascotricha A. chartarum
8 Aureobasidium A. pullulans, A. melanogenum
9 Bipolaris B. australiensis, B. hawaiiensis, B. cynodontis, B. 

paperndorfii, B. spicifera
10 Biatriospora B. mackinnonnii [311]
11 Botryomyces B. caespitosus
12 Botryosphaeria B. dothidea
13 Chaetomium C. globosum, C. atrobrunneum, C. funicola, C. 

murorum, C. perlucidum, C. perpulchrum, C. funicolum, 
C. brasiliense

14 Cladophialophora C. bantiana, C. boppi, C. carrionii, C. arxii, C. 
devriesii, C. emmonsii, C. modesta, C. mycetomatis, C. 
saturnica, C. samoensis

(continued)

Fig. 5.3 Conidia of Coniothyrium fungi (Coniothyrium sp.) asexual spore. (Photo courtesy: 
Bruce Watt, University of Maine, Bugwood.org; source: https://www.invasive.org/browse/sub-
thumb.cfm?sub=65488)
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Table 5.2 (continued)

S. No. Genus Species
15 Cladorrhinum C. bulbillosum
16 Cladosporium C. cladosporioides. C. herbarum, C. oxysporum, C. 

sphaerospermum
17 Colletotrichum C. gloeosporioides, C. coccodes, C. graminicola, C. 

dematium, C. crassipes, C. truncatum
18 Coniothyrium C. fuckelii
19 Corynespora C. cassiicola
20 Curvularia C. brachyspora, C. clavata, C. geniculata, C. lunata, C. 

pallescens, C. senegalensis, C. verruculosa, C. 
inaequalis

21 Cyphellophora C. pleuriseptata, C. laciniata
22 Dichotomopthora D. portulacae
23 Diachotomorphthoropsis D. nymphaearum
24 Dissitimurus D. exedrus
25 Drechslera D. biseptata, D. nobleae, D. specifera [267]
26 Exophiala E. asiatica, E. aenata, E. xenobiotica, E. moniliae [259], 

E. salmonis, E. bergeri, E. spinifera, E. dermatitidis, E. 
jeanselmei, E. werneckii, E. lecanii-corni, E. 
oligosperma, E. phaeomuriformis, E. pisciphila, E. 
angulospora, E. equine

27 Exserohilum E. rostratum, E. longirostratum, E. mcginnisii
28 Fonsecaea F. monophora, F. pedrosoi, F. multimorphosa
29 Graphium G. basitruncatum
30 Honkongmyces H. pedis
31 Hormonema H. dermatioides
32 Hortaea H. werneckii
33 Lasiodiplodia L. theobromae
34 Lecythophora L. hoffmannii, L. mutabilis
35 Leptosphaeria L. senegalensis, L. tompkinsii
36 Macrophomina M. phaseolina
37 Madurella M. grisea, M. mycetomatis
38 Medicopsis M. romeroi
39 Microascus M. cinereus, M. cirrosus, M. trigonosporus
40 Microsphaeropsis M. arundinis, M. olivacea
41 Myceliophthora M. thermophila
42 Mycocentrospora M. acerina
43 Mycoleptodiscus M. indicus
44 Nattrassia N. mangiferae
45 Neoscytalidium N. dimidiatum
46 Neotestudina N. rosatii
47 Nigrospora N. sphaerica
48 Ochracladosporium O. elatum
49 Ochroconis O. gallopava, O. humicola, O. tshawytschae
50 Oidiodendron O. cerealis

(continued)
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Table 5.2 (continued)

S. No. Genus Species
51 Phaeoacremonium P. alvesii, P. amstelodamense, P. griseorubrum, P. 

krajdenii, P. parasiticum, P. rubrigenum, P. 
sphinctrophorum, P. tardicrescens, P. venezuelense

52 Paraconiothyrium P. cyclothyriodes
53 Phialemoniopsis P. hongkongensis, P. ocularis
54 Phialemonium P. curvatum, P. obovatum
55 Phaeosclera P. dermatioides
56 Phaeotrichocanis P. crotalariae
57 Phialophora P. americana, P. bubakii, P. europaea, P. repens, P. 

verrucosa
58 Phoma P. cruris-hominis, P. dennisiivar var. oculohominis, P. 

eupyrena, P. glomerata, P. herbarum, P. minutella, P. 
multispora, P. sorghina, P. insulana

59. Piedraia P. hortae
60. Pleurophoma P. cava
61. Pleurophomopsis P. lignicola
62. Pleurostomophora P. repens, P. richardsiae
63. Pseudochaetosphaeronema P. larense, P. martinelli
64. Pseudomicrodochium P. suttonii
65. Pyrenochaeta P. mackinnonii, P. romeroi, P. unguis-hominis
66. Pyrenophora P. phaeocomes
67. Rhinocladiella R. aquaspersa, R. basitona, R. mackenziei, R. similis
68. Rhytidhysteron R. rufulum
69. Sarcinomyces S. phaeomuriformis
70. Scedosporium S. prolificans
71. Scopulariopsis S. asperula, S. brumptii, S. fusca, S. brevicaulis,
72. Scytalidium S. dimidiatum
73. Sphaeropsis S. subglobosa
74. Stenella S. araguata
75. Taeniolella T. stillbospora
76. Tetraploa T. aristata
77. Thermomyces T. lanuginosus
78. Thielavia T. subthermophila
79. Ulocladium U. chartarum
80. Veronaea V. botryose
81. Verruconis V. gallopava
82. Wallemia W. sebi

After Matsumoto et al. [6] and Revankar and Sutton [7]
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to antimycotics [142, 261]. Molecular identification of most species relies on 
sequencing of ribosomal genes and comparison with published databases like 
GeneBank. However, over 16% of these deposits may be erroneous [262].

5.4  Future Areas of Research

For an organism to cause disease, it must enter the host, multiply in host tissues, 
resist host defense mechanism, and damage the host. Products of organisms which 
produce factors that assist in these processes are called virulence factors. Though 
numerous dematiaceous fungi have been reported as human pathogens, however, no 
mechanism of pathogenesis of any one of these fungi has been proposed. Similarly, 
there are other abilities of the organism which are not technically classified as viru-
lence factors, but they deserve recognition and investigation for better understand-
ing of the mechanism of pathogenesis. Some of these are critical mass phenomenon 
(mass effect of localized in vivo fungal cells on the vital organs and systems), induc-
tion of allergy (loss of immunologic response to mycoses), mycotoxins, space- 
occupying lesions, saprophytic to pathogenic conversion, genetics (surprisingly, 
little attention has been paid to genetics of pathogenesis), penetration of the host by 
the pathogen, dimorphism, morphological and biochemical aspects, etc. 
Immunological, serological, and epidemiological aspects of these infections are 
also little understood [2]. Therefore, there is tremendous scope for investigations on 
these lines in future.

The development of new agents for the treatment of mycotic infections has been 
slow in comparison to agents for the treatment of bacterial infections. There are two 
main reasons for this: (1) systemic fungal infections are much less common than 
bacterial infections, so less effort has been put in for developing new therapeutic 
agents, and (2) since fungi are eukaryotes, it has been difficult to develop antifungal 
agents that specifically affect fungal structures without affecting host cells. Although 
many antifungal drugs are available, the need of the hour is the development of new 
antifungal agents with a wide-spectrum activity, good absorption properties (from 
intestine), and rapid distribution in plasma and tissues after oral and intravenous 
administration along with no side effects.

Relatively little information is available on the treatment of infections by dema-
tiaceous fungi. Antifungal therapy of such infections may yield variable results even 
within strains of a single species [141]. This necessitates in vitro testing of each 
clinical isolate. At times, however, the results of in vitro susceptibility have no pre-
dictive value particularly in systemic mycoses. Inhibitory capacities of the drugs 
seem to be more difficult to standardize in test with filamentous fungi. It is apparent 
that much more work is needed in this area particularly since the infections are 
becoming more prevalent and resistant organisms are being isolated with increasing 
frequency.
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5.5  Conclusion

Interestingly, phaeohyphomycosis, the clinical type of great public health impor-
tance caused by diverse dematiaceous genera, is emerging into prominence on the 
global basis [9, 263, 264]. In India, no concerned effort has been made to determine 
its prevalence and distribution especially in immunosuppressed patients. Apart from 
our first reports on the emergence of this disease in India [13, 264], our experience 
suggests that this clinical type may be much more common in the population than 
expected.

Dematiaceous group of human pathogenic fungi in future will undoubtedly 
increase in both frequency and importance in contemporary medicine. A large num-
ber of cases with ulcers, abscesses, swellings, and tumors of mycotic etiology are 
misdiagnosed as other infections or sometimes as malignant lesions because ade-
quate laboratory facilities for diagnosis of fungal infections and precise identifica-
tion of etiologic agents are available at only few places in India.

We, therefore, suggests such facilities to be made available at more places and 
also request clinicians, pathologists, and mycologists to perform more critical 
mycological evaluation to define the role of fungi in diseases in a better way. It is 
only through the integration of each specialist’s efforts that the victims of opportu-
nistic fungi can be helped to overcome their infections. This step is very appropriate 
in view of the increased conditions prevailing, for opportunistic fungal invasion, the 
most important being AIDS, cancer, and other immunosuppressive diseases.
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Abstract
American continent concentrates important endemic mycoses, both systemic and 
subcutaneous, such as coccidioidomycosis, blastomycosis, histoplasmosis, para-
coccidioidomycosis and sporotrichosis. The common factor among these myco-
ses is the dimorphic nature of their etiologic agents, like Coccidioides spp., 
Blastomyces spp., Histoplasma spp., Paracoccidioides spp. and Sporothrix spp., 
respectively. Human and animal coccidioidomycoses are found in the USA 
(states of California, Texas, Arizona and New Mexico), Brazil (states of Piauí 
and Ceará) and Argentina (states of Catamarca, Santiago del Estero, San Luis 
and Córdoba). Blastomycosis is restricted to North America, mainly in the val-
leys of the Mississippi and Ohio Rivers of the USA, and is predominantly 
observed in dogs. Cases of classical histoplasmosis in humans and animals occur 
mainly in the USA (Mississippi, Missouri, Ohio River valley), Canada (Ontario 
and Montreal) and in some regions of Latin America (Colombia and Brazil). 
Paracoccidioidomycosis is the most important systemic mycosis in Latin 
American countries, highlighting Brazil, Colombia, Venezuela and Argentina. It 
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predominantly affects humans, despite some cases of animal disease being 
recently reported. In Brazil, there was a special situation concerning sporotricho-
sis, where thousands of cases of human disease were transmitted due to cat 
scratches, characterizing a great epidemic of zoonotic transmission. The most 
prevalent species reported was Sporothrix brasiliensis which is considered to be 
one of the most virulent species of Sporothrix species complex.

Keywords
Systemic mycosis · Blastomycosis · Coccidioidomycosis · Histoplasmosis · 
Paracoccidioidomycosis · Sporotrichosis

6.1  General Aspect

The endemic systemic mycoses of American continent such as blastomycosis, coc-
cidioidomycosis, histoplasmosis and paracoccidioidomycosis share the dimorphic 
nature of their etiological agents (which have a saprophytic mycelial phase in envi-
ronment that infect hosts by airborne route through the inhalation of conidia). 
Another aspect that has to be emphasized is the taxonomic classification of these 
fungi: phylum Ascomycota, order Onygenales [1–3].

The order Onygenales comprises several important fungi in Medical Mycology. 
It is important to highlight at least three families: Arthrodermataceae (includes 
causative agents of dermatophytosis), Onygenaceae (includes Coccidioides immi-
tis and Coccidioides posadasii, etiological agents of coccidioidomycosis) and the 
Ajellomycethaceae, which includes Blastomyces dermatitidis, Blastomyces gil-
christii, Histoplasma capsulatum, Paracoccidioides brasiliensis, Paracoccidioides 
lutzii, Emmonsia parva, Emmonsia crescens and Lacazia loboi [4]. Emmonsia 
parva and E. crescens cause adiaspiromycosis, a disease found mainly in rodents, 
acquired by inhalation of the conida present in soil. Once in the lung, the conidia 
undergo an enlargement in volume (up to a million-fold) to form the adiaspores 
(parasitic form in tissue), around 2–4 μm to 40–500 μm in diameter [5]. The last 
decade has witnessed an increase in reports of a novel Emmonsia-like fungus as 
causative agent of systemic mycosis in immunocompromised patients worldwide, 
frequently leading to death. These new species differ from Emmonsia by produc-
ing a yeast-like phase rather than adiaspores in tissues [6]. Emergomyces pasteur-
ianus, formerly called Emmonsia pasteuriana [7] was reported as causative agent 
of disease in HIV patients in Italy [7, 8], Spain [9] and India [10]. In China, there 
are two reports in non-HIV patients, but in both cases there was a significant 
immunosuppression due to renal transplant [11] and high dose of corticosteroids 
[12]. Emergomyces africanus is the main species that cause emergomycosis in 
South African patients with high case-fatality ratio; however, the actual habitat of 
fungus in nature is unknown; it is believed that soil is the main source of infection 
through inhalation of conidia [7, 13].

It is important to mention that new members of Ajellomycethaceae, viz., 
Emmonsiellopsis coralliformis, Emmonsiellopsis terrestris, Helicocarpus griseus 
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and Polytolypa hystricis have been described. They are found in environmental sam-
ples and do not appear to undergo a thermally regulated dimorphic transition in 
animals [14].

Despite the emerging importance of Emmonsia spp. and Emergomyces spp. in 
Medical Mycology field, the present chapter is focused on coccidioidomycosis, 
blastomycosis, histoplasmosis, paracoccidioidomycosis and sporotrichosis, as these 
are the common endemic mycoses in American continent.

The etiological agents of coccidioidomycosis, blastomycosis, histoplasmosis 
and paracoccidioidomycosis have specific geographical distribution, for example, 
blastomycosis is mostly reported in North America, while paracoccidioidomycosis 
corresponds to the major systemic mycosis from Latin American countries [15, 16]. 
Coccidioidomycosis is observed in arid regions of the USA, Mexico, Brazil and 
Argentina [17]. Histoplasmosis is autochthonous in more than 60 countries, being 
not restricted only to American continent [18].

Historically, the first systemic mycosis described was coccidioidomycosis in 
1892, by a medical student, Alejandro Posadas, and his advisor (the pathologist 
Robert Wernick), in an Argentine soldier who had disseminated skin lesions for 
over 3 years [19]. In 1894, Thomas Casper Gilchrist described blastomycosis in a 
male patient having a skin lesion in the hand [20]. Samuel Taylor Darling, a pathol-
ogist from the Ancon Hospital, Panama, described systemic histoplasmosis in a 
patient who had hepatosplenomegaly and anemia [21]. Later in 1908, the first case 
of paracoccidioidomycosis was described by Adolfo Lutz, in São Paulo state, Brazil, 
in a male rural worker patient presenting lesions in the mucocutaneous junction in 
the mouth [22].

Sporotrichosis, an important and emerging endemic subcutaneous mycosis in 
Brazil, is caused by a non-Onygenales dimorphic fungus, and the disease has two 
main forms of transmission: classical by scratches through vegetal material and 
zoonotic through cats [23, 24]. Historically, sporotrichosis was described in 1898 at 
The Johns Hopkins Hospital, in Baltimore, USA, by Robert Benjamin Schenckii, in 
a patient with skin lesions [25].

6.2  Systemic Endemic Mycoses

6.2.1  Coccidioidomycosis

6.2.1.1  Definition and Etiology
Coccidioidomycosis is a systemic granulomatous mycosis of humans and animals, 
characterized mainly by involvement of the lungs and other tissues, such as the skin, 
bones, joints and meninges. It is caused by the dimorphic fungus Coccidioides 
immitis or Coccidioides posadasii. The teleomorph phase of both species is still 
unknown.

Coccidioides sp. is a dimorphic fungus, but unlike other dimorphic fungi, its 
dimorphism is not totally temperature dependent. The dimorphism of Coccidioides 
spp. is mainly related to parasitic condition and may be achieved in vitro by using a 
special culture medium for reversion and incubation with microaerophilia 
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conditions [26]. The mycelial phase is characterized by a colony of humid and gla-
brous aspect, with a membranous appearance and a grayish color, later becoming 
cottony with color that varies from white to cream (Fig.  6.1a). Microscopically, 
hyaline and septate hyphae are observed, with numerous quadrangular alternating 
barrel-shaped thick-walled arthroconidia, measuring about 2.5–6 μm in diameter 
(Fig. 6.1b). The spherule (sporangium) is equivalent to yeast phase and is observed 
in host tissues. The spherules are characterized by thick cell walls and spherical or 
oval in shape and measure about 10–60 μm, reaching up to 100 μm in diameter 
(Fig. 6.1c). The cytoplasmatic content inside the spherule began progressive cleav-
ages to form the endospores, which measure about 2–5 μm. The spherule breaks its 
cell wall and promotes the release of endospores. Once released, the endospores are 
spread by hematogenic route to other tissues and begin to form a new spherule [26].

Until the early 2000s, it was believed that Coccidioides immitis was the unique 
species to cause coccidioidomycosis. Fisher and co-workers (2001, 2002) demon-
strated that Coccidioides immitis is a cryptic species, since they found genetic diver-
sity among isolates of C. immitis from California and other regions (Texas, Mexico 
and South America). The authors separated these clades in Californian (CA) and non-
Californian (non-CA) isolates and later named the non-CA isolates as Coccidioides 
posadasii, to honor Alejandro Posadas [27, 28]. Genetic diversity has also been found 
in isolates among both species from different endemic regions [29–31].

C. immitis is considered as the most virulent fungus, both for humans and ani-
mals. The inhalation of few arthroconidia is sufficient for the infection in lung tis-
sue. It is the only fungal pathogen that is classified into risk group 3, and its handling 
is restricted to laboratories with biosafety level 3 [32]. It is also considered the only 
eukaryotic organism with potential use for bioterrorism, having been included 

Fig. 6.1 Morphology of Coccidioides posadasii. (a) Filamentous colonies obtained on 
Sabouraud’s agar with 10 days of incubation; (b) microscopy of filamentous culture, evidencing 
intercalary arthroconidia (lactophenol cotton blue, 400 ×); (c) spherules in direct mycological 
examination (lactophenol cotton blue, 400 ×). “Copyright of Gen National Publishing Group (Rio 
de Janeiro, Brazil), Book: Doenças Infecciosas em Animais de Produção e Companhia, Chapter of 
Coccidioidomicose (page 870), reprinted with permission”
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among the biological agents that are controlled by antiterrorist legal statutes to 
transport and receive selected agents, a process regulated by the American Anti- 
Terrorism Act and Effective Death Penalty, according to the US Act of 1996.

6.2.1.2  Epidemiology
Coccidioides spp. may be found in semi-arid and arid soil conditions, between the 
parallels 40° N (USA) and 40° S (Argentina) [33]. Characteristically, these regions 
present sandy soil, alkaline pH, summers with high temperatures and mild winters, 
in addition to long periods of drought, low rainfall indices and xerophytic vegeta-
tion. The soil favorable to development of Coccidioides spp. presents high concen-
trations of organic matter, mainly based on carbon compounds and high 
concentrations of salts based on calcium sulfate, boron and sodium chloride [34]. 
The fungus may be generally found in soils at a depth of about 20 cm or more, 
where competition with other microorganisms is lower. In endemic areas, the distri-
bution of fungus in the soil is focal, commonly associated with animal burrows 
(mainly rodents and marsupials in the USA and armadillos in Brazil) and archeo-
logical sites, constituting an important occupational disease for archeologists, geol-
ogists and other professionals dealing with soil in endemic areas [35–39].

Around 40% of coccidioidomycosis infection in humans evolves to clinical dis-
ease, which resembles an influenza-like disease (also called Valley fever) [40]. 
Several outbreaks have been reported in literature, and a recent review revealed 47 
outbreaks during 1940–2015, which resulted in 1,464 cases of the disease in 
humans. The majority of these outbreaks were related to occupational activities and 
resulted from an earthquake and a large dust storm [41]. In Brazil, outbreaks of coc-
cidioidomycosis have been reported in human patients and dogs after armadillos 
hunting (Fig. 6.2). Generally, after an incubation period of 10 days (after the hunt), 
both hunters and dogs presented with fever and respiratory manifestations; some 
even led to death. The agent has already been isolated from sputum and other clini-
cal samples from patients, lungs of dogs and tissues of armadillos and soil samples 
collected from burrows of armadillos [35]. In the USA, Arizona and California are 
considered as the highest endemic areas. Benedict and co-workers warned about the 
severity of the disease in residents of non-highly endemic states as the less severe 
cases generally remained undiagnosed or unreported [42]. Besides Arizona and 
California states that register around 60% of coccidioidomycosis in the USA, the 
disease has also been reported to be endemic in some regions of Mexico, El Salvador, 
Honduras, Guatemala, Venezuela, Colombia, Bolivia, Paraguay, Argentina and 
Brazil [17, 29, 43–46].

The morbidity of disease is not high in animals. However, the lethality depends 
on the species involved. In cattle and sheep, the disease is usually benign or evolves 
to a localized form. For the canine and feline species, the lethality can reach 100% 
in animals with clinical manifestations of the disease. Epidemiological surveys con-
ducted in endemic areas of the USA, using skin tests with coccidioidin (antigen), 
showed that a large percentage of dogs are infected, but without clinical manifesta-
tion of the disease. In Arizona, the prevalence of coccidioidomycosis in dogs and 
cats, between 2009 and 2015, was 23 and 17, respectively. The average age of these 
animals was 7 years for dogs and 9 years for cats [47].
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In horses, Ziemer and co-workers reported 15 cases between 1975 and 1984 in 
California and Arizona [48]. A survey of skin test with coccidioidin was conducted 
in 11,643 cattles in Arizona, between 1954 and 1959, and a total of 2,859 (24.6%) 
were found positive [49]. Infection of Coccidioides spp. and coccidioidomycosis 
were also reported in wild animals, such as llama, alpacas, rhesus macaque, koala, 
black rhinoceros, snake and bats [50–57]. Marine mammals such as sea lion and 
bottlenose dolphin have also been affected by coccidioidomycosis [58, 59]. A sur-
vey in marine mammals, during the years 1998–2012 in marine coast of California, 
USA, revealed that among the 41 animals infected by fungi, 36 were infected by 
Coccidioides immitis (20 sea otters, 15 sea lions and 1 harbor seal) [60].

6.2.1.3  Clinical Aspects
The high prevalence of positive intradermal tests in endemic areas showed that sub-
clinical infection is more common in dogs, which are considered sentinels for dis-
ease and a way to map the disease in endemic regions [61, 62].

The disease may begin firstly with respiratory sign like cough, which can be dry 
(similar to that observed in cases of tracheobronchitis or “kennel cough”) or produc-
tive. Dry cough is a result of hilar lymphadenomegaly or diffuse pulmonary 

Fig. 6.2 Armadillo 
hunting: situation observed 
in Brazilian rural 
communities. Hunter 
accompanied with his dog. 
Image courtesy of Dr. Jael 
Soares Batista. “Copyright 
of Gen National Publishing 
Group (Rio de Janeiro, 
Brazil), Book: Doenças 
Infecciosas Em animais de 
Produção e Companhia, 
Chapter of 
Coccidioidomicose (page 
872), reprinted with 
permission”
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interstitial disease; productive cough occurs due to alveolar involvement. This pul-
monary condition may resolve or evolve into a severe generalized pneumonia 
(Fig. 6.3b) with worsening of respiratory signs or even disseminate to other organs 
[62, 63]. The clinical signs resulting from the spread of the disease are associated 
with the organ in which the fungus is lodged. In addition to respiratory signs, clau-
dication, peripheral localized lymphadenopathy, exudation of cutaneous lesions and 
ocular signs (keratitis, uveitis, chorioretinitis, panophthalmitis and even blindness) 
are observed. Signs of impairment of the digestive system, as well as peripheral 
generalized lymphadenopathy, are rare. Left congestive heart failure may occur. 
Other cardiac manifestations may vary from disturbances of the blood circulation to 
changes in the musculature, making it difficult to contract and conduct impulses. 
Changes in the pericardium are also reported. The main manifestations of the cen-
tral nervous system like ataxia, behavioral changes, convulsions, strokes and coma 
are rarely observed. Claudication is the most evident clinical sign of bone lesions, 
which is extremely painful and commonly seen in long bones. Joint lesions are 
uncommon, although immune-mediated polyarthritis has been described in infected 
dogs. Most of the skin lesions result from dissemination of the fungus; however, 
they may also result from the involvement of the underlying bone. Clinically, tegu-
mentary lesions range from small wounds to abscesses and ulcers that drain puru-
lent contents (Fig. 6.3c). Nonspecific signs associated with disseminated disease are 

Fig. 6.3 Coccidioidomycosis in dogs: hunting dogs with coccidioidomycosis, from the munici-
pality of Oeiras, State of Piauí, Brazil. (a) Cachexia; (b) radiographic appearance of the lung of the 
same dog evidencing bilateral pneumonia with hilar adenopathy; (c) another dog showing snout 
injury (arrow). “Copyright Mycopathologia (2000) 148:57. https://doi.
org/10.1023/A:1007183022761, and Gen National Publishing Group (Rio de Janeiro, Brazil), 
Book: Doenças Infecciosas Em Animais de Produção e Companhia, Chapter of Coccidioidomicose 
(page 874), reprinted with permission”
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represented by constant or intermittent fever, anorexia, weight loss leading to 
cachexia (Fig. 6.3a), depression and weakness [62, 64, 65].

Coccidioidomycosis in cats is less frequent than dogs and the clinical manifesta-
tions are similar to those observed in dogs. It seems that the cutaneous involvement 
is more frequent in cats than dogs. It is common for cats to have cutaneous lesions 
without any underlying bone involvement, as commonly seen in dogs. Other mani-
festations commonly observed with skin lesions are fever, anorexia and weight loss. 
Respiratory signs are not frequent in cats, possibly because these animals have less 
intense physical activity than dogs. Although bone lesions are similar, in cats they 
are less frequent. Ocular lesions occur in a manner similar to that observed in dogs 
both in frequency and in clinical presentation [64, 65]. In wild felids, the disease 
was reported in mountain lions (Felis concolor) with disseminated form accompa-
nied by peritonitis [62, 66, 67].

In horses, the disease is mainly manifested by weight loss, emaciation, fever, 
cough, muscular pain, cutaneous abscesses (mainly in the pectoral region), ane-
mia and colic. It seems that cattles may be refractory to development of disease, 
since in experimental infection with high doses of arthroconidia by intratracheal 
route, no signs of disease were observed [68]. In endemic areas of coccidioido-
mycosis in Arizona, skin tests showed prevalence of infection in cattles quite 
similar to humans [62, 69]. Lesions of coccidioidomycosis and comprehend 
granuloma in thoracic lymph nodes have been observed in cattle from slaughter 
houses [68]. Coccidioidomycosis in sheep is similar to that observed in cattles 
of slaughter houses, i.e. granulomatous lesions in mediastinal and bronchoal-
veolar lymph nodes [62].

6.2.2  Blastomycosis

6.2.2.1  Definition and Etiology
Blastomycosis, a systemic granulomatous mycosis of humans and animals, is 
caused by the dimorphic fungus Blastomyces dermatitidis. The disease is character-
ized mainly by pulmonary involvement, but other tissues are also affected. The B. 
dermatitidis corresponds to the anamorph (asexual) stage. Its teleomorph phase 
(sexual) has already been described and is named Ajellomyces dermatitidis [70, 71]. 
A new species, named Blastomyces gilchristii, was described as other etiological 
agent of blastomycosis [72]. Recently a new species, Blastomyces percursus, was 
reported in Israel and South Africa [73].

The mycelial form has a white-brown coloration, smooth or grooved topography, 
raised center and generally cottony appearance (Fig.  6.4a). Microscopically, the 
mycelial form has hyaline and thin hyphae with conidiophores having rounded or 
globular conidia at their ends (Fig. 6.4b). The yeast form is characterized by the 
cerebriform and glabrous appearance, creamy consistency and coloration that vary 
in tones from beige to light yellow (Fig.  6.5a). Microscopically, the yeast has a 
diameter of 5–20 μm and a thick and birefringent cell wall. Cell budding is unique, 
and the daughter cell attaches to the mother cell by a broad base binding (Fig. 6.5b).
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6.2.2.2  Epidemiology
It is believed that B. dermatitidis has the soil as the natural reservoir, although its 
habitat is not known till now and the fungus was rarely isolated from soil especially 
near to watercourses and from riparian forests with high organic matter, enriched 
with animal excreta and with low pH [74–76]. The infection is acquired through the 
inhalation of the conidia from environment. Once inhaled, the conidia reach the 
pulmonary alveoli and convert to yeast form. The risks of infection increase when 
rains and intense dew occur, which facilitate the release of infecting spores of the 
fungus [76].

Fig. 6.4 Filamentous colony of Blastomyces dermatitidis. (a) Cottony appearance and whitish 
coloring; (b) Microscopy (lactophenol cotton blue, 400 ×). Image courtesy of Dr. Dennis 
Baumgardner (Family Practice Center, Aurora St. Luke’s Medical Center, Milwaukee, WI, 
USA).“Copyright of Gen National Publishing Group (Rio de Janeiro, Brazil), Book: Doenças 
Infecciosas Em Animais de Produção e Companhia, Chapter of Blastomicose (page 862), reprinted 
with permission”

Fig. 6.5 Yeast colony of Blastomyces dermatitidis. (a) Macroscopic aspect; (b) microscopy of the 
single- and broad-based buds (lactophenol cotton blue, 400 ×). Image courtesy of Dr. Dennis 
Baumgardner (Family Practice Center, Aurora St. Luke’s Medical Center, Milwaukee, WI, USA). 
“Copyright of Gen National Publishing Group (Rio de Janeiro, Brazil), Book Doenças Infecciosas 
Em Animais de Produção e Companhia, Chapter of Blastomicose (page 862), reprinted with 
permission”
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Blastomycosis has been observed in North America, mainly in the Mississippi 
and Ohio river valleys in the USA. It has also been observed in Canada, in the 
provinces of Manitoba, Ontario and Quebec. The autochthonous cases have also 
been described from African countries [15, 77, 78], parts of India [79] and the 
Middle East [80]. The distribution of blastomycosis due to B. gilchristii has been 
observed in hyperendemic regions of Northwestern Ontario, Wisconsin and 
Minnesota [72, 81].

There are few reports of outbreaks of blastomycosis, and the most important 
occurred in Wisconsin, state of the USA, in which 26 people who had participated 
in activities related to a camp in a natural park developed acute pulmonary disease 
between 21 and 106 days after exposure. The fungus was isolated from clinical 
specimens from patients and also from environment [82].

The principal animal species affected by blastomycosis is the dog, in which the 
annual incidence of the disease is estimated in 1,420 for every 100,000 dogs. This 
incidence is considered around tenfolds higher when compared to human cases of 
the disease, a fact that reinforces the concept that canine blastomycosis can be a 
harbinger of disease in humans [83]. It is estimated that one-third of patients had 
one of their dogs diagnosed with blastomycosis at least 6 months before the symp-
toms began in the human cases [84]. Dogs that have hunting habits or prominent 
fossorial activity (dig holes in the soil) are more susceptible to infection, and most 
of them can be infected between 1 and 5 years of age irrespective of sex. Indeed, the 
influence of breed and sex of animals is more important in canine blastomycosis, 
which is more frequent in male dogs of large breeds, aged between 2 and 4 years 
and used for work, hunting and sports activities [85].

Feline blastomycosis has been rarely reported in literature, when compared to 
dogs and is mostly observed in young male cats [86]. Blastomycosis has also been 
reported in horses that live in endemic areas [87].

Among wild animals, there are some reports in wild canides, such as red foxes 
(Vulpes vulpes), grey wolves (Canis lupus), kinkajou (Potos flavus), ferret, 
redruffed lemur (Varecia rubra), rhesus monkey (Macaca mulatta), lions 
(Panthera leo), Siberian tiger (Panthera tigris), cheetah (Acinonyx jubatus), 
snow leopard (Panthera uncia), American black bear (Ursus americanus) and 
marine animals such as sea lion (Zalophus californianus) and Atlantic bottlenose 
dolphin (Tursiops truncatus) [88–95].

In humans, around 55–65% of the cases of blastomycosis are observed in men 
with age range between 30 and 60 years. The majority of cases associated to men 
are due to exposition to B. dermatitidis in some risk activities, such as hunting, fish-
ing, or forestry work [96]. Human-to-human transmission of blastomycosis is rare 
and usually occurred by sexual contact [97, 98] and intrauterine transmission [99, 
100]. Primary cutaneous infection is caused by dog bite, projectile injury during 
yard work, dog-contaminated necropsy, human-contaminated autopsy, cat scratches, 
gardening and laboratory contamination [101].
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6.2.2.3  Clinical Aspects
Among domestic animals, blastomycosis is undoubtedly much more frequent in dogs 
followed by cats and horses less frequently [86]. The most evident clinical signs in dogs 
are anorexia, weight loss, fever, cough, lymphadenomegaly, dyspnoea and cutaneous 
lesions. In some dogs, the disease tends to stabilize showing mild clinical signs for 
weeks to months and sudden deteriorate. Majority of cases of canine blastomycosis 
present pulmonary involvement, which, when discreet, manifests as intolerance to phys-
ical exercise, dyspnoea and nasal discharges. In severe cases, dyspnoea is observed at 
rest. Ocular manifestations and nasal secretion may be the first clinical signs of canine 
blastomycosis. Ocular lesions represent about 40% of the cases in dogs, with predomi-
nance of uveitis (initially, lacrimation, hyperemia, myositis, blepharospasm, keratitis, 
conjunctivitis and photophobia), retinal detachment and granulomas, intense vitreous 
hemorrhage, corneal edema (which hinders ocular examination), glaucoma secondary 
to fungal obstruction, panophthalmitis, chorioretinitis, periorbital cellulitis and involve-
ment of the nictitating membrane. Often, the ocular manifestations of blastomycosis can 
lead to blindness [102–104]. Cutaneous lesions of blastomycosis are the result of fungal 
spread from the primary pulmonary focus and in many cases, represent an advanced 
stage of the disease. They correspond to about 20 to 50% of clinical cases and are char-
acterized by ulcers that drain serosanguinolent or purulent exudate. Other lesions may 
be proliferative, granulomatous and fleshy in appearance. Although cutaneous lesions 
can occur anywhere, nasal plane, facial region and plantar cushion have been predomi-
nant [86, 103, 104]. Figure 6.6a, c show skin lesions of blastomycosis in dogs, and 
Fig. 6.6d shows pulmonary involvement in canine blastomycosis. Bone involvement is 
also a manifestation of blastomycosis in dogs, accounting for about 30% of cases. The 
lesion has an osteolytic character, with proliferation of the periosteum. Claudication is 
the main clinical manifestation. Genital organs (testis, epididymis and prostate) of male 
dog can be affected and become swollen and painful. When the urinary tract (kidneys 
and bladder) is affected, the fungus can also be found in the urine. Involvement of cen-
tral nervous system can occur in 5% of dogs, manifesting focal deficits, ataxia, behav-
ioral changes or seizures. Cardiac disorders in dogs are uncommon and involve signs 
and symptoms of myocarditis, arrhythmias, syncope, endocarditis, cardiac block and 
mass lesions. Occasionally, involvement of the larynx, peritoneum, mammary gland, 
intestines and joints has also been reported [86, 104, 105].

In domestic cats, the lesions are similar to those observed in dogs, including 
dyspnoea, weight loss, lymphadenitis, ocular (uveitis), cutaneous lesions and cen-
tral nervous system disease (paralysis). However, because of the low frequency of 
cases, it is not possible to determine the main characteristic of feline blastomycosis. 
Database of veterinary hospitals of the USA documented 324 cases of canine blas-
tomycosis and only three cases of feline disease for the same period of evaluation 
[86]. In an outbreak of blastomycosis in domestic cats in a suburban area of Chicago 
(Illinois, USA), skin lesions (in the hind limbs and head) and lethargy were observed 
in five animals. Four of the five cats had anorexia and fever, whereas three had dys-
pnoea. But all had nasal congestion, ataxia and uveitis [106]. In another registry also 
in Illinois, all eight cats had radiological evidence of lung disease (nodules, masses 
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or alveolar consolidation) and skin lesions [107]. Figure  6.6b shows cutaneous 
lesion with exudation in a cat.

There are few cases of blastomycosis in horses reported in the literature, particu-
larly from the USA [87]. In one report, subcutaneous abscesses on the perineum, 
perivulvar region, udder and abdomen were described. Likewise, in another case, his-
tory of 6 months of chronic subcutaneous infection in cervical and pectoral regions 
together with dysphagia was reported in a pony. Necropsy of this animal revealed 
piogranulomatous lesions in the lungs and kidney, peritonitis and multiple abscesses 
in organs. Two other horses had fatal disseminated blastomycosis, presenting lethargy, 
cough and weight loss, with no signs of skin lesion. Necropsy of the animals revealed 
pyogranulomas in the lungs and liver, peritonitis and pleuritis [108].

6.2.3  Histoplasmosis

6.2.3.1  Definition and Etiology
Histoplasmosis is a systemic granulomatous mycosis of humans and animals, char-
acterized mainly by involvement of lungs and other tissues, caused by the dimor-
phic fungus Histoplasma capsulatum. The term H. capsulatum corresponds to the 

Fig. 6.6 Canine and feline blastomycosis. (a) Circular lesion in frontal region in dog; (b) facial 
lesion with exudation in cat; (c) lesion in interdigital space in posterior limb of dog; (d) chest X-ray 
with evidence of diffuse pulmonary infiltrate in canine blastomycosis. Images courtesy of Dr. 
Dennis Baumgardner and Dr. Daniel Paretsky. “Copyright of Gen National Publishing Group (Rio 
de Janeiro, Brazil), Book: Doenças Infecciosas Em Animais de Produção e Companhia, Chapter of 
Blastomicose (page 865), reprinted with permission”
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anamorph (asexual) stage, and the teleomorph (sexual) phase has already been 
described and is named Ajellomyces capsulatus [109].

H. capsulatum cultured at 25 °C produces whitish or cream-colored colonies in 
2–4 weeks, with cottonous hyphae, which become greyish or brown with the aging 
of the cultures (Fig. 6.7a, at left). The fungus presents two types of conidia, macro- 
and microconidia. Macroconidia measure about 8–15 μm in diameter and are pro-
duced laterally or at the terminal ends of hyphae. Morphologically, macroconidia 
are spherical, having smooth cell wall initially; however, with the aging of the colo-
nies, they develop digitiform extensions in the outer layer of the cell wall, which 
gives them the appearance of tuberculate macroconidia. Microconidia measure 
2–5 μm in diameter and are produced at the ends of the short conidiophores that are 
at right angles with the hyphae into which they are inserted. They are oval and have 
smooth cell wall (Fig.  6.7b). The yeast form of H. capsulatum has a smooth or 
slightly wrinkled surface and humid and shiny appearance, with white to beige 
color (Fig. 6.7a, at right). Microscopically, they are characterized by oval aspect and 
average size of 2 to 3 × 3 to 4 μm. They multiply by single buddings, which arise in 
the narrower portion of the mother cell and are connected by very narrow attach-
ments (Fig. 6.7c).

Fig. 6.7 Macro- and microscopic aspects of Histoplasma capsulatum dimorphism. (a) Filamentous 
colony, whitish color and cottony texture in potato dextrose agar (left); beige colouration, dis-
creetly wrinkled and creamy texture on Sabouraud dextrose agar (right); (b) microscopic appear-
ance of the mycelium showing a large amount of tuberculated macroconidia (lactophenol cotton 
blue, 400 ×); (c) microscopic appearance of the yeast cells with single buddings (lactophenol cot-
ton blue, 200 ×). Images courtesy of Dr. Rosely Maria Zancopé Oliveira (FIOCRUZ/Rio de Janeiro 
state, Brazil). “Copyright of Gen National Publishing Group (Rio de Janeiro, Brazil), Book: 
Doenças Infecciosas Em animais de Produção e Companhia, Chapter of Histoplasmose (page 
930), reprinted with permission”
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The species H. capsulatum, indeed, comprises three varieties: H. capsulatum var. 
capsulatum (etiological agent of classic histoplasmosis, worldwide distribution), H. 
capsulatum var. duboisii (etiological agent of African histoplasmosis) and H. cap-
sulatum var. farciminosum (etiological agent of epizootic lymphangitis in equides) 
[3].

According to Kasuga and co-workers (2003), H. capsulatum comprises seven 
cryptic species: North American population (clades NAm1 and NAm2), Latin 
American population (clades LAm A, LAm B), African, Eurasian, Australia and the 
Netherlands (from Indonesian origin). Besides these genetic clades, an isolate from 
Panama, called 81 lineage, was also observed [110]. Although these cryptic species 
have been investigated, there were no changes in the nomenclature of the fungus 
until recently, as proposed by Sepúlveda and co-workers: (1) Histoplasma capsula-
tum sensu stricto Darling 1906 (for isolates from Panama lineage), (2) Histoplasma 
mississippiensis sp. nov. (for clade Nam 1), (3) Histoplasma ohiense sp. nov. (for 
clade NAm 2) and (4) Histoplasma suramericanum sp. nov. (for clade LAm A) 
[111].

6.2.3.2  Epidemiology
Histoplasmosis caused by H. capsulatum var. capsulatum has a worldwide distribu-
tion, considered autochthonous in more than 60 countries [18]. In the USA, the 
infection is frequently found in the regions of Mississippi and Ohio River valleys 
[21]. It predominates in river valleys between latitudes 45° N and 30° S, in localities 
with high temperatures, between 22  °C and 29  °C, with annual average rainfall 
ranging from 800 to 1200 mm and humidity between 67 and 87% [112].

The infections by H. capsulatum var. capsulatum and H. capsulatum var. duboi-
sii are acquired mainly by inhalation of microconidia. But, H. capsulatum var. far-
ciminosum disseminated through injured skin caused by contaminated objects like 
grooming tools, feeding and watering utensils, harnesses and wound dressings espe-
cially in equides [113]. This species also causes infections other than equids such as 
dogs in Japan and cats in France and Switzerland [114–119]. Concerning H. capsu-
latum var. duboisii, the infection was observed in baboons (Papio cynocephalus), 
bats (Nycteris hispida, Tadarida pumila) and aardvarks (Orycteropus afer) [118, 
119].

Mycelial form of H. capsulatum is found predominantly associated to environ-
ments rich in guano of bats or birds, since guano has nitrogen-rich content, acting 
as source of nutrients for fungal growth as well as by reducing the microbial com-
petition in environment [120–123]. The fungus has been repeatedly isolated and 
molecularly detected from such environmental conditions around the world [124–
127]. Besides environment, H. capsulatum has already been isolated in culture and 
molecularly detected from bat tissues worldwide as well [128–137].

Several outbreaks of histoplasmosis linked to inhalation of the fungus from envi-
ronment of bat caves are reported in literature. Indeed, the great majority of the 
outbreaks of histoplasmosis are linked to bats [138–140]. Benedict and co-workers 
reviewed the outbreaks of histoplasmosis in the USA between 1938 and 2013 and 
found a total of 105 outbreaks which involved 2,850 individuals in 26 states and 
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also in the territory of Puerto Rico. A total of 77% of these outbreaks were related 
to birds’ or bats’ droppings, and workplace exposure corresponded to 41% [141]. It 
is interesting to point out that the outbreaks related to workplace activity were indi-
rectly involved with bat or bird droppings, as reported by O’Keefe and co-workers 
[142]. According to this report, the workers might have acquired infection from bat 
guano during cleaning the sheltered areas of a camp (such as raking leaves, cleaning 
picnic tables, digging fire pits and moving firewood). The workers did not wear any 
personal protective equipment while cleaning [142].

In recent reviews, histoplasmosis is considered the most important fungal infec-
tion acquired during adventure activities, such as spelunking and also during travel-
ling [143–145]. Cottle and co-workers (2013) reported a multinational outbreak of 
acute histoplasmosis after a field trip in a forest in Uganda. Thirteen of 24 biology 
students from 10 different countries entered a hollow trunk of a large tree infested 
with bats and developed signs of acute histoplasmosis 2 weeks after this trip [139].

It is natural to associate the infection of H. capsulatum due to entry in the pro-
tected environments containing guano of bats or birds; indeed, the majority of the 
outbreaks reinforce this idea. However, Jülg and co-workers (2008) reported that 
the infection may also occur at the entrances of a bat cave. In this report, the 
researchers who stayed at a distance of 1 m of the cave entrance for 1.5 h to record 
the data on bat behavior developed acute histoplasmosis after 5 days. The research-
ers did not wear any personal protective equipment, because it was not necessary as 
they worked outside the cave. During observation, about 100 to 300 bats per second 
flew closely to them. The authors concluded that a high pathogen burden can also be 
dispersed by bats during flying [146].

Among the systemic mycoses, histoplasmosis is most frequently reported in HIV 
patients [147, 148].

6.2.3.3  Clinical Aspects
The clinical manifestations of the disease depend on the variety of the fungus, the 
animal species affected, the infective load of the microrganism and the susceptibil-
ity of the animal. In immunocompetent dogs, initial infection is usually self- limiting; 
however, the hosts that are immunocompromised or received large doses of micro-
conidia have a greater risk of developing the disease [148]. The incubation period 
varies between 7 and 14 days, and clinical disease has been observed mainly in 
horses, dogs and cats and secondarily in swine, cattle and camelids. In companion 
animals, cases of histoplasmosis are generally reported; however, in equidae, out-
breaks are observed in endemic regions only [118, 149].

In dogs, nonspecific clinical signs such as weight loss, inappetence and persis-
tent fever are observed. When the lesion is predominantly pulmonary, dyspnoea, 
cough and abnormality of sounds are observed in pulmonary auscultation [150]. 
However, in most dogs, the disease spreads from the gastrointestinal tract [151]. 
Enteric signs include watery diarrhoea, tenesmus, and faeces with mucus and fresh 
blood. Pallor of the mucous membranes is observed in dogs due to blood loss 
through the gastrointestinal tract or bone marrow involvement. Hepatosplenomegaly, 
lymphadenomegaly, jaundice and ascites are commonly associated with canine 
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histoplasmosis. Ocular, encephalic, cutaneous and bony lesions (Fig. 6.8) may also 
be observed [150].

The disease may affect cats of different ages, with a mean age of 4  years. 
Domestic felines in general show unspecific signs of anemia, weight loss, lethargy, 
fever, anorexia, lymphadenomegaly, hepatosplenomegaly, depression and jaundice. 
Respiratory signs such as dyspnoea and tachypnoea may be observed in around 
40% of infected cats. Skin lesions, joint pain, ocular signs (such as chorioretinitis, 
anterior uveitis, conjunctivitis, optic neuritis and retinal detachment) and encephalic 
and bone lesions may also be observed in cats with histoplasmosis [150].

The main clinical manifestation in horses is the painless nodules or ulcers on the 
skin along the lymphatic vessels (lymphangitis) and lymph nodes (lymphadenitis), 
which drain purulent material. The lesions are mainly observed in the skin of limbs, 
neck, head and chest regions. Lesions are rarely observed in the mucous membranes 
(ocular, oral and nasal/respiratory). It is very common that the affected horses may 
be restless due to the numerous flies attracted by the exudates of cutaneous lesions. 
As the disease progresses, the horses present loss of appetite and worsening of the 
general condition, leading the animal to death [118].

6.2.4  Paracoccidioidomycosis

6.2.4.1  Definition and Etiology
Paracoccidioidomycosis (PCM) is a systemic granulomatous mycosis that affects 
primarily the lungs and may be disseminated to other tissues by lymphohemato-
genic route. The disease is caused by the thermo-dimporphic fungus Paracoccidioides 
spp. whose teleomorph phase is still unknown [76, 152, 153].

Fig. 6.8 Anterior limbs of 
dog with disseminated 
histoplasmosis from São 
Paulo state, Brazil. 
Ulcerated lesion with 
regular border and 
serosanguinolent exudate 
(right), swollen of the 
carpal joint due to bone 
dissemination (left). Image 
courtesy of Dr. 
CláudiaValéria Seulner 
Brandão (School of 
Veterinary Medicine and 
Animal Science/UNESP/
Botucatu, São Paulo state, 
Brazil)
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The mycelial colony of Paracoccidioides spp. presents slow growth, in general 
15 to 20 days at 25oC, in culture media such as Sabouraud, Mycosel® and Potato 
Dextrose agar. The colony initially appears white and cottony and become wrinkled 
in aspect with the presence of fissures of brown color, resembling popcorn 
(Fig. 6.9a). Microscopically, it is observed septate and thin hyphae containing the 
infective conidia (called arthroconidia, arthroaleurioconidia or planoconidia [154]), 
which vary in size from 3.6 to 4.6 μm in length (Fig. 6.10a). The morphology of 

Fig. 6.9 Macroscopic 
aspects of P. brasiliensis 
cultured at Sabouraud. (a) 
Mycelial form showing 
cottonous white colony 
with center containing 
small elevation and 
fissures; (b) yeast form 
demonstrating typical 
beige color and 
cerebriform aspect. 
“Copyright of Gen 
National Publishing Group 
(Rio de Janeiro, Brazil), 
Book: Doenças Infecciosas 
Em Animais de Produção e 
Companhia, Chapter of 
Paracoccidioidomicose 
(page 936), reprinted with 
permission”

Fig. 6.10 Microscopic aspects of P. brasiliensis. (a) Mycelial phase, evidencing the arthroconidia 
(arrows). (b) Yeast phase, showing rounded cells, thick cell wall, with several buddings and “pilot 
wheel” appearance (lactophenol cotton blue, 400 ×). “Copyright of Gen National Publishing 
Group (Rio de Janeiro, Brazil), Book: Doenças Infecciosas Em animais de Produção e Companhia, 
Chapter of Paracoccidioidomicose (page 937), reprinted with permission”
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yeast colony shows the characteristic cerebriform aspect and beige color (Fig. 6.9b). 
Micromorphology reveals big and rounded yeast with thick and birefringent cell 
wall (measuring around 6–30 μm in diameter) surrounded by several medium-sized 
(2–10 μm in diameter) budding cells (Fig.  6.10b). This aspect of yeast cell sur-
rounded by several buddings is called “pilot wheel”. Another typical characteristic 
of yeast is the “Mickey mouse cap”, also shown in culture and histopathological 
slides [155, 156].

Paracoccidioides brasiliensis was named by Floriano Almeida in 1930 and 
was thought to be the single species as the etiologic agent of PCM. In the year 
2006, P. brasiliensis has been recognized as a species complex that comprises 
three different genotypes (also called cryptic species): S1 (species 1, the most 
abundant genotype, mainly found in Brazil, Argentina, Paraguay, Peru and 
Venezuela); PS2 (phylogenetic species 2, found in Brazil and Venezuela) and PS3 
(phylogenetic species 3, found in Colombia) [156]. A fourth genotype was 
described; PS4 (phylogenetic species 4) was reported from Venezuela [152]. 
Another genotype proved to be genetically more distant than the previous one and 
was described as a new species named Paracoccidioides lutzii in honor to Adolfo 
Lutz who described the disease [153, 157]. Recently, Turissini and co-workers 
(2017) proposed that each genotype should be designated as separated species; 
thereby, S1 was named P. brasiliensis sensu stricto, PS2 as Paracoccidioides 
americana sp. nov., PS3 as Paracoccidioides restrepiensis sp. nov. and PS4 as 
Paracoccidioides venezuelensis sp. nov. The authors also called the attention to 
genotype S1 that was divided in S1a and S1b [158].

6.2.4.2  Epidemiology
PCM is the most prevalent systemic mycosis in Latin American countries, in which 
Brazil, Colombia, Argentina and Venezuela are the most affected by the disease 
[16]. Taking into account in Brazil, where the majority of cases are observed, the 
disease in humans is endemically found mainly in the states of São Paulo, Rio de 
Janeiro, Minas Gerais, Espírito Santo, Goiás, Mato Grosso do Sul, Paraná, Rio 
Grande do Sul, Pará, Maranhão, Tocantins and Rondônia. In the states of Northeast, 
a semi-arid region, no autochthonous cases have been reported (Fig. 6.11) [159].

The infection is acquired through inhalation of conidia present in the environ-
ment. The exact place of the fungus in nature is still unknown, but there are strong 
evidences that the fungus lives as saprobe in soil, since it has been isolated and 
molecularly detected from soil and the disease is predominantly found in male agri-
cultural workers [76, 159–162]. P. brasiliensis and P. lutzii have also been detected 
in soil and in aerosol samples from different endemic areas in Brazil [162–164]. 
There are some sporadic isolation of P. brasiliensis from faeces of frugivorous bat 
(Artibeus lituratus) in Colombia and penguin (Pygoscelis adeliae) in Antarctica and 
dog food contaminated with soil in Brazil [165] and also (molecular detection) in 
faeces of armadillos [164]. In contrast to other systemic mycoses, outbreaks of 
PCM have never been reported. However, do Valle and co-workers (2017), described 
a series of acute cases of PCM after deforestation and massive earth removal for 
constructing a highway in the metropolitan region of Baixada Fluminense, state of 
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Rio de Janeiro, Brazil. During the period from December 2015 to December 2016, 
the authors observed an increasing rate around 5.7 times higher (8 cases/year) than 
the one observed during 1988 to 2015 in the same region (1.4 cases/year) [166].

PCM infection in humans is divided into asymptomatic (corresponding to sub-
jects that respond positively to delayed hypersensitivity tests with paracoccidioidin 
and do not exhibit any clinical signs of disease) and the symptomatic form 
(acute/juvenile or chronic/adult disease) [167]. The natural infection in domestic 
and wild animals was studied mainly in Brazil by intradermal tests, serological 
surveys, histopathological analysis, molecular detection and culture of P. brasilien-
sis from tissue samples. Among wild animals, intradermal tests with paracoccidioi-
din showed that terrestrial animals (coatimundis, Nasua nasua) had highest 
positivity in comparison to arboreal animals (weeping capuchins and marmosets), 
while in domestic animals, horses showed the highest positivity than cattle and 
sheep [168, 169]. Concerning serological surveys, the most employed test was 
ELISA, and it was carried out in different species, such as dogs, cats, dairy cattle 
and goats, horses, sheep, pigs, rabbits, chickens and capuchin monkeys (Cebus sp.) 
and golden howler monkeys (Alouatta caraya) [170–177]. Dogs were the most 
studied species in serological surveys, in which the most significant parameter for 
positivity was their rural origin [178–180]. Dogs have also proved to be susceptible 
to experimental PCM disease [181]. Richini-Pereira and co-workers (2008), using 
nested PCR, detected the infection in wild road-killed animals, such as armadillos 
(Dasypus novemcinctus, Dasypus septemcinctus), guinea pigs (Cavia aperea), por-
cupines (Sphiggurus spinosus), grisons (Galictis vittata) and raccoons (Procyon 
cancrivorus) [182].
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Fig. 6.11 (a) Endemic areas of paracoccidioidomycosis, according to Shikanai-Yasuda and co- 
workers (167); (b) geographic distribution of the cryptic species of P. brasiliensis and P. lutzii, 
adapted from Theodoro and co-workers [157]. “Copyright Springer International Publishing AG, 
Book: Emerging and Epizootic Fungal Infections in Animals, Chapter of Paracoccidioidomycosis 
(page 131)”
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An important finding that opened new avenues for understanding the ecology of 
P. brasiliensis was the systematic fungal culturing from tissues of armadillos, 
Dasypus novemcinctus [183–187]. The origin of armadillos was in South America 
in the same geographic region where PCM is found [186, 188]. Besides armadillos, 
the infection of P. brasiliensis has also been reported from other members of super-
order Xenarthra like anteaters and sloths [182, 189, 190].

The infection in animals by P. lutzii was reported by serological survey in dogs, 
horses and wild animals from South Region of Brazil [191], but the isolation of the 
fungus from armadillo’s tissues has never been achieved [163, 164].

6.2.4.3  Clinical Aspects
The great majority of the reports of PCM in animals correspond to subclinical 
infection [187]. In humans, two main forms are observed: (1) acute-subacute, 
juvenile type or infantojuvenil, which affects mainly children and young adults 
under 30  years of age (Fig.  6.12a) and (2) chronic, adult type, which usually 
affects patients over 30 years of age (Fig. 6.12a, c). Acute-subacute PCM (juve-
nile type) affects both sexes and represents about 10% of the general casuistry of 
the disease. Of these cases, about 5% occur in children between 10 and 14 years 
of age. Eventually, the mycosis occurs in very young children, situations that are 
usually very serious and potentially fatal. The juvenile form can be subdivided 
into moderate or severe, according to the degree of dissemination. The clinical 
manifestations are caused by the rapid and progressive involvement of the mono-
nuclear phagocytic system with diffuse, superficial and deep lymphadenomegaly, 
hepatosplenomegaly and bone marrow dysfunction in the most severe cases. 
Cutaneous manifestations and bone lesions may be noticed in this form. Fever and 
weight loss may also be observed, which quickly leads to the patient’s overall 
commitment. Chronic adult PCM accounts for the majority of the cases in humans 
(about 90%), mainly observed in male adults between 30 and 60 years of age, who 
have the agricultural work or frequent contact with soils as the main risk activity. 
In women the disease is less frequent, in the average proportion of one woman to 

Fig. 6.12 Clinical manifestations of paracoccidioidomycosis in humans. (a) Subacute dissemi-
nated form in children, with generalized lymphadenomegaly; (b and c) chronic form of the adult, 
with involvement of the lungs, mucosa and nasal dorsum and cervical lymph node.“Copyright of 
Gen National Publishing Group (Rio de Janeiro, Brazil), Book: Doenças Infecciosas Em animais 
de Produção e Companhia, Chapter of Paracoccidioidomicose (page 940), reprinted with 
permission”
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ten men with PCM, since the female hormone (17-β-estradiol) confers protection 
by preventing the conversion of inhaled conidia to yeast in the lung parenchyma 
[192]. Chronic PCM can be divided into unifocal and multifocal. Latter is subdi-
vided into mild, moderate and serious [16, 155, 159, 167, 193]. It is important to 
note that this classification was broadly based on the observation of clinical dis-
ease in humans [193], since animal disease is rare.

In animals, PCM disease has been reported in dogs and sloth. The first natural 
case in dogs was reported by Ricci and co-workers (2004) in a female Doberman 
presenting poor general conditions, generalized lymphadenomegaly and hepato-
splenomegaly. The animal was treated with ketoconazole, with total remission of 
the symptoms, but after 18 months there was a relapse, and the animal was eutha-
nized [194]. The second report was also in a female Doberman with the same clini-
cal findings; however, the dog was treated with itraconazole, and remission of the 
symptoms was totally observed after 2 years (Fig. 6.13) [195]. It is interesting to 
note that both cases in dogs had the same clinical aspects and were similar to the 
ones observed in acute/juvenile form of disease in humans. Similarly, third case was 
reported in a female Labrador presenting lymph node enlargement and skin lesion 
in the superior left lip, providing the first report of skin lesion in dog is caused by P. 
brasiliensis (Fig. 6.14) [196].

Despite several reports of fungal infection, the disease was not observed in arma-
dillos. There are some evidences of granuloma formation in the lungs and liver that 
may indicate a possibly active PCM disease [186, 197]. A generalized PCM was 

Fig. 6.13 Generalized lymphadenomegaly in a 6-year-old female Doberman. (a) Submandibular 
lymph node; (b) prescapular lymph node; (c) inguinal lymph node; (d) popliteal lymph node. 
“Copyright Mycopathologia 172(2):147–152, 2011, reprinted with permission”
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reported in a two-tailed sloth, which presented anorexia, lethargy and dehydrata-
tion, leading to death [190].

6.2.5  Diagnosis of Systemic Mycoses

The procedures for diagnosing the four systemic mycoses are the same and com-
prise direct mycological examination, culture, histopathology, serology, and more 
recently molecular biology procedures. The isolation of fungi still remains as the 
gold standard method; however, such procedure may be susceptible to contamina-
tion, which depends on the viability of the fungi in clinical samples and require long 
time for fungal growth. The clinical material for diagnosis depends on the type of 
injury that manifests in human or animal patients. Generally, lesion scrapings, respi-
ratory secretions, bronchoalveolar lavage, pus, cerebrospinal fluid, aspiration of 
lymph nodes, synovial fluid, ascitic fluid and other biopsied fluid or tissue frag-
ments are used.

Another important aspect that may be considered for diagnosis is epidemiologi-
cal data such as occupation, origin of the patient, history of travel to endemic areas 
and also non-responsiveness to previous antibacterial treatments.

6.2.5.1  Direct Mycological Examination
It is one of the first approaches for diagnosis. The clinical sample is assembled with 
a drop of KOH (10%) placed between slide and coverslip. Alternatively, the clinical 
samples may be stained with lactophenol cotton blue, Giemsa, Gram and rapid 
hematology (Diff-Quik) stains. Direct mycological examination may be helpful 
mainly for diagnosis of coccidioidomycosis and PCM, since the nature of etiologi-
cal agents in clinical samples are pathognomonic, such as spherules with endo-
spores (Fig. 6.15) and multibudding yeasts (Fig. 6.16), respectively. Identification 
of H. capsulatum by direct microscopy is usually difficult, since the yeasts are too 

Fig. 6.14 First report of skin lesion in canine paracoccidioidomycosis. (a) Before treatment; (b) 
after treatment. “Copyright Mycopathologia 182(3–4):425–434, 2017, reprinted with 
permission”
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small and are found inside macrophages. Youssef and co-workers (2011) demon-
strated a negative image of B. dermatitidis yeasts in cytological smears of pleural 
fluid obtained from a 79-year-old male patient by fine-needle aspiration. Such 
approach may help clinicians to rapidly identify the etiological agent [198].

6.2.5.2  Culture
It is recommended to culture clinical samples in temperatures 25oC and 37oC, to 
demonstrate the dimorphism of the etiological agents. The cultures may be kept 
under aerobic condition, and the culture media employed are Sabouraud Dextrose 
agar without cycloheximide, Brain Heart Infusion agar, Potato Dextrose agar and 
Mycosel® agar, the last one better appropriate for Paracoccidioides spp. Due to 
high virulence, and extraordinary aerial dispersion capacity, cultivation and han-
dling of Coccidioides spp., cultures should be restricted to the laboratories having 
biosafety level 3. Moreover, specially trained technicians are also required. The 
other dimorphic fungi can be handled at biosafety level 2 conditions.

Fig. 6.15 Direct mycological examination of a sputum sample from patient with pulmonary coc-
cidioidomycosis from Piauí state, Brazil, showing a spherule with disrupted cell wall. Image cour-
tesy of Dr. Liline Maria Soares Martins (University Hospital of Federal University of Piauí, Piauí 
state, Brazil)

Fig. 6.16 Direct 
mycological examination 
of a skin scraping from 
patient with cutaneous 
paracoccidioidomycosis 
from São Paulo state, 
Brazil, showing rounded 
multi-budding yeasts. 
Image courtesy of Dr. 
Silvio Alencar Marques 
(Botucatu Medical School/
UNESP/Botucatu, São 
Paulo state, Brazil)
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6.2.5.3  Histopathology
The most important characteristic of histopathological analysis is the observation of 
granulomatous lesions with the fungus in the center. Staining techniques such as 
hematoxylin-eosin (HE) reveal (in coccidioidomycosis) a pyogranulomatous reac-
tion. The fungus is not differentiated, however, the cell wall of the spherule and endo-
spores may be both basophilic and eosinophilic. In canine and feline blastomycosis, 
purulent or pyogranulomatous lesions in infected tissues have been observed. 
Histologically, the agent is surrounded by neutrophils, macrophages and multinu-
cleated giant cells. Histological sections of histoplasmosis stained with HE show 
slightly basophilic yeasts with spherical or oval morphology, surrounded by a clear 
halo delimited by a thin cell wall within phagocytes. Diagnosis of PCM in histologi-
cal sections needs special attention as only a few small and unibroting yeast ele-
ments can be seen which may be very small forms of P. brasiliensis and usually 
indistinguishable from H. capsulatum, small forms of uncapsulated Cryptococcus 
spp. and endospores of Coccidioides spp. Thus, in such situation, the culture of the 
material indeed becomes necessary for the differential diagnosis. The best tech-
niques for evidencing fungi in histological sections are PAS (periodic acid of Schiff) 
and the Gomori-Grocott (silver) staining methods, which stain the cell wall of the 
fungi in magenta and brownish-black colors, respectively. It is important to empha-
size that PAS may not stain H.capsulatum well, making silver stain more appropri-
ate. Figures 6.17 and 6.18 show histopathological sections of coccidioidomycosis 
and paracoccidioidomycosis.

6.2.5.4  Serology
Serological tests are important not only in diagnosis but in follow-up of the treatment 
as well. The exclusive use of serology, however, is not definitive in establishing the 
diagnosis. In the absence of isolation and identification of the etiological agent, com-
bination of anamnesis, clinical signs and laboratory and radiographic examimation 
associated with positive serology may allow diagnosis. The most commonly used 
serological techniques are agar gel immunodiffusion (AGID) and enzyme-linked 
immunosorbent assay (ELISA), which have good sensitivity and specificity. AGID is 

Fig. 6.17 Histopathological sections of pulmonary coccidioidomycosis showing different stages 
of spherules. (a) Hematoxilin-eosin; (b) Gomori-Grocott (400 ×). Images courtesy of Dr. Kelsen 
Eulálio Dantas (Federal University of Piauí, Piauí state, Brazil)
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technically a simple assay to be performed; however the results can be time-consum-
ing and can take even 3 days for a negative result to be confirmed. Serodiagnosis of 
human as well as canine coccidioidomycosis occurs at a similar rate. About 70% of 
infections are asymptomatic [62, 199]. Chow and co- workers developed an enzyme 
immunoassay (EIA) for detecting IgG antibodies in coccidioidomycosis of canine and 
other mammalian species. The EIA assay was employed in different endemic regions 
of coccidioidomycosis in the USA, using sera from infected and noninfected dogs, 
and the authors observed sensitivity and specificity of 94.6% and 96%, respectively 
[200]. Cryptic species in Paracoccidioides may have an impact on serology of PCM. 
In southeastern Brazil, all human patients suffering from PCM were found serologi-
cally positive, when tested with B339 antigen of P. brasiliensis. But when the same 
sera were tested using an antigen preparation from P. lutzii 510B isolate, positivity 
decreased to 41%. Conversely, patients from the Midwest of Brazil tested 92% posi-
tive with antigens from P. lutzii and 26% with P. brasiliensis antigen [201, 202]. 
Antigenemia may be an useful approach for complementary diagnosis, especially at 
the beginning of infection and prior to seroconversion or in the case of immunosup-
pressed individuals who are unable to develop a serological response [203].

Antigen detection tests are now widely used for the diagnosis of human histo-
plasmosis, both in sera and urine. Cunningham and co-workers standardized an EIA 
for detection of H. capsulatum antigens in urine samples of dogs. The authors 
showed a sensitivity and specificity of 89.47% and 100%, respectively [204]. Hage 
and co-workers (2011) combined both methods bronchoalveolar lavage (BAL) anti-
gen detection and cytopathology, for rapid diagnosis, and they found a sensitivity of 
96.8% [205]. Hanzlicek and co-workers (2016) evaluated the correlation of decreas-
ing antigen concentration in urine and serum samples of cats undergoing treatment 
for histoplasmosis. They observed a significant positive linear correlation between 
time to clinical remission and low concentration of antigen in urine and serum at 
baseline. The serum and urine samples of cats were found positive at the time of 
disease relapse [206].

Fig. 6.18 Microscopic aspects of P. brasiliensis in histological sections. (a) Arrow shows granu-
loma with giant cells containing yeast elements suggestive of the fungus (hematoxilin-eosin, 400 
×); (b) multi-budding yeast (PAS, 400 ×). “Copyright of Gen National Publishing Group (Rio de 
Janeiro, Brazil), Book: Doenças Infecciosas Em Animais de Produção e Companhia, Chapter of 
Paracoccidioidomicose (page 942), reprinted with permission”
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6.2.5.5  Molecular Identification
Diagnosis of endemic mycoses remains challenging. Molecular identification of fungi 
is now playing a significant role in this. Such techniques have been widely used for 
diagnosis, both in cultures and clinical samples. Polymerase chain reaction (PCR) 
with universal primers from ribosomal DNA (ITS1 and ITS4; ITS4 and ITS5) is 
mostly being used for the identification of fungi [207, 208] followed by nested PCR 
with specific primers. Nested PCR increases the sensitivity and specificity of diagno-
sis. Real-time PCR has also been tested for a sensitive and rapid diagnosis. Gago and 
co-workers (2014) developed and validated a quantitative real- time PCR for early 
diagnosis of coccidioidomycosis. The sensitivity of assay was 100% for paraffin-
embedded tissues as well as for samples from patients proving that the assay is effec-
tive for the diagnosis and monitoring Coccidioides infection. It is also useful in 
preventing health hazards and in rapid identification of cultures in clinical setting 
[209]. Mitchell and co-workers (2015) reported that the diagnosis of coccidioidomy-
cosis may be achieved in 4 h with a sensitivity equivalent to culture. The identification 
at genus and species levels is critical in order to provide antifungal timely [210]. In 
this sense, Morjaria and co-workers (2015) highlighted the importance of molecular 
diagnostics for a fast and definitive diagnosis of disseminated blastomycosis in a dia-
betic patient presenting as a brain mass initially thought to be tumoral mass [211]. A 
fatal acute respiratory distress syndrome due to B. gilchristii infection was confirmed 
by PCR and sequence analysis [212]. Bialek and co-workers (2002) evaluated nested 
PCR assays for detecting H. capsulatum in human tissues targeting rDNA (18S) and 
Hc100 and concluded that despite being single copy, the detection of Hc100 gene did 
not provide false-positive results compared to 18S rDNA [213]. Similarly, a real-time 
PCR for diagnosis of H. capsulatum has been standardized on the detection of Hc 100 
gene. The authors concluded that such approach may be advantageous for a quick 
diagnosis of histoplasmosis with 6 pg/μl of (H. capsulatum) DNA analytical sensitiv-
ity, 88.9% of clinical sensitivity and 100% of analytic specificity [214].

Regarding molecular diagnosis of PCM, one of the first studies employed the 
detection of a 43 KDa protein nucleotide sequence, a single copy gene that codifies 
for the glycoprotein gp43 for cell wall of P. brasiliensis [215]. On the basis of its 
presence, Ricci and co-workers (2004) confirmed the first naturally infected PCM 
disease in dogs [194]. The majority of the reports for detecting Paracoccidioides 
spp. in tissue samples employ the nested PCR based on the amplification of com-
plete ITS1-5.8S-ITS2 using the panfungal ITS4 and ITS5 primers [207] and specific 
inner primers [161, 162, 164, 182]. A real-time PCR approach was also evaluated 
for diagnosis of PCM. Buitrago and co-workers (2009) detected 1 fg of fungal DNA 
per μl of sample (sputum and tissue biopsies) and concluded that this technique may 
represent a sensitive method for rapid diagnosis of paracoccidioidomycosis and 
could also help monitoring patients in treatment [216].

6.2.6  Treatment of Systemic Mycosis

In general, the treatment of systemic mycoses involves the use of antifungals for a 
long period of time (months or years) and may produce socioeconomic impact due 
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to the high costs of some antifungals. There are limited options of antifungal agents, 
and majority of them are either ergosterol synthetase inhibitors (azolics, triazolics, 
and alilamines) or bind directly to ergosterol in fungal cell membrane (polyenes). 
Due to the biological similarity between fungi, animals and humans, the treatment 
frequently leads to side effects, especially hepatic and renal damages [217]. In the 
beginning of the 2000s, a new class of antifungal represented by echinocandins was 
described. Echinocandins have fewer side effects due to the selective toxicity. They 
have limited activity against the dimorphic fungi, being more effective for Candida 
spp., Aspergillus spp. and Pneumocystis spp. [218].

Special attention must be given to drug interaction with azoles. The use of antac-
ids, cimetidine, diphenylhydantoin and rifampicin may decrease their absorption. 
Concomitant use of azoles prolongs the effect or even increases the toxicity of the 
following drug groups: benzodiazepines (midazolam), glucocorticoids, antihista-
mines, quinidine, cyclosporine A, clarithromycin, telithromycin, everolimus, warfa-
rin, terfenadine, astemizole, phenytoin, nifedipine, drospirenone, 
tetrahydrocannabinol, cannabidiol, sulfonylurea, digoxin, rosiglitazone, isavucon-
azole, riociguat and vincristine. Coadministration of negative inotropic drugs may 
enhance the risk of congestive heart failure while plasma levels of calcium antago-
nists are enhanced by itraconazole [219].

6.2.6.1  Coccidioidomycosis
Due to the lack of controlled studies and a wide variety of clinical manifestations in 
coccidioidomycosis in domestic animals, there is still no standard treatment proto-
col. The recommended antifungals in the treatment of coccidioidomycosis are, 
mainly, the azole derivatives (ketoconazole, fluconazole and itraconazole). New 
azole derivatives have recently been introduced for treatment of coccidioidomyco-
sis, such as posaconazole. Herrin and co-workers (2005) treated a chimpanzee (Pan 
troglodytes), presenting ascites and neurological impairment with 10 mg/kg flucon-
azole PO/SID during 6 months and did not observe any improvement. The treatment 
was changed to 50 mg/kg posaconazole PO/SID with clinical remission of symp-
toms and negative serum titres after 24 months of therapy [220]. Posaconazole and 
voriconazole showed the best in  vitro inhibition  of strains of C. immitis and C. 
posadasii from endemic and non-endemic areas of coccidioidomycosis [221]. A 
retrospective study in 50 cats with different presentations of coccidioidomycosis 
from Arizona  and EUA showed that the majority of cats were treated only with 
50  mg/kg of fluconazole PO/BID, but some cats needed therapy combined with 
other antifungals, such as itraconazole, amphotericin B, posaconazole and terbin-
afine [222]. In a recent review, Davidson and co-workers (2019) suggested the use 
of fluconazole (5–10 mg/kg PO/BID), ketoconazole (5–20 mg/kg PO/BID), itracon-
azole (5–10  mg/kg PO/SID), posaconazole (5  mg/kg PO/ BID), voriconazole 
(4–5 mg/kg PO/BID) and lipid complex amphotericin B (1–3 mg/kg IV by every 
other day 3 times/week) for 6 to 12 months to treat canine coccidioidomycosis 
[223]. Foley and Legendre (1992) successfully treated bone lesions in a foal with 
itraconazole (2.6 mg/kg PO/BID) in 6 months [224]. Chitin synthase inhibitors such 
as lufenuron and nikkomycin Z have been suggested for the treatment of 
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coccidioidomycosis; however no controlled studies and placebo were included in 
such studies. Besides, no in vivo efficacy was observed in experimentally infected 
mice [225–227].

6.2.6.2  Blastomycosis
A survey carried out during 1998–2008, in the USA, compared the period of treat-
ment, hepatotoxicity, occurrence of relapses or deaths and costs between treatment 
with fluconazole and itraconazole in 144 dogs having systemic blastomycosis. No 
significant differences in efficacy, relapse/death rates and level of hepatic enzymes 
were observed between both groups. Treatment duration was considerably longer 
for fluconazole (median 183 days) than for itraconazole (138 days); however, the 
cost of fluconazole treatment was lower than itraconazole (median US$ 1223 versus 
US$ 3717) [228].

The following dosages for dogs and cats were recommended for at least 60 days 
of treatment: ketoconazole, 10 or 20 mg/kg, PO/BID for dogs, and 50 mg/kg, PO/
SID for cats; fluconazole, 5 mg/kg, PO/BID for dogs, and 50 mg/kg, PO/TID for 
cats; itraconazole, 5 mg/kg, PO/SID for dogs, and 5 mg/kg, PO/BID for cats; and 
amphotericin B deoxycholate 0.5 mg/kg IV, each 48 h for dogs, and 0.25 mg/kg IV, 
each 48 h for cats [86].

6.2.6.3  Histoplasmosis
Itraconazole is the treatment of choice for dogs and cats. The recommended dose is 
5–10 mg/kg PO, every 12 or 24 h, for at least 4 to 6 months. Oral solutions are better 
absorbed than capsules. Ketoconazole is advised VO for dogs, at the dose of 10 mg/
kg, every 12 h, for 4 to 6 months. Fluconazole is prescribed for animals with neuro-
logical and/or ocular signs resulting from diffusion into the central nervous system. 
It is recommended to maintain treatment with these drugs for an additional 2 months 
for the complete clinical recovery of the animal. Amphotericin B is another alterna-
tive drug for dogs and cats, although it is nephrotoxic and requires monitoring of the 
renal function of the animals being treated. It is indicated at a dose of 0.25–0.5 mg/
kg IV every 48 h until remission of clinical signs, although it should not exceed the 
cumulative dose of 5–10 mg/kg in dogs and 4–8 mg/kg in cats. In dogs with intesti-
nal involvement, supportive treatment should include high digestibility diet, control 
of secondary bacterial proliferation and diarrhoea. Serial listing of biochemical and 
haematological examinations as well as diagnostic imaging tests is recommended, 
in all treated animals [150]. Treatment of epizootic lymphangitis consists of intrave-
nous injection of 100 ml of sodium iodide of a 10% solution, repeated weekly for 
4 weeks [113]. Gabal (1984) studied the effect of amphotericin B, nystatin (poly-
enes) and 5-fluorocytosine in vitro against five isolates of H. capsulatum var. far-
ciminosum, and best inhibition was found against polyenes. The author suggested 
the use of intravenous injection of amphotericin B in combination with topical 
application of nystatin. Other options for treatment include surgical removal of the 
lesion and fire cauterization of the lesion [229].
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6.2.6.4  Paracoccidioidomycosis
Human PCM has been treated with polyenes (amphotericin B), azole derivatives 
(ketoconazole, fluconazole or itraconazole) and the combination of sulfonamides 
and trimethoprim [167]. Concerning animal PCM, there are only three reports of 
naturally infected dogs. The first case was treated with ketoconazole, leading to 
total regression of the lymphadenomegaly; however clinical recurrence was 
observed after 18 months, and the dog was euthanized [194]. In the second report, 
dog was treated with itraconazole, 10 mg/kg/day/PO for 24 months, and showed 
total remission of clinical signs [195]. The third dog was also treated with itracon-
azole 10 mg/kg/day/PO/BID for at least 18 months [196]. Despite these few reports, 
it may be possible to conclude that itraconazole is the first antifungal of choice for 
the treatment of PCM in dogs.

6.2.7  Prophylaxis, Control and Public Health Concerns

Inspite of their non-transmissible nature, systemic mycoses may be classified as 
sapronoses (saprozoonoses), since the transmission is related to an abiotic element 
(usually soil). Therefore, eradication of these fungi from the contaminated sites 
would be an impractical task. Apart from this, vaccines are not available for prevent-
ing new infections.

Several attempts to develop vaccines for coccidioidomycosis, blastomycosis, 
histoplasmosis and paracoccidioidomycosis were carried out; however, it still 
remains a great challenge. Development of therapeutic vaccines (immuno-boosters) 
may reduce the time of treatment and prevention of relapses [230].

It is important to avoid the interaction of animals to places of risk in endemic 
areas, especially hunting of animals that build burrows in the soil, such as armadil-
los, as this practice favors the production of aerosols that may contain the fungus in 
its infective form. This was observed particularly in Brazil predominantly in coc-
cidioidomycosis and paracoccidioidomycosis. Likewise, hunting dogs from 
endemic regions of blastomycosis should be monitored with the aim to early diag-
nosis of disease.

The use of appropriate personal protective equipments when entering caves, 
roofs or other protected places inhabited by bats or birds should be considered to 
avoid histoplasmosis. NIOSH (National Institute for Occupational Safety and 
Health)-approved respirator is recommended for the protection from fungal aero-
sols. Precaution must be taken while dealing with cultures and clinical materials for 
diagnosis of systemic mycoses. This should be handled only by trained people and 
in biosafety conditions accordingly to the fungus involved, e.g. Coccidioides spp. 
level 3, Blastomyces spp., Histoplasma spp. and Paracoccidioides spp. level 2. 
Campaigns aiming for educating public about the risks and potential means of 
acquiring the infection should be strongly recommended.
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6.3  Sporotrichosis

6.3.1  Definition and Etiology

Sporotrichosis is a subcutaneous mycosis of humans and animals, characterized by 
ulcerated or nodular granulomatous lesions in the skin. The lesions may be unique 
or disseminated in the skin and subcutaneous tissue. Systemic dissemination is 
observed when the host is immunocompromised. The disease is endemic and also 
called as “implantation mycoses”, since it is acquired by transcutaneous trauma 
through which the fungal conidia enter the host [231].

The etiological agent of sporotrichosis is Sporothrix schenckii, a thermal dimor-
phic fungus belonging to phylum Ascomycota, class Pyrenomycetes, order 
Ophistomatales and family Ophistomataceae. The sexual form of S. schenckii is 
Ophiostoma stenoceras [232, 233]. Sporothrix schenckii was believed to be the 
unique etiologic agent; however, Kwon-Chung (1979) observed some differences 
concerning the ability of fungal growth at 37 oC and virulence in animal models 
among isolates obtained from patients with lymphocutaneous and fixed cutaneous 
forms of sporotrichosis [234]. Marimon and co-workers (2006, 2008) based on 
sequence analysis of chitin synthase, ß-tubulin and calmodulin genes and also by 
phenotypic characteristics (morphology of conidia and growth at 30 oC, 35 oC and 
37 oC and assimilation of sucrose, raffinose and ribitol) described three clinically 
relevant (S. brasiliensis, S. globosa, S. luriei) and two environmental species (S. 
mexicana and S. albicans) [235, 236]. The original S. schenckii now is known as S. 
schenckii sensu stricto [237]. A new species, S. chilensis, was also described based 
on morphological and molecular methods [238].

Sporothrix spp. is a thermal dimorphic fungus found in environment as filamen-
tous form, mainly associated to decay vegetation, wood, sphagnum moss, hay and 
soil. It is interesting to emphasize that, despite the dimorphic nature of Sporothrix 
spp. and the endemicity of sporotrichosis, some differences may be highlighted 
between sporotrichosis and other systemic fungal infections caused by Onygenales 
fungi: Sporothrix sp. is widely distributed in environment, and sporotrichosis has 
widespread endemicity; the main route of infection is traumatogenic and seems to 
have a substantial direct zoonotic transmission [237].

The classical route of sporotrichosis involves the perforation of skin or mucosa 
due to scratches with soil and/or vegetation contaminated with conidia of filamen-
tous form. In human and/or animal host, the fungus changes into yeast form. 
Macroscopically, the filamentous colony of Sporothrix spp. grows as colorless to 
beige in color and later becomes dark brown to black due to the production of mela-
nin. The colony has a glabrous and membranous aspect, and microscopically, thin 
hyphae with erect conidiophores bearing several hyaline single-celled conidia, dis-
posed in a flower-like arrangement, are seen (Fig. 6.19a, c). The yeast colony of 
Sporothrix spp. is similar to colonies of Candida spp. and Saccharomyces cerevi-
siae, characterized by colorless to beige color colony with smooth surface, and 
microscopically it appear as a single-bud yeast (Fig. 6.19a, b).
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6.3.2  Epidemiology

Sporotrichosis can affect anyone regardless of age or gender; it depends on expo-
sure. Occupational and recreational habits specific to different populations increase 
the risk of infection. For example, in Northeast India and Japan, the disease is 
mostly found in women due to their greater engagement in agricultural activities 
[239, 240]. In South Africa, males are more affected due to being frequently engaged 
in outdoor and mining activities [241]. In Uruguay, sporotrichosis has a higher prev-
alence among males and armadillo hunters; the infection occurs due to scratches 
received during armadillo hunting [242].

Several outbreaks have been reported in literature. The most famous occurred in 
South Africa, during the 1940s, affecting more than 3000 gold mine workers [243]. 
The great majority of outbreaks of sporotrichosis have been related to sphagnum 
moss contact, as observed in Florida by Hajjeh and co-workers [244], in Wisconsin 
by Grotte and Younger [245]. Besides sphagnum moss, hay has been the source of 
infection for outbreaks of sporotrichosis, as described by Dooley and co-workers 
[246] in a Halloween haunted house in the USA and by Feeney and co-workers 
[247] in 11 patients from Australia. Attention is drawn to the fact that these previ-
ously reported outbreaks were associated with plant sources of infection and S. 
schenckii as causative agent of the disease.

In Brazil, since the 1990s, a zoonotic outbreak of sporotrichosis has been reported 
associated to cat scratches and/or bites due to S. brasiliensis, mainly in south and 
southeast regions [248, 249]. The fungus may also be transmitted to human through 
contamination of preexisting skin wounds, due to high number of yeasts in the 
lesions of cats [250]. Particularly in the state of Rio de Janeiro, thousands of cases 
were observed, the great majority occurring in metropolitan region with low sanita-
tion rates [249]. S. brasiliensis has been considered as the most virulent species 
among the species complex of Sporothrix [251]. Zoonotic transmission due to cat 
scratches was also reported in the USA [252, 253], Mexico [254], Malaysia [255, 

Fig. 6.19 Macro- and microscopic aspects of Sporothrix spp. (a) Yeast colony of S. schenckii 
cultured at Sabouraud agar (left), mycelial growth of S. schenckii showing a membranous aspect 
and the production of melanin (middle), mycelial growth of S. brasiliensis showing great produc-
tion of melanin (right); (b) microscopic aspect of S. brasiliensis yeasts (lactophenol cotton blue, 
400 ×); (c) microscopic aspect of hyphae and conidia of S. brasiliensis; note the presence of dark 
conidia, corresponding to melanin deposition in the cell wall (lactophenol cotton blue, 400 ×)
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256] and India [257]. It is important to emphasize that these zoonotic reports were 
due to S. schenckii s. str. In Argentina, between 2011 and 2014, four cases of zoo-
notic transmission of human sporotrichosis followed by cat scratches were reported 
[258]. Later, the etiological agent of these reports was identified as S. brasiliensis 
[259].  These reports  confirmed  the existence of S. brasiliensis in an area of 
Argentina  with proximity to the southern region of Brazil, where the disease is 
endemic in cats [249]. While in the countries mentioned above the number of zoo-
notic transmissions of sporotrichosis may vary from 1 to 62 cases, Brazil drew 
worldwide attention by reporting 4699 zoonotic cases (Fig. 6.20) [249].

An outbreak of 53 cases over 3 years in fishermen that was reported around 
Lake Ayarza in Guatemala was the result of injuries caused by contaminated fishes 
[260]. Haddad and co-workers reported sporotrichosis in fishermen from southeast 
region of Brazil due to injury with spines of the dorsal fin of fishes [261]. The fun-
gus has also been isolated from nails and oral cavity of cats with and without clini-
cal manifestations of sporotrichosis in Brazil [262]. In Thailand, sporotrichosis 
caused by S. schenckii was first time reported in a stray cat from Bangkok, with a 
poor prognosis [263].

6.3.3  Clinical Aspects

Clinical manifestations of sporotrichosis may be influenced mainly by the load and 
depth of the inoculum, pathogenicity, thermal tolerance of the strain and 

Fig. 6.20 Zoonotic sporotrichosis due to cat scratches around the world highlighting the largest 
absolute number of cases in southeast region of Brazil. (Source: Gremião and co-workers [249])
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immunological status of the host. Sporotrichosis is clinically observed in cats, dogs 
and horses, while cats are the most frequently affected animal species.

The cats show broad range of clinical manifestations, including subclinical 
infection, single lesions with spontaneous remission and fatal disseminated disease 
[264]. The disease is mainly found in adult male, mongrel and unneutered cats 
[265]. The lesions in general present with ulcerated appearance, which drain sero-
sanguinolent or purulent exudates. A firm and nodular subcutaneous mass may also 
be observed commonly on the head, especially on the nose (Fig. 6.21). In majority 
of cases, cats present multiple skin lesions with mucosal involvement, especially 
mucous membranes of the respiratory tract [264]. Most skin lesions are observed in 
the head, the most affected area during fights. However, mucosal involvement may 
also occur due to cat habits such as licking, which can transfer a considerable 
amount of yeast cells from the skin lesions to the oral cavity, as well as to other 
distant body parts [266]. Respiratory signs, such as sneezing, dyspnoea and nasal 
discharge, are frequently observed in cats, and such clinical condition is associated 
with treatment failure and death [267]. A significant correlation among feline immu-
nodeficiency virus (FIV) and/or feline leukemia virus (FeLV) in coinfected and 
non-coinfected cats has not been observed [264].

In dogs, fixed cutaneous and disseminated cutaneous lesions are the most fre-
quent clinical forms observed. Figure 6.22 shows fixed cutaneous lesion in dogs.

6.3.4  Diagnosis

Sporotrichosis may be diagnosed using classical to molecular methodologies [231]. 
The classical methodologies comprise direct mycological examination, culture, 
serology and histopathology.

For direct mycological examination, the clinical specimen is placed on a glass 
slide with a drop of 10% potassium hydroxide (KOH) and covered with a coverslip. 

Fig. 6.21 Cephalic lesions in feline sporotrichosis due to S. brasiliensis in a cat from Rio de 
Janeiro, Brazil. (a) Side view of ulcerated and exudative lesion; (b) frontal view of ulcerated lesion 
in nasal region. Images courtesy of Dra. Isabella Dib Ferreira Gremião (FIOCRUZ/Rio de Janeiro 
state, Brazil)
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The yeasts are small (2–6 μm in diameter) and scarce in the lesions of humans and 
dogs in contrast to lesions in cats, which contain high amount of yeasts. Therefore, 
such approach is not very useful for diagnosis in both species. [268]. Cells stained 
by Diff-Quick method is very useful to diagnose sporotrichosis in cats, which 
reveals yeasts in cigar-shaped form (Fig. 6.23). This technique is rapid and conve-
nient and has a high sensitivity and low cost.

Culturing Sporothrix spp. is the gold standard method; however, attention 
must be given to contamination and viability of the sample. Sporothrix sp. is 
resistant to the presence of cycloheximide, such as Mycosel® which is good for 
primary isolation from contaminated skin lesions. Cultures must be incubated 
aerobically, preferably at 25oC aiming to recognize the melanin production mac-
roscopically [269, 270].

Fig. 6.22 Canine sporotrichosis due to S. brasilliensis in dogs from Rio de Janeiro, Brazil, show-
ing the commitment of nasal region. (a) Nasal discharge of left nostril and pale and ulcerated 
mucosa of right nostril in a Poodle; (b) ulcerated legion at the lip in a Shitzu. Images courtesy of 
Dra. Isabella Dib Ferreira Gremião (FIOCRUZ/Rio de Janeiro state, Brazil)

Fig. 6.23 Cytological 
examination of a feline 
lesion showing several 
yeasts (arrows) of S. 
brasiliensis (Diff-Quick, 
400 ×). Image courtesy of 
Alana Lucena Oliveira 
(School of Veterinary 
Medicine and Animal 
Science/UNESP/Botucatu, 
São Paulo state, Brazil)
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Among several serological tests, ELISA has been extensively employed for diag-
nosis as well as to monitoring therapy by serological follow-up of patients. Antigens 
preparations for serological assays include mycelium or yeast culture filtrates as 
well as partially purified molecules. Mendoza and co-workers (2002) reported the 
production of exoantigens from mycelia phase of S. schenckii which had no cross- 
reaction with serum samples from patients with coccidioidomycosis, histoplasmo-
sis or paracoccidioidomycosis [271]. Fernandes and co-workers (2011) standardized 
an ELISA for diagnosis of feline sporotrichosis using two types of antigen: crude 
exoantigen preparation of S. schenckii and Concanavalin A-binding fraction 
(SsCBF). The authors tested 30 sera samples of cats with proven sporotrichosis and 
found 90% sensitivity with SsCBF, and the specificity was 96%, while crude exoan-
tigens demonstrated 96% sensitivity and 98% specificity [272].

The presence of yeasts in histopathological sections is better seen with special 
stains, such as periodic acid-Schiff (PAS) or Gomori methenamine silver (GMS). 
Important to emphasize that yeasts cells of S. schenckii are difficult to visualize due 
to its paucity in lesions of humans and dogs [273, 274]. In general, a mixed suppura-
tive and granulomatous inflammatory reaction in the dermis and subcutaneous tis-
sue, frequently accompanied by microabscess and fibrosis, is observed. Cutaneous 
infections may also exhibit hyperkeratosis, parakeratosis and pseudo- epitheliomatous 
hyperplasia. Foreign bodies of vegetal origin related to the traumatic inoculation of 
the agent may also be encountered [231]. Figure 6.24 shows histological section of 
cat sporotrichosis stained with PAS, showing a high load of yeasts cells.

Molecular-based methods are not routinely used for diagnosis of sporotrichosis. 
Indeed, such approach may be more widely used for identification of species com-
plex and also for phylogenetic studies. The ITS regions of rDNA are particularly 
useful to differentiate among S. brasiliensis, S. schenckii, S. globosa and S. luriei 
[275]. Molecular methods are sensitive and specific for the detection and identifica-
tion of all Sporothrix species of clinical interest, require small amounts of sample 
and take less time than the traditional methods [266, 276].

Fig. 6.24 Histopathological 
section of sporotrichosis 
stained with PAS evidencing 
high amounts of yeast with 
cigar-shaped format (440 ×)
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6.3.5  Treatment

Despite the fact that exact mechanism of action of potassium iodide remains 
unknown till date, it has been used for treatment of sporotrichosis since the early 
twentieth century with satisfactory results. It is believed that potassium iodide acts 
on the resolution of granulomas through increased proteolysis and phagocytosis 
[277]. Due to adverse side effects related to potassium iodide, azolic compounds 
were introduced in the 1990s, highlighting itraconazole, which is currently the first- 
choice treatment, both for humans and animals (cats and dogs) [278]. Treatment of 
sporotrichosis usually requires long-term administration of itraconazole, potassium 
iodide or amphotericin B, depending on the severity and location of the lesions 
[249]. Successful treatment outcomes will also rely on rapid and accurate diagnosis. 
Therefore, differential diagnosis is important in cats. Unfortunately, the treatment of 
sporotrichosis in cats begins with antibacterials, even without a mycological diag-
nosis. Due to the characteristics of the lesions, which drain serosanguineous or 
purulent exudates, many veterinarians think that the lesions are due to bacterial 
infection. The lesions in general worsen a lot, and the veterinarians change the 
active principle of antibacterial without considering fungal etiology. Figure 6.25 
shows clinical sporotrichosis in a Persian cat from Brazil with 7 months of evolu-
tion. When the correct diagnosis was achieved, the cat died due to dissemination of 
the pathogen as well as septic bacteremia.

The major side effects of itraconazole are anorexia, vomiting and diarrhoea asso-
ciated with elevations of alanine aminotransferase, which requires its monthly mea-
surement. The administration of itraconazole with meals of cats and dogs is 
recommended [267]. Schubach and co-workers evaluated different therapeutic regi-
mens in 266 diseased cats. Clinical cure was achieved in 68 (25.4%), and treatment 
duration ranged from 16 to 80  weeks (median = 36  weeks). The most observed 
adverse effects were anorexia, vomiting and diarrhoea [264].

Fig. 6.25 Sporotrichosis due to S. brasiliensis in a Persian cat, from São Paulo state, Brazil. (a) 
Lesion at the beginning; (b) lesion after 7 months of evolution. Images courtesy of Dr. Rodrigo 
Trolezi (School of Veterinary Medicine and Animal Science/UNESP/Botucatu, São Paulo state, 
Brazil)
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Important to consider is the increasing report of amphotericin B and itraconazole- 
insensitive strains of Sporothrix spp. over time [279]. The association of itracon-
azole and potassium iodide has been an effective option for the treatment of feline 
sporotrichosis. Reis and co-workers in 2016 reported that 25 (96.15%) cats were 
cured with itraconazole and potassium iodide, with a mean dose of 26.3  mg/kg 
(19.6 to 33.3 mg/kg) and 3.1 mg/kg (2.5–5.4 mg/kg), respectively. The median time 
of treatment until cure was 14 weeks (8–30 weeks); however, cats with mucosal 
involvement presented a longer median time (23 weeks) when compared to cats 
with skin lesion only [280]. It is recommended to keep treatment for at least 
4–8 weeks after clinical cure of lesions to avoid relapse. A recurrent situation in 
Brazil is the abandonment of cats during the treatment period, a fact that may have 
contributed to the resistance to itraconazole

Alternatively, terbinafine, a fungicidal allylamine, may be used for feline sporo-
trichosis in cases of low response, intolerance or resistance to itraconazole. Viana 
and co-workers (2018) reported two cases of sporotrichosis in dogs successfully 
treated with terbinafine at doses of 25 and 30 mg/kg, once a day with food, during a 
period of 12–19 weeks, respectively, without side effects and relevant alterations in 
full blood examination and serum biochemical analysis [281]. Cutaneous sporotri-
chosis in dogs, despite requiring a long period of therapy, usually presents a favor-
able prognosis, responding to therapy with iodides or with itraconazole. However, 
disseminated cutaneous or extra-cutaneous sporotrichosis in dogs is usually associ-
ated with systemic immunocompromised hosts and, therefore, presents a reserved 
prognosis.

6.3.6  Public Health and Control

Sporotrichosis has two main forms of transmission, classical and zoonotic, and both 
of them include traumatisme that causes injury to the skin leading to inoculation of 
the fungus. It is recommended to wear gloves and long sleeves, as well as heavy 
boots, during activities like pruning of roses and the handling of sphagnum moss, 
wires, bushes, hay bales, conifer (pine) seedlings, or other materials that may facili-
tate the exposure to the fungus. As already mentioned by Hajjeh and co-workers 
(1997), the risk of sporotrichosis increased significantly in conditions like working 
with sphagnum moss, filling of topiaries and particularly with less gardening expe-
rience [244].

Sporotrichosis is a neglected disease, and since 2011 the cases in cats and dogs 
become notifiable to health authorities in Rio de Janeiro, Brazil (Joint Technical 
Note number 03/2011). Human cases of disease were mandatorily notified in 2013, 
according to the Resolution of the State Secretariat of Health (Resolution SES num-
ber 674, July 12, 2013).

It has been a great challenge to control sporotrichosis among cat population. The 
disease has been mostly observed among male non-neutered cats (around 73.1%) in 
Rio de Janeiro, Brazil [265]. Cats have some behavioral characteristics that favor 
the infection, such as toileting habits in contact with soil, sharpening the nails in 
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environment, frequent disputes over females during estrus and territorial disputes 
[282]. Associated to their natural behavior, we must consider the fact that cats are 
susceptible to the fungus [249]. It is important to note that severe cases of sporotri-
chosis in cats may develop independently of retrovirus (FIV and/or FeLV) coinfec-
tions, which are immunosuppressive. Cats are usually allowed to roam outdoors, 
and most of them are neither vaccinated nor neutered and do not receive regular 
prophylactic deworming in endemic regions of disease. These features cannot be 
ruled out for contributing to the susceptibility of disease [249].

As preventive measures for controlling disease in cats, health authorities in Rio 
de Janeiro has promoted campaigns for castration without costs to owners, as well 
as the donation of itraconazole for treatment. Even then, the abandonment rate of 
these animals is high [265]. Precautions during the administration of oral medica-
tion must be performed, since the scratches occur during the physical restraint of 
diseased cats. It is strongly recommended that diseased animals should be kept 
separately from other animals, since exudates of lesions are rich in yeast form of 
fungus [248].

Experimental immunization with monoclonal antibodies against 70 kDa protein 
(putative adhesin) induced a significant reduction of fungal load in liver and spleen 
of infected mice [283, 284]. Portuondo and co-workers (2015) have evaluated pro-
tective properties of an aluminium hydroxide-adsorbed S. schenckii cell wall 
protein- based vaccine in experimentally infected mouse and found an increase in 
ex  vivo release of IL-12, IFN-γ, IL-4 and IL-17. The authors observed that the 
immunization was able to facilitate in vivo protection in a subsequent challenge 
with S. schenckii, becoming a viable vaccine candidate for further testing. However, 
the use of adjuvants should be carefully reviewed in future investigations in cats, 
since this compound is associated with feline vaccine-induced sarcomas [285].

As observed, controlling zoonotic transmission of sporotrichosis has been a dif-
ficult task, and besides all the considerations discussed above, health education 
should be strongly recommended for population in general.
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Abstract
Mycotoxins are defined as the secondary metabolites of certain moulds and are 
toxic to vertebrates (warm-blooded). Their chemical nature is rather variable, 
non-proteinal and nonvolatile. Primarily, they contaminate plants, and through 
them, they reach animals and their products. The mycotoxins represent serious 
health risks for consumers, including genotoxic effect leading to mycotoxicosis, 
an ill health status. The hygienic limits for mycotoxins in foods and feeds are set 
legislatively all over the world. The adverse biological effects can be caused by 
the inhalation of a mycotoxin dose at a minimum level that is one tenth of the 
elementary one. Mostly, aflatoxins, ochratoxins, Fusarium mycotoxins and 
stachybotryotoxins have been identified in the air of occupational and dwelling 
environments so far. The precise measurements remain limited due to lack of 
sensitive and accurate methods of detection. The immunosuppressive, haemato-
toxic, cytotoxic and inflammatory effects of the complex mixtures of toxicants 
produced by Aspergillus versicolor and Stachybotrys chartarum of indoor origin 
have been discussed in this chapter. Complex toxic fungal metabolites break 
down the self-cleaning mechanism of the airways, induce systemic damages and 
are enhanced by simultaneous action of other indoor contaminants (cigarette 
smoke). They can finally result in the ill health of occupants of damp mouldy 
dwellings, starting with respiratory disorders and probably culminating in gen-
eral intoxication especially in children with burning metabolism.

Keywords
Food/feed hygiene · Occupational/indoor exposure · Carcinogenicity · 
Inflammation · Sick building syndrome
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Fungi (moulds) produce a wide range of toxic chemicals. Most related research has 
dealt with exposure to such toxicants in animal feeds and human foods. However, 
animals and humans can also be exposed to high levels of fungal toxins through 
exposure to air and dust from mouldy environments. Mycotoxins are defined as the 
chemicals of fungal origin that are toxic to warm-blooded vertebrates. They belong 
to secondary metabolites of moulds, along with alkaloids and antibiotics. Fungi 
synthesize these compounds to gain an ecological advantage in their natural habi-
tats. These metabolites (usually) do not serve as a source of energy for their produc-
ers, excluding bordering conditions such as starving. Microorganisms employ 
mostly the polyketide cycle for the mycotoxin synthesis. From the food/feed 
hygienic point of view, the mycotoxins are counted as endogenous contaminants, 
which are formed directly in the matrix by toxic mycobiota. Chemically, they rep-
resent various structures (lactones, coumarins, etc.) that do not have a proteinaceous 
nature [1]. This is also the reason of their high thermostability. They are not 
destructed by culinary processes, including bread baking and coffee roasting; 
instead, more toxic compounds might be generated from them during these proce-
dures [2]. Despite the low molecular weight of mycotoxins (200–300 kDa), they do 
not possess volatility, meaning they will not sublimate out of the contaminated 
material. This is the reason why gas chromatography is not the primarily chosen 
method for their analysis [2]. The mycotoxins are not commonly involved in patho-
logical process of mycoses [3].

Distribution of mycotoxins through the contaminated substrate is uneven as 
compared to other chemical contaminants present occasionally (pesticides, heavy 
metals, etc.). Applying a certain hygienic positivum in batches differently contami-
nated with mycotoxins will help in reaching the final mycotoxin concentration fit-
ting the safety limits. Other mycotoxin distribution specialities are:

 – One fungus may synthesize more than one toxin (e.g. Aspergillus flavus pro-
duces aflatoxins and cyclopiazonic acid as well).

 – The same toxin might be produced by different fungi (aflatoxin B1 as the product 
of A. flavus, A. parasiticus, A. nomius, etc.).

Toxic fungi predominantly colonize plenty of plant materials, including food 
and feedstuffs, the ones that grow in warm and wet climatic (subtropical) zones. 
Sometimes, the visible mouldy matrix may not necessarily secrete any myco-
toxin; at the same time, every strain of mycotoxigenic fungi cannot produce 
mycotoxins (e.g. A. flavus isolates coming from tropics are toxic, but the strains 
from moderate climate are usually not) [4]. Such an ability is genetically depen-
dent, and only the quantity of potentially formed mycotoxin can be affected by 
environmental factors like cultivation temperature, composition of the substrate 
and so on. In contrast, the visibly non-mouldy substrate may contain high concen-
trations of mycotoxin(s) like mouldy dried fruits or seeds and can actually account 
for more severe public health problems. The mycotoxin contamination of sub-
strate on its own does not alter food/feed sensoric quality. Common mycotoxins 
and their producers are listed in Table 7.1.
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Mycotoxins cause intoxications in (sensitive) animals and humans, resulting 
in severe mycotoxicoses. General toxic effects of common mycotoxins are sum-
marized in Table  7.2. Diagnosis of possible mycotoxicosis in veterinary or 
human cases is quite challenging due to most likely multi-systemic damage of 
the organism exposed. Its susceptibility to the toxin(s) depends strongly on the 
individual’s genetic, physiological and environmental factors. The most fre-
quent type of mycotoxicoses, chronic primary intoxication, occurs after the 
long-lasting exposition of an animal/human to low dosages of the toxin(s). 
Despite unclear macroscopic changes in the organism, mycotoxicosis might be 
diagnosed by reduced animal productivity especially in the absence of any other 
disease and/or toxin in the feed. Thus, it is crucially connected to feed hygiene. 
Delayed chronic toxicity of mycotoxins can itself demonstrate as the secondary 
mycotoxicosis. They still remain the least defined and are characterized by 
immunosuppressive effects of mycotoxins with their mutagenic, carcinogenic, 
estrogenic, teratogenic and embryotoxic potentials. So, in a strict sense, can we 
speak about the safe levels of mycotoxin in feeds/food? Based on the above 
statements, the levels are more or less undefinable. However, a hygienically 
limited mycotoxin intake is given as the total daily intake (TDI) per kg of body 
weight per day [μg/kg of bw/d]. The TDIs have been set for individual 

Table 7.1 Common mycotoxins and their producers

Mycotoxin Producers (moulds)
Aflatoxins Aspergillus flavus, A. parasiticus, A. nomius, A. argenticus, etc.
Ochratoxin A Penicillium verrucosum, P. nordicum, A. ochraceus, A. carbonarius, A. 

niger, A. sclerotioniger, etc.
Deoxynivalenol Fusarium graminearum, F. culmorum, F. sporotrichioides, F. poae, F. 

tricinctum, etc.
T-2 toxin F. sporotrichioides, F. poae
Diacetoxyscirpenol F. graminearum, F. semitectum, F. tricinctum, F. oxysporum, etc.
Nivalenol Fusarium nivale, F. poae
Zearalenone Fusarium graminearum, F. culmorum
Fumonisin B1 Fusarium proliferatum, F. verticillioides (syn. F. moniliforme), A. niger, 

A. carbonarius, etc.

Table 7.2 General toxic effects of common mycotoxins

Toxic effects Mycotoxin
Dermatotoxic Trichothecenes, verrucarins, sporidesmins
Estrogenic Zearalenone
Genotoxic Aflatoxins, sterigmatocystin, ochratoxin A, zearalenone, patulin, trichothecenes
Haematotoxic Aflatoxins, ochratoxin A, zearalenone, trichothecenes
Hepatotoxic Aflatoxins, ochratoxins, rubratoxins, sterigmatocystin, etc.
Immunotoxic Aflatoxins, ochratoxin A, trichothecenes, patulin
Nephrotoxic Ochratoxin A
Neurotoxic Fumonisins, penitrem A, fumitremorgens
Gastrotoxic Trichothecenes

7 Mycotoxins and Their Inhalatory Intake Risk



198

mycotoxins only, while the scenario in real life is much more complicated since 
people consume mycotoxin mixtures, together with other abiotic and biotic con-
taminants. Moreover, the individual susceptibility of the organism exposed also 
matters. However, there are no sufficient estimations on whether the toxicant 
mixtures act synergistically, additionally or antagonistically.

Currently, a general approach to the study of the mechanism of fungal effects 
on human beings is becoming a matter of concern. Such an approach includes the 
immunosuppressive influence of beta-glucans from fungal cell wall as well as 
toxic and irritative effects of their toxic exo- and endometabolites (mycotoxins 
and/or volatile organic compounds) [5]. Regarding mycotoxins with rather well- 
characterized toxicity (carcinogenicity, mutagenicity, teratogenicity, cytotoxicity 
and immunosuppression), it has been found that an adverse biological effect can 
be caused by the inhalation of a dose at the level of minimum one tenth of the 
elementary one [6]. Presence of the fungus does not imply the presence of myco-
toxins just as the presence of mycotoxins does not imply the presence of the 
fungus. Environmental conditions that allow fungal growth are not always the 
same as those allowing mycotoxin production [7]. However, mycotoxins occur in 
occupational environments whenever fungi are present [8]. Moreover, it is impor-
tant to consider that mycotoxins can be present in the environment long after 
elimination of fungi [9].

Low molecular weight organic compounds (volatile organic compounds, VOCs), 
namely, alcohols, aldehydes, ketones, aromatic compounds, amines, terpenes, chlo-
rinated hydrocarbons and sulphuric compounds, cause typical mouldy odour and 
inflammation of airways of sensitive people. Such effects are associated with invis-
ible moulds usually growing under wall papers, carpets or mattresses. There is a 
positive correlation between the microbial volatile organic compound (mVOC) pro-
duction and the ability of the fungi to synthesize mycotoxins [10, 11]. Aspergillus 
spp., Cladosporium spp. and Penicillium spp. belong to the group of strongest pro-
ducers of such compounds.

Although many reports regarding occupational pulmonary mycotoxicosis 
resulting from inhaled organic dust contaminated by microbial toxins have been 
published [12], till date there have been no objective proofs of real clinical dis-
eases borne from mycotoxins, especially produced by Aspergillus spp., 
Penicillium spp., Fusarium spp., Trichoderma spp. and Stachybotrys chartarum 
in the indoor environment. Such epidemiological studies have not been con-
ducted very seriously yet [13].

Aflatoxins are often present in significant quantities in agricultural areas such as 
damp storage sites for grains and peanuts, in animal feed and in confined houses. 
They are commonly produced by several Aspergillus species in poorly stored grains 
and peanuts. Aflatoxins are the most carcinogenic among the known chemicals of 
biological origin. Foodborne aflatoxin exposure has been estimated to cause 25,200 
to 155,000 annual human cases of liver cancer worldwide. A Portuguese study mea-
sured fungal levels in 7 swine barns and aflatoxin levels in the blood of 28 swine 
house workers. Twelve species of Aspergillus were predominantly detected in the 
seven swine barns. Detectable blood levels (1–8.9 ng/ml) of aflatoxins were found 

E. Piecková



199

in 21 out of 28 (75%) swine workers, while all 30 unexposed control workers were 
found positive for aflatoxin (below detection limit 1 ng/ml) [14].

Aspergillus fumigatus is one of the most ubiquitous saprophytic fungi and is 
considered to be the species with higher clinical relevance [15]. This species is the 
most common cause of invasive aspergillosis and a major source of infection-related 
mortality in immunocompromised patients [16]. One of the most abundantly pro-
duced metabolites of A. fumigatus is the epipolythiodioxopiperazine (ETP) metabo-
lite gliotoxin, which exhibits a diverse array of biological effects on the immune 
system [17]. In vitro, gliotoxin mediates a broad spectrum of suppressive effects 
such as inhibition of cytokine production, antigen presentation, production of reac-
tive oxygen species by macrophages and reduction of the activity of cytotoxic 
T-cells on different cell types of the immune system [18]. It has also been shown 
that a concentration of 0.2 μg of gliotoxin reduces ciliary movements and damages 
the respiratory epithelium of the mucous membrane, which may explain why this 
fungus is considered to injure the respiratory tract when produced in vivo [19]. 
Presence of A. fumigatus is well established as a higher risk among others that are 
also associated with exposure to bioaerosols [20]. This fungus also produces several 
secondary metabolites during invasive hyphal growth, gliotoxin being one of the 
most abundantly produced metabolites with a production frequency in environmen-
tal strains that ranged from 0% to 33% [17, 21, 22].

In case of fatal infant idiopathic pulmonary haemorrhagic outbreaks in the 
USA, particular fungal isolates were toxic in vitro. It was particularly in this case 
that epidemiologists stressed tobacco smoke as a factor for increasing health 
risks of fungal toxins [13]. Stachybotrys chartarum produced cytotoxic and 
immunosuppressive macrocyclic trichothecenes (stachybotryotoxins) and spiro-
cyclic drimanes that caused inflammation and haemorrhages in the respiratory 
tract and intestines of laboratory animals [23]. The S. chartarum isolates from 
damp schools and dwellings in Denmark produced trichodermal trichothecenes 
when cultivated onto cardboard and vinyl ceiling [24]. Acute intratracheal expo-
sure of rats to exo- and endometabolites of S. chartarum, an atranone chemotype 
of the fungus that originated from mouldy walls in a Bratislava house, was 
reported to induce haematological changes, along with cytotoxic and inflamma-
tory pulmonary injury in the animals [25]. Mutagenic and foetotoxic mycotox-
ins, alternariol and its monomethylether (adversely affected mice) were detected 
in cellulose tiles overgrown with Alternaria alternata. This isolate was also able 
to grow on a cardboard [26]. Jesenska and Bernat (1994) noticed that Penicillium 
expansum growing on a wallpaper glue produced nephrotoxic citrinin and patulin 
inhibiting phagocytosis [27]. The metabolite synthesis of fungi depends on the 
quality of constructing materials [28]. In our study on the trachea of 1-day-old 
chicks, variation in ciliostatic activity was observed when exposed to chloroform 
extracts of biomass of building materials (mineral wool, plasterboard and card-
board) inoculated with pure isolates of some moulds of indoor origin (Penicillium 
chrysogenum, P. palitans, Trichoderma viride, Stachybotrys spp. and A. versi-
color) [29]. Generally, extracts from growth on materials composed of finely 
divided cellulose were more active than those from growth on mineral wool [30]. 
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The only data available on the ciliostatic activity of indoor mould metabolites 
involves sterigmatocystin produced from A. versicolor and Chaetomium spp. 
[31, 32]. Viable spores of A. versicolor and Penicillium spp. were isolated from 
different plasters even after 40 days to 3 months, i.e. till the end of the experi-
ment [33, 34]. Seventy-eight percent of all indoor fungal isolates (namely, 
Aspergillus clavatus, A. flavus, A. fumigatus, A. nidulans, A. niger, A. ochraceus, 
A. restrictus, A. ustus, A. versicolor, Alternaria spp., Chaetomium spp., 
Cladosporium cladosporioides, C. sphaerospermum, Phoma spp., and S. charta-
rum) from Slovakia collected during the last 15 years produced complex metabo-
lites which are able to cease tracheal ciliary beating in 24 h [31, 32, 35–37]. All 
toxic fungal metabolites are found in endometabolites (micromycetal propa-
gules) and exometabolites (aerosol, detritus and house dust) carriers [34]. It is 
highly probable that hyphal fragments, dust and material particles that are able to 
reach alveoli have the highest depository and toxic potential. Most of the fungal 
spores can be entrapped just in the upper respiratory tract or at most in bronchi, 
because of their size, morphology and the mode of propagation (slime heads, 
aggregation etc.). Since the macroorganisms or the host is not only exposed to 
fungal particles but also to the detritus (other than fungal origin) that carry fungal 
metabolites, the experimental studies on toxic effects of fungal spore suspen-
sions do not completely replicate the real exposition.

Health-damaging effects of fungal haemolysins (indoor, e.g. stachylysin pro-
duced by S. chartarum or chrysolysin by P. chrysogenum) include activation of 
histamine and cytokine-producing cells (inflammatory, cold-like SBS symptoms) 
and vascular tissue lysis (headaches, bleeding and vertigo) [38]. Complex toxic fun-
gal metabolites disrupt self-cleaning mechanism of the airways and induce inflam-
mation and cytotoxic as well as haematological damages, which can be enhanced by 
simultaneous action of other indoor contaminants like cigarette smoke. They can 
finally result in the ill health of occupants of damp mouldy dwellings, starting with 
respiratory disorders and probably ending in general intoxication of macroorganism 
via lung tissue especially in children with high rate of metabolism [39]. To deter-
mine a causal relationship between mycotoxins in the indoor environment and par-
ticular human health disorders after their inhalation, it is necessary:

• To estimate the minimal effective concentration of mycotoxin which can induce 
clinical symptoms in in vivo models

• To choose optimal animal or other biological models for studying mycotoxin 
pathogenicity and pathophysiology (pulmonary deposition)

• To characterize short- and long-term health damages (biomarkers) in people 
under such conditions [40]

The potential of fungal toxins to cause and develop multifactorial human dis-
eases (immune, degenerative and tumorous) with permanently increasing incidency 
and prevalency in the modern society cannot be overlooked anymore [14].
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Abstract
The genus Alternaria includes many allergenic species, saprophytes, and 
plant and human pathogens and is an inexhaustible manufacturer of secondary 
metabolites. In pre- and post-harvest conditions, they are frequent contami-
nants of crops. A variety of agricultural products including grains are com-
monly infested by Alternaria species. Some of them are psychrophilic in 
nature and thus are able to colonize even refrigerated commodities. They pro-
duce a variety of mycotoxins having acute and chronic effects. Alternaria 
alternata is the most important mycotoxin-producing species that infests 
cereals and fruits and, hence, has the potential to pose a serious threat to 
human and animal health. Tenuazonic acid (TeA) is the most studied Alternaria 
mycotoxin and is considered to have the highest toxicity amongst them. It 
causes haemorrhages in several organs, suppression in weight gain and reduc-
tion in feed efficiency in animals. It is known to be a powerful inhibitor of 
eukaryotic protein synthesis, and its association with oesophageal cancer has 
been reported in human populations at risk of high exposure to TeA. Since 
TeA is one of the major mycotoxins in humans and other organisms, it is 
important to minimize TeA contamination in food and feed to avoid health 
risks. In this regard, the present review discusses the presence of TeA in vari-
ous food products and their effect on plants and animals. The review has also 
tried to integrate the information existing on the toxicology and methods of 
detection and quantification of TeA toxin. The toxicological database on TeA 
is still limited, and their risk assessment reports remain inconclusive. Thus, 
new approaches should be considered to investigate the toxicological interac-
tions of TeA in agricultural products, humans and animals.
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8.1  Introduction

The genus Alternaria comprises of pathogenic, saprophytic and allergenic species 
that are present almost everywhere. A wide range of health-endangering secondary 
metabolites called mycotoxins are also produced by them [1]. They commonly 
infect a variety of agricultural products, fruits and vegetables [2]. Mycotoxin pro-
duction by Alternaria is favoured in a moist environment (water activity, aw = 0.98) 
[3]. The germination and growth conditions for Alternaria alternata have been 
reported in some studies with respect to temperature and water activity (Table 8.1) 
[4]. Various species of the Alternaria are reported to produce over 300 toxic metab-
olites, amongst which alternariol (AOH), altenariolmonomethyl ether (AME), 
altenuene (ALT), tenuazonic acid (TeA), tentoxin (TEN) and altertoxins I, II and III 
are of high importance [4, 5]. Various fruits like apples, peppers, mandarins, mel-
ons, olives, raspberries and tomatoes have the natural occurrences of AOH, AME 
and TeA [6]. Previous studies have depicted that TeA, AOH, AME and altertoxins 
I, II and III (ATX-I, ATX-II, ATX-III) are the most frequently present Alternaria 
mycotoxins [7]. They belong to three structural classes of chemicals [8]:

 1. Dibenzopyrone derivatives comprising AOH, AME and ALT.
 2. Perylene derivatives comprising ATX-I, ATX-II and ATX-III.
 3. Tetramic acid derivatives comprising TeA.

Tenuazonic acid is produced by Alternaria spp., Phoma sorghina, and Pyricularia 
oryzae and is considered to be the most toxic amongst Alternaria mycotoxins [2, 
9–12]. TeA inhibits protein biosynthesis and is biologically active, exerting antitu-
mor, antiviral and antibiotic activities [2, 9, 13, 14]. It was associated with the 
mycotoxicosis, Onyalai, a haematologic disorder that occurred in Africa [9, 15]. 
The clinical feature of this disease is haemorrhagic bullae on the mucosa of the 
oronasopharynx. Haemorrhage from ruptured bullae, epistaxis or gastrointestinal 
bleeding becomes severe and may lead to shock and death. Antibacterial, cytotoxic, 
insecticidal, phytotoxic and zootoxic properties are exhibited by TeA [15].

Table 8.1 Summary of the range of environmental conditions which allow germination, growth 
and toxin production by A. alternata and A. tenuissima (psychrotolerant)

Factors Germination Growth Toxin production
Temperature (°C) 1–35 < 1 and > 35 < 10 and > 35
Water activity (aw) 0.84–0.995 < 0.85 < 0.90
pH 2.5–10 < 2.5 and > 10 < 2.5 and > 9

Adapted from: Alternaria in Food: Ecophysiology, Mycotoxin Production and Toxicology, Lee 
et al. 2015, Mycobiology [4]
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8.2  Chemical Properties of Tenuazonic Acid

Tenuazonic acid is colourless and viscous oil. The chemical formula/IUPAC name 
of TeA is 3-acetyl-5-sec-butyl-4-hydroxy-3-pyrrolin-2-one (Fig. 8.1). Its molecular 
weight is 197 and its molecular formula is C10H15O3N [15]. TeA is soluble in organic 
solvents including petroleum ether and is sparingly soluble in water [16]. It is 
ketonic in nature. Its rotation in methanol is −124°. The rotation of TeA in crude 
form slowly becomes less negative and crystallizes when kept standing for a long 
time. Purified TeA is dextrorotatory, [α]5461 22° + 23°. It titrates sharply as a mono-
basic acid (pKa 3.5), contains no methoxyl group and forms a semicarbazone. Its 
melting point is 187–189 °C. When boiled with an aqueous alkali, it is converted to 
an iso-acid form [17]. Tenuazonic acid forms complexes with calcium, magnesium, 
copper, iron and nickel ions and is usually stored as copper salt [16].

8.3  Tenuazonic Acid as Phytotoxin

A number of phytotoxic metabolites are reported to be produced by phytopatho-
genic species of Alternaria. Many have been characterized chemically and are 
known to play a significant role in pathogenesis. TeA causes significant harm to 
crops. Its presence has been observed in a number of plant materials such as ground-
nuts, olives, sunflower seeds, mandarins, peppers, sorghum, tobacco, rice, melons 
and linseed [18–20]. Table 8.2 lists the food items and their products that are usually 
contaminated by TeA [21].

Chen et al. in 2007, for the first time, reported that TeA inhibits photosynthetic 
activity by working as an inhibitor of photosystem II [18]. Chlorophyll fluorescence 
studies showed that TeA blocked the flow of electrons from QA to QB in the acceptor 
side of photosystem II. TeA was considered as a new photosystem II inhibitor as it 
had a different binding behaviour within QB-niche when compared to other known 
photosystem II inhibitors. Generation of singlet oxygen mediated the phytotoxic 
action of TeA [18]. Another report on phytotoxic effect of TeA was published in the 
year 2017 by Kang et al. [22]. A mutant type of A. alternata, HP001, was investi-
gated in the study that produced less TeA [22]. The failure of the mutant species to 
form the appressorium necessary for causing infection in the host led to the loss of 
pathogenicity of the organism. Therefore, TeA was reported to be the key virulence 
factor for the infection of A. alternata in the host [22]. TeA not only damages the 
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host plant but is also associated with host recognition, inducing appressoria to infect 
the host, maintaining ROS content and facilitating the completion of the infection 
process [22].

Tenuazonic acid, iso-tenuazonic acid (an isomer of TeA) and their salts also 
show evidences of herbicidal activity with broad spectrum, quick killing and high 
efficiency. The herbicidal activity of these compounds is enhanced by the addition 
of adjuvants [19].

8.4  Tenuazonic Acid Toxicity in Animals

Studies regarding the activity of tenuazonic acid on several animals like mice, 
chickens and dogs have proved its toxicity. It causes haemorrhages in many organs 
of dogs when given at a dose of 10  mg/kg body weight. Subacute toxicity was 
observed in chickens when fed at a dose of 10 μg/g of feed. In chickens, when the 
concentration of TeA was increased gradually from sublethal to lethal levels, it 
resulted in an increase of internal haemorrhage, suppression in weight gain and 
reduction in feed efficiency [9, 23, 24]. TeA does not exhibit mutagenic properties 
in the bacterial system [6, 25]. Precancerous changes were observed in the oesopha-
geal mucosa in mice fed with TeA at a concentration of 25 mg/kg body weight every 
day for a period of 10 months [9].

In studies carried out by Meronuck and co-workers in 1972, 57 out of 87 isolates 
of Alternaria alternata (Fr.) Keissler cultured on sterilized, moist corn-rice sub-
strate turned out to be fatal when fed to rats. After isolation and characterization, 
TeA was found to be the main toxin produced. Amongst 23 isolates of toxigenic 
Alternaria, 20 isolates produced tenuazonic acid [26].

Giambrone and co-workers (1978) performed experiments to study the effect of 
tenuazonic acid on young chickens and reported that TeA administration by daily 
oesophageal intubation at the levels of 1.25 or 2.50 mg/kg of body weight or when 
given in the diet at 10 μg/g of feed to 2- to 3-week-old broilers caused a decrease in 
weight gain and feed efficiency during the second and third weeks of toxin admin-
istration [27]. Neither morbidity nor mortality was observed in chickens through 
administration by either of the routes; however, noticeable gross and histological 

Table 8.2 Tenuazonic acid in foodstuffs [25]

Raw food 
items Food products
Cereals Maize, millet, wheat, sorghum, rice, beer, bran (wheat bran), cassava, flakes 

(corn flakes, oat flakes), flour (rye flour, wheat flour), grit (maize grits)
Fruits Apple, mandarin, melon, olive, dried fruit
Juices Apple, apricot, banana, blackcurrant, cherry, grape, orange, pear, pomegranate, 

strawberry, tomato
Tomatoes Pulp, puree, sauce, ketchup
Spices Coriander, cumin, curcuma, curry, ginger, paprika, pepper
Seeds Sesame, sunflower seed
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lesions were evident in different tissues of the birds that received the toxin by either 
method. Lesions such as enlarged and spotted spleen, minor wearing off of the giz-
zard, haemorrhage in the intestinal lumen and on the surface of the heart, oedema of 
the myocardium and haemorrhage with bruising in the musculature of the thigh 
were observed in maximum number of chickens that were administered with the 
toxin by oesophageal intubation. Gross haemorrhages were not seen in broilers 
receiving toxin in the feed; however, gizzard erosion along with pale and spotted 
spleens was apparent. Kidneys, liver and other affected tissues showed blood vessel 
congestion and haemorrhage when observed microscopically. Similarly, when 
1-week-old white Leghorns were administered with 1.25 or 2.50 mg toxin/kg body 
weight/day by oesophageal intubation for 21 days, a decrease in their weight gain 
and feed efficiency was observed. Pathological changes in them were found to be 
similar to the broilers receiving toxin by oesophageal intubation [27].

Mice being fed orally with AME or TeA for a period of 10 months daily showed 
moderate and severe dysplasia distinguished by loss of polarity, nuclear pleomor-
phism and hyperchromasia in microscopic examination of oesophageal mucosa. 
Electron micrography of in vitro studies of TeA on mucosal epithelial cells revealed 
condensation of chromatin in some nuclei, granulation and increase in chromatin 
mass, abnormalities in the nuclear membrane, vacuolization in nucleoplasms and 
distinct pleomorphism in the nuclei. Thus, dysplastic transformation in the study 
suggested higher toxicity of TeA [28].

Shigeura and Gordon in 1963 investigated the biological activity of tenuazonic 
acid, in vivo with rats and in vitro with Ehrlich ascites tumour cells as well as rat 
liver cells. They demonstrated that TeA inhibited the inclusion of amino acids into 
proteins, both in vivo and in vitro. In cell-free systems, inhibition of protein synthe-
sis by TeA occurred by the suppression of release of newly formed microsomal 
proteins into the supernatant fraction [29].

Another study was carried out by Yang and co-workers on the effect of A. alter-
nata toxins on insects [30]. The inhibitory effects of the toxins were studied on rose 
aphid, Macrosiphum rosivorum. On application of the purified crude toxin to rose 
(Rosa chinensis) leaves, no effect was observed on the rose plants. However, it 
affected the reproduction of aphids. When the toxin solution was sprayed over the 
rose plants, the inhibitory index was found to be approximately 87.99% [30].

Figure 8.2 is a graphical representation of the effects of TeA in plants and in dif-
ferent animal models.

8.5  Tenuazonic Acid Determination: Methods 
and Techniques

Till date, the Alternaria mycotoxins have been quantified by high-performance liq-
uid chromatography (HPLC) coupled with UV (for TeA), fluorescence (for AOH, 
AME, ALT and ATX-I) [3, 9, 13, 15, 23–25] or electrochemical detection (for AOH, 
AME and ATX-I) [19–22] and thin-layer chromatography [17, 25, 29] as well as by 
gas chromatographic methods [18, 21, 31, 32].

8 Tenuazonic Acid: A Potent Mycotoxin
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For AOH, AME, ALT and ATX-I, HPLC–tandem mass spectrometry (MS/MS) 
methods have also been reported [19, 20, 25, 26]. Due to the low molecular weight, 
relatively high acidity (pKa  =  3.5) and metal-chelating properties of TeA, data 
related to its isolation and characterization by LC-MS is scarce [10]. Either ioniza-
tion in the columns should be lowered, i.e. acidic conditions should be facilitated or 
ion-pairing techniques should be used to acquire acceptable peak shapes in HPLC. 
The latter have been applied widely with Zn(II)SO4 as an eluent modifier [6, 9, 13, 
15, 24]; however, Zn(II)SO4 is not compatible with common MS ion sources, and 
other ion-pairing systems do not show adequate retention. Adverse ion yields are 
expected at acidic conditions (ionization suppression chromatography) when MS 
detectors are used [24].

In Argentina, high levels of Alternaria mycotoxin were reported in wheat of the 
2004/2005 harvest, with a mean of 2.313 mg/kg of TeA in the positive samples using 
HPLC. Azcárate et al. (2008) reported that out of 123 Alternaria strains isolated 
from Argentinian wheat, 72% produced TeA [7].

TeA was reported for the first time by Rosett et al. in the year 1957 [33]. Ever since 
its discovery, the gene responsible for its synthesis remained unidentified for about 
60 years, despite several reports on detection of TeA. However, Yun et al. (2015) iden-
tified the gene for the biosynthesis of TeA from Magnaporthe oryzae [34]. As reports 
on the NRPS–PKS type fungal enzymes were not very conclusive, the chemical struc-
ture of the toxin suggested that TeA was synthesized by PKS and NRPS hybrid 
enzymes. For the first time, Yun and his co-workers identified the TAS1 gene respon-
sible for the production of NRPS–PKS enzyme that synthesizes TeA [34].

The first ever case of TeA determination in human urine using a stable isotope 
dilution assay (SIDA) was documented by Asam et al. (2013) [35]. Volunteers were 
exposed to TeA in their diet. They detected TeA in all the volunteers at levels higher 
than or equal to the urinary values of other mycotoxins studied. The experiment 

Fig. 8.2 Graphical representation of the effects of tenuazonic acid on plants and animals
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further revealed that TeA was excreted via urine when ingested through food. It is 
rapidly absorbed through food and almost completely excreted in urine within 
24 hours of intake. Eighty seven to 93% of TeA was eliminated from the body, but 
the remaining 10% of TeA might contribute to potential health hazards [35].

Chromatographic separation of allo-tenuazonic acid (an isomer of TeA) from 
TeA is not possible in most analytical methods [32]. Hickert et al. in 2015 devel-
oped a method to quantify both TeA and allo-TeA.  A QuEChERS (quick, easy, 
cheap, effective, rugged and safe)-based stable isotope dilution HPLC-MS/MS 
method included the separation of both the isomers chromatographically and was 
tested on 20 tomato products from the German market. The presence of both the 
isomers was found in all the products. TeA was present in a range from 5.3 ± 0.1 to 
550 ± 15 μg/kg (average = 120 μg/kg) and allo-TeA in a range from 1.5 ± 0.4 to 
270 ± 0.8 μg/kg (average = 58 μg/kg). Both the compounds were separated from a 
synthetic racemic mixture to assess and compare their cytotoxic effects. TeA exhib-
ited moderate cytotoxic effects on HT-29 cells at concentrations as low as 100 μM, 
whereas allo- TeA showed no activity [32].

Another method for quantification of TeA in plasma of pig and broiler chicken 
was devised by Fraeyman et al. (2015) using the liquid chromatography tandem- 
mass spectrometry (LC-MS/MS) method [36]. The limit of quantification in the 
plasma of both pig and broiler chicken was 5.0 ng/ml. The developed method was 
employed to compare and evaluate the toxicokinetic parameters of both pigs and 
broiler chickens. In both animals, the bioavailability of TeA was found to be 100% 
when administered orally. However, the rate of absorption and elimination was 
found to be more time-consuming in broiler chickens than pigs. This might be 
because the total body clearance in chickens was considerably lower [36].

8.6  Conclusion

Alternaria alternata, a dominant pathogen of numerous plants, fruits and vegeta-
bles, secretes TeA with bioactivity against microbes, plants, humans and animals. 
Study of TeA is imperative because it causes damage to a wide range of economi-
cally important food crops. However, information regarding the safety limits of TeA 
in foodstuffs and feed is still limited. Reliable assessment of the toxic effects of TeA 
for human and animal consumption is essential to define the guidelines on limits of 
TeA in a better way.

References

 1. Grover S, Lawrence CB (2017) The Alternaria alternata mycotoxin Alternariol suppresses 
lipopolysaccharide-induced inflammation. Int J Mol Sci 18:1577

 2. Weidenbörner M (2001) Encyclopedia of food mycotoxins. Springer, Berlin
 3. Magan N, Cayley GR, Lacey J (1984) Effect of water activity and temperature on mycotoxin 

production by Alternaria alternata in culture and on wheat grains. Appl Environ Microbiol 
47:1113–1117

8 Tenuazonic Acid: A Potent Mycotoxin



210

 4. Lee HB, Patriarca A, Magan N (2015) Alternaria in food: ecophysiology, mycotoxin produc-
tion and toxicology. Mycobiology 43:93–106

 5. Robiglio AL, Lopez SE (1995) Mycotoxin production by Alternaria alternata strains isolated 
from red delicious apples in Argentina. Int J Food Microbiol 24:413–417

 6. Scott PM, Stoltz DR (1980) Mutagens produced by Alternaria alternata. Mutat Res 78:33–40
 7. Azcárate MP, Patriarca A, Terminiello L et al (2008) Alternaria toxins in wheat during the 

2004 to 2005 Argentinean harvest. J Food Prot 71:1262–1265
 8. Bottalico A, Logrieco A (1998) Toxigenic Alternaria species of economic importance. In: 

Shinha KK, Bhatnagar D (eds) Mycotoxin in agriculture and food safety. Marcel Dekker Inc, 
New York, pp 65–108

 9. Steyn PS, Rabie CJ (1976) Characterization of magnesium and calcium tenuazonate from 
Phoma sorghina. Phytochemistry 15:1977–1979

 10. Umetsu N, Kaji J, Aoyama K et al (1974) Toxins in blast-diseased rice plants. Agric Biol Chem 
38:1867–1874

 11. Umetsu N, Kaji J, Tamari K (1972) Investigation on the toxin production by several blast fun-
gus strains and isolation of tenuazonic acid as a novel toxin. Agric Biol Chem 36:859–866

 12. Iwasaki S, Muro H, Nozoe S et al (1972) Isolation of 3, 4-dihydro-3, 4, 8-trihydroxy-1(2H)-
naphthalenone and tenuazonic acid from Pyricularia oryzae cavara. Tetrahedron Lett 13:13–16

 13. Shephard GS, Thiel PG, Sydenham EW et al (1991) Reversed-phase high-performance liquid 
chromatography of tenuazonic acid and related tetramic acids. J Chromatogr 566:195–205

 14. Schobert R, Schlenk A (2008) Tetramic and tetronic acids: an update on new derivatives and 
biological aspects. Bioorg Med Chem 16:4203–4221

 15. Lurie A, Katz J, Ludwin SK et al (1969) Platelet life-span and sites of platelet sequestration in 
onyalai. Br Med J 4:146–148

 16. The Merck Index online (2018) Tenuazonic acid. Royal Society of Chemistry. https://www.rsc.
org/Merck-Index/monograph/m10562?q=authorize. Accessed 20 Feb 2018

 17. Shigeura HT (1967) Tenuazonic acid. In: Gottlieb D, Shaw P (eds) Antibiotics, Mechanism of 
action, vol 1. Springer, Berlin/Heidelberg/New York, pp 360–365

 18. Chen S, Xu X, Dai X et al (2007) Identification of tenuazonic acid as a novel type of natural 
photosystem II inhibitor binding in QB-site of Chlamydomonas reinhardtii. Biochimica et 
Biophys Acta (BBA)-Bioener 1767:306–318

 19. Devi PS, Reddy MN, Devamma MN et al (2010) Identification and characterization of ten-
uazonic acid as the causative agent of Alternaria alternata toxicity towards groundnut. Af 
J Microbiol Res 4:2184–2190

 20. Subrahmanyam P, McDonald D, Waliyar F et  al (1995) Screening methods and sources of 
resistance to rust and late leaf spot of groundnut, Information Bulletin no. 47. International 
Crops Research Institute for the Semi-Arid Tropics, Patancheru

 21. Weidenbörner M (2013) Mycotoxins in foodstuffs. Springer, Boston, pp 1–546
 22. Kang Y, Feng H, Zhang J et al (2017) TeA is a key virulence factor for Alternaria alternata 

(Fr.) Keissler infection of its host. Plant Physiol Biochem 115:73–82
 23. Griffin GF, Chu FS (1983) Toxicity of the Alternaria metabolites alternariol, alternariol methyl 

ether, altenuene, and tenuazonic acid in the chicken embryo assay. Appl Environ Microbiol 
46:1420–1422

 24. Woody MA, Chu FS (1992) Toxicology of Alternaria mycotoxins. In: Chelkowski J, Visconti 
A (eds) Alternaria: biology, plant diseases, and metabolites. Elsevier, Amsterdam, pp 409–434

 25. Schrader TJ, Cherry W, Soper K et al (2006) Further examination of the effects of nitrosylation 
on Alternaria alternata mycotoxin mutagenicity in vitro. Mutat Res 606:61–71

 26. Meronuck RA, Steele JA, Mirocha CJ et  al (1972) Tenuazonic acid, a toxin produced by 
Alternaria alternata. Appl Microbiol 23:613–617

 27. Giambrone JJ, Davis ND, Diener UL (1978) Effect of tenuazonic acid on young chickens. 
Poult Sci 57:1554–1558

 28. Yekeler H, Bitmiş K, Ozçelik N et al (2001) Analysis of toxic effects of Alternaria toxins on 
esophagus of mice by light and electron microscopy. Toxicol Pathol 29:492–497

A. Kumari and N. N. Tirkey

https://www.rsc.org/Merck-Index/monograph/m10562?q=authorize
https://www.rsc.org/Merck-Index/monograph/m10562?q=authorize


211

 29. Shigeura HT, Gordon CN (1963) The biological activity of tenuazonic acid. Biochemist 
2:1132–1137

 30. Yang FZ, Yang B, Li BB et  al (2015) Alternaria toxin-induced resistance in rose plants 
against rose aphid (Macrosiphum rosivorum): effect of tenuazonic acid. J Zhejiang Univ-Sci B 
16:264–274

 31. Logrieco A, Bottalico A, Mulé G et al (2003) Epidemiology of toxigenic fungi and their asso-
ciated mycotoxins for some Mediterranean crops. Eur J Plant Pathol 109:654–667

 32. Hickert S, Krug I, Cramer B et  al (2015) Detection and quantitative analysis of the non- 
cytotoxic allo-tenuazonic acid in tomato products by stable isotope dilution HPLC-MS/MS. J 
Agric Food Chem 63:10879–10884

 33. Rosett T, Sankhala RH, Stickings CE et  al (1957) Studies in the biochemistry of micro- 
organisms. 103 Metabolites of Alternaria tenuis Auct: culture filtrate products. Biochem 
J 67:390–400

 34. Yun CS, Motoyama T, Osada H (2015) Biosynthesis of the mycotoxin tenuazonic acid by a 
fungal NRPS–PKS hybrid enzyme. Nat Commun 6:8758

 35. Asam S, Habler K, Rychlik M (2013) Determination of tenuazonic acid in human urine by 
means of a stable isotope dilution assay. Anal Bioanal Chem 405:4149–4158

 36. Fraeyman S, Devreese M, Broekaert N et al (2015) Quantitative determination of tenuazonic 
acid in pig and broiler chicken plasma by LC-MS/MS and its comparative toxicokinetics. 
J Agric Food Chem 63:8560–8567

8 Tenuazonic Acid: A Potent Mycotoxin



Part III

Antifungal Therapeutic Candidates



215© Springer Nature Singapore Pte Ltd. 2019
K. Singh, N. Srivastava (eds.), Recent Trends in Human and Animal Mycology, 
https://doi.org/10.1007/978-981-13-9435-5_9

R. Raghuwanshi (*) 
Department of Botany, Mahila Mahavidyalaya, Banaras Hindu University, Varanasi, India
e-mail: richa73@bhu.ac.in

9Phytochemicals: New Avenues 
in Anticandidal Activity

Richa Raghuwanshi

Abstract
Human fungal infections have significantly increased in recent years particularly 
in immunocompromised hosts. Candidiasis is one of them. The emergence of 
new virulence factors and drug resistance in its aetiological agent Candida spp. 
beckons the need for new drug discoveries, as the present-day drugs are insuffi-
cient in combating the disease. Therapeutic alternatives can be the medicinal 
plants and phytocompounds, which have been in traditional system of medicine 
for their empirical antifungal properties. They could be reliable alternatives to 
overcome the disadvantages of antifungal drugs that include undesirable side 
effects, toxicity, recurrence, drug-drug interactions, and multiple drug resistance. 
The present article reviews the anticandidal activity of different medicinal plants 
and phytochemicals under the major classes of secondary metabolites such as 
phenolics, alkaloids, terpenoids, saponins, flavonoids, proteins, and peptides.

Keywords
Anticandidal activity · Medicinal plants · Phytocompounds

9.1  Introduction

Fungaemia, or fungal blood stream infection, is the most common form of invasive 
fungal infections [1, 2]. Moulds are hardly reported for causing fungaemia except 
for the disease caused by Fusarium. Candidiasis caused by Candida spp. is the most 
dominant fungal infection affecting human and animals reported globally with a 
mortality rate of 10–49% in immunocompromised hosts [3]. Candida albicans, well 
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known for causing a majority of human infections, is a polymorphic fungus whose 
life cycle may complete as a commensal on the human skin and mucosal surfaces 
(gut, oral, pharyngeal, and genito-urinary tract) which are quite susceptible to infec-
tions or as an aggressive pathogen causing candidiasis [4]. The frequently observed 
mucosal infections in humans include the chronic mucocutaneous candidiasis, ony-
chomycosis, vaginal candidiasis, and cutaneous candidiasis. The vast majority of 
candidaemia involves Candida spp., while other yeasts such as Saccharomyces 
cerevisiae, Cryptococcus spp., Rhodutorula spp., and Trichosporon spp. although 
reported in decreasing incidence may also be involved [5–7]. The epithet “the dis-
ease of the diseased” is often used, as Candida mainly targets the patients under 
immunosuppressive conditions like AIDS, diabetes, leukaemia, and others such as 
patients who have undergone organ transplant, on broad-spectrum antibiotics, hav-
ing indwelling catheters, intravenous drug misuse, and denture wearers. It has also 
become a problem worldwide due to the huge number of species found in this genus, 
which easily infect the immunocompromised hosts. Till date, over 40 candidal spe-
cies have been recovered from patients with life-threatening infections. The occur-
rence of oral candidiasis at least once in HIV patients is estimated to be 80–95% [8]. 
Although C. albicans remains the predominant species, a variety of other Candida 
species are also involved in human infections. The intrinsic susceptibility pattern for 
these different species is as diverse as it is for bacteria. Many of the emerging 
Candida species causing infections include the C. auris, C. tropicalis, C. glabrata, 
C. dubliniensis, C. parapsilosis, C. orthopsilosis, C. metapsilosis, C. krusei, C. 
famata, C. guilliermondii, and C. lusitaniae [9–13]. Candida sp. is capable of caus-
ing life-threatening systemic infections over broad range of body sites due to its 
high degree of adaptability to different host niches and variable complex environ-
mental factors like oxygen and carbon dioxide levels, pH, osmotic conditions of the 
cell, availability of nutrients, temperature, etc. [14, 15]. They are a serious risk to 
human health, due to the resistance developed in them towards the existing antifun-
gal agents [16]. Relapse of Candida infections is of great concern. Candida spp. 
also have an ability to form biofilms, which has its own repercussion in the clinical 
context, as this leads to increased resistance to antimicrobial agents [17].

Phytochemicals have been looked upon as a reliable alternate to cater the needs of 
developing effective and less toxic novel antifungal agents that would overcome the 
disadvantages of antimicrobial and antifungal drugs including undesirable side effects, 
toxicity, recurrence, drug-drug interactions, development of resistance, and ineffec-
tiveness which has made them less successful in therapeutic strategies. Treatment by 
herbal medicines has gained impetus during the last few decades especially as a rem-
edy to the diseases that are obstinate and incurable in the other systems of medicine as 
the herbal medicines show advantages like the fewer side effects, patient tolerance, 
relatively lower expense, and faith by the society due to a long history of use. Natural 
compounds from plant sources have gained attention as anti-Candida therapeutics in 
the past decade (2004–2015) mainly because they display structural diversity and 
uniqueness in functional modes of action [18, 19]. Not only in developing countries 
where botanicals are used as medicinal products, these medicines are also making 
their place in the integrative healthcare system of the developed nations, known as 
complementary and alternative system of medicines (CAM).
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The efficacy of plants and their extracts is due to the presence of several primary 
and/or secondary metabolites such as phenolics, polyphenols, tannins, quercetin, 
flavones, flavonols, alkloids, terpenoids, lectins, polypeptides, and complex mix-
tures. Although encouraging outputs have been obtained in the area of drug devel-
opment through molecular modelling and combinatorial and synthetic chemistry, 
still natural plant-derived compounds continue to be a vast and an invaluable source 
of medicines for humans.

9.2  Anticandidal Agents and Their Targets

A successful outcome of any treatment is dependent on the fungus (its virulence and 
susceptibility), the host status (severity of the underlying condition), and the therapy 
(timing in relation to infection stage, choice of antifungal drug, and dosing). The 
conventional antifungal agents used to cure candidal infections are azoles (flucon-
azole and voriconazole), polyenes (amphotericin B and nystatin), allyl amines (naf-
tifine and terbinafine), and echinocandins (anidulafungin and micafungin) as 
illustrated in Fig. 9.1.

Azole drugs and their derivatives are the most effective antifungal agents used in 
the treatment of Candida and interrelated infections due to their wide-ranging spec-
trum of activity and high therapeutic values [20]. The azoles inhibit the enzyme 
P450 demethylase necessary for the ergosterol synthesis. As ergosterol is required 
for membrane synthesis, this leads to reduced ergosterol formation and growth arrest 
[21]. The azoles are fungistatic against Candida. Itraconazole is a triazole having a 
broad-spectrum activity and is effective against a wide range of fungal pathogens.

Fig. 9.1 Site of action of different compounds having anticandidal activity
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Fluconazole is a triazole, effective in curing mucosal as well as invasive candi-
diasis in immunocompromised cancer patients [22]. Certain Candida species, such 
as C. glabrata, C. albicans, C. tropicalis, and C. parapsilosis, were found to have 
different degrees of susceptibility against it and were also reported to have devel-
oped resistance against it [23]. Although broad-spectrum triazoles are available in 
the market as conventional medical therapies, the cases reported for invasive candi-
diasis still remain at its pace mainly due to resistance developed against the antifun-
gal agents and also the emergence of non-albicans strains of Candida, such as C. 
glabrata. The pathogen develops resistance against the antifungal agents mainly by 
modifying the target enzyme, the cytochrome P-450, or even through the failure of 
azole drugs in getting deposited inside the fungus which is mediated by multidrug 
resistance (MDR) and candida drug resistance (CDR) genes [24, 25]. Amphotericin 
B is a hydrophobic polyene antifungal normally used for the treatment of systemic 
fungal infections. It is fungicidal and targets ergosterol, an essential sterol of fungal 
cell membrane. Upon binding, it initiates pore formation in the membrane leading 
to a loss of intracellular substances and eventually resulting in cell death. However, 
use of amphotericin B, which is also known as the “gold standard”, is restricted due 
to its infusion-related problems and nephrotoxicity [26, 27]. Nystatin is a polyene 
antifungal effective for the treatment of multiple cutaneous and mucocutaneous fun-
gal infections occurring due to the Candida spp. [28]. Nystatin is both fungistatic 
and fungicidal against C. albicans [29].

Flucytosine (5-fluorocytosine) was originally developed as an anticancer agent 
and thus possesses bone marrow-depressing side effects particularly at higher con-
centrations. It is almost exclusively used in combination with amphotericin for 
Cryptococcus and other rare yeast infections involving central nervous system 
(CNS) or other foci where drug penetration is limited. It is taken up by fungal cells 
via the enzyme cytosine permease and converted first into 5-fluorouracil inside the 
fungus and then to 5-fluorodeoxyuridine monophosphate (FdUMP) and fluorouri-
dine triphosphate (FUTP), which inhibit DNA and RNA syntheses. This further 
blocks the ability of fungus to synthesize proteins. Due to a rapid development of 
resistance, the compound is rarely used as monotherapy.

Terbinafine is occasionally used in combination with other agents to treat rare 
and very severe infections caused by resistant moulds like Fusarium. It inhibits an 
early step in the ergosterol synthesis pathway. Terbinafine exhibits a fungicidal 
action by inhibiting squalene epoxidase. Treated fungi accumulate squalene but 
become deficient in ergosterol, as evident against C. albicans. The filamentous form 
of this fungus is more susceptible for terbinafine than the yeast form.

The echinocandins inhibit the enzyme glucan synthase which is important for 
the cell wall synthesis. This target is unique as the human eukaryotic cell has no 
cell wall, and thereby, this drug class is less prone to cause cross-reaction and 
interfere with the human cell. The echinocandins have fungicidal activity against 
Candida. Owing to their target in fungi, they are also compared to the ß-lactam 
antibiotics [5, 6].

R. Raghuwanshi



219

9.3  Classes of Phytocompounds Showing Anticandidal 
Activity

Plants in their lifetime produce a vast number of secondary metabolites, which 
impart them with odours (terpenoids), pigmentation (quinones and tannins), and 
flavour (terpenoid capsaicin from chilli peppers). These secondary metabolites, 
which make the plants resistant to a number of pathogens like the viruses, fungi, and 
bacteria, are also endowed with medicinal properties against a number of human 
diseases. Traditional medicine listed in pharmacopoeia of many countries is based 
on formulations made by different plant extracts for treatment of fungal infection, 
and many of these till date have been tested for in vitro antifungal activity. The 
World Health Organization (WHO) reports about 80% of the world’s population in 
developing countries to rely on locally available medicinal plants for their primary 
healthcare. Although the rich plant diversity has been a source of remedy for humans 
as evidenced since time immemorial, only limited scientific studies exist on the 
assessment on plant quality, safety, and efficacy. Recent evidence from the pharma-
ceutical companies shows that, for some complex diseases, natural products still 
represent an extremely valuable source for the new chemical entities, since they 
represent privileged structures selected by evolutionary mechanisms over a period 
of millions of years [30]. The efficacy of plants and their extracts is due to the pres-
ence of several primary and/or secondary metabolites such as phenolics, polyphe-
nols, tannins, quercetin, flavones, flavonols, alkloids, terpenoids, lectins, 
polypeptides, and complex mixtures. Phytocompounds possessing anticandidal 
activity belonging to the major classes of secondary metabolites, viz. terpenoids, 
saponins, phenolics, flavonoids, alkaloids, proteins, and peptides, are discussed 
below.

9.3.1  Terpenoids

Terpenoids are also known as isoprenoids, a subclass of the prenyllipids (terpenes, 
prenylquinones, and sterols), which represent the small molecular products and are 
probably the most widespread group of natural products. Antifungal sesquiterpene 
lactones from the Asteraceae family isolated from Ajania fruticulosa (Lebeb.) 
Poljak and seven xanthanolides from Xanthium macrocarpum D.C. were reported to 
be effective against C. albicans and C. glabrata [31, 32].

An antimicrobial diterpene 8β−17-epoxylabd-12-ene-15, 16-dial from Alpinia 
galanga synergistically enhanced the antifungal activity of quercetin and chalcone 
against C. albicans [33]. Triterpenoid glycosides obtained from Solidago virgaurea 
and Bellis perennis inhibit the growth of human-pathogenic yeasts (Candida and 
Cryptococcus species) [34].
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9.3.2  Saponins

Saponins are natural plant detergents that act as efficient antimicrobial, cholesterol- 
lowering anticancerous compounds. Saponins are an important source of constitu-
tive antifungals. Triterpenoid saponins are triterpenes which belong to the group of 
saponin compounds. These triterpene saponins, together with steroidal saponins, 
have antifungal properties.

A novel triterpenesaponin, CAY-I, extracted from the Capsicum frutescens L. 
(Solanaceae) plant commonly known as cayenne pepper, showed strong antifungal 
activity against 16 different fungal strains, including Candida spp. The mechanism 
of fungal growth inhibition was through disruption of the membrane integrity of 
fungal cells [35].

Two new antifungal triterpene saponins were obtained from ethanolic extracts of 
the aerial parts of Clematis tangutica Skill. (Ranunculaceae), a Tibetan medicinal 
herb [36]. Similarly, two new dammarane saponins from the methanol extract of the 
stems of Anomospermum grandifolium Eichler (Menispermaceae) showed strong 
antimycotic activity [37]. Screening of the compounds against C. albicans from the 
rhizomes of Dioscorea cayenensis Lam. Holl (Dioscoreaceae) revealed a new ste-
roid saponin with antifungal activity against C. albicans, C. glabrata, and C. tropi-
calis [38]. Saponins are part of active immune system of plants. Saponins isolated 
from medicinal plants Astragalus verrucosus Moris (Leguminoseae) [39], A. auric-
uliformis (Fabaceae) [40], and Hedera taurica Carr. (Araliaceae) exhibited antifun-
gal activity against C. albicans, C. krusei, and C. tropicalis [41], whereas saponins 
derived from Solanum chrysotrichum containing five new spirostan showed antimy-
cotic activity against C. albicans. S. chrysotrichum also contained 6-α-O-β-D-
xylopyranosyl-(1-->3)-β-D-quinovopyranosyl-(25R)-5α-spirostan-3β,23α-ol 
which was active in a range of 12.5–200 μg/ml against C. albicans [42].

Growth of fluconazole-resistant Candida strains causing vaginal infections was 
inhibited by two saponins extracted from Tribulus terrestris [43, 44]. The 
saponinstigogenin-3-O-β-D-xylopyranosyl (1-->2)-[β-D-xylopyranosyl 
(1-->3)]-β-D-glucopyranosyl (1-->4)-[α-L-rhamnopyranosyl (1-->2)]-β-D- 
galactopyranoside and tigogenin-3-O-β-D-glucopyranosyl (1-->2)-[β-D- 
xylopyranosyl (1-->3)]-β-D-glucopyranosyl (1-->4)-β-D-galactopyranoside were 
effective against fluconazole-resistant pathogenic Candida albicans (MIC80 = 4.4, 
9.4 μg/ml), C. neoformans (MIC80 = 10.7, 18.7 μg/ml), and inherently resistant C. 
krusei (MIC80 = 8.8, 18.4 μg/ml) when tested in vitro [45].

9.3.3  Phenolic Compounds

Plants in their entire life span keep synthesizing aromatic substances with different 
functional groups, most of which are phenols, the hydroxy derivatives of aromatic 
carbons. Phenolic compounds are mainly helpful in plant defence mechanisms 
against pathogenic microorganisms, insects, etc. Essential oils extracted from aro-
matic plants are well documented for their antibacterial and antifungal activities 
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[46]. These compounds include simple and alkylated phenols, phenolic acid, phenyl 
propanoids, coumarins, quinines, anthraquinones, xanthones, etc. Four phenolic 
amides, viz. dihydro-N-caffeoyltyramine, trans-N-feruloyloctopamine, trans-N- 
caffeoyltyramine, and cis-N-caffeoyltyramine, were extracted in organic solvent 
(ethyl acetate) from the root bark of Lyciumchinense Miller. These compounds were 
potent antifungals against C. albicans with the potency of 5–10 mg/ml showing no 
toxicity (hemolytic activity) when tested on human erythrocyte cells [47].

Naldoni et  al. isolated two phytocompounds benzophenones 7-epiclusianone 
from pericarp in hexane extract and guttiferone-A from the ethanolic extract of 
seeds from the fruits of Garcinia brasiliensis which showed varying levels of anti-
fungal activity against C. albicans [48].

Antifungal activities of three phenolic compounds, 1-galloyl-β-D-
glucopyranosyl-(1-- > 4)-β-D-galactopyranoside, 2-methoxy-5-(1′,2′,3′-trihydroxy- 
propyl)-phenyl-1-O-(6″-galloyl)-β-D-glucopyranoside, and 2-methoxy-5-hydroxy- 
methyl-phenyl-1-O-(6″-galloyl)-β-D-glucopyranoside, extracted from the leaves of 
Baseonema acuminatum were reported against C. albicans with inhibitory concen-
tration values in the range of 25–100 μg/ml [49].

9.3.4  Flavonoids

Flavonoids or polyphenols are a major class of naturally occurring secondary 
metabolites in plants. Flavones are phenolic structures with one carbonyl group. 
Addition of a 3-hydroxyl group yields a flavonol. Flavonoids are also hydroxylated 
phenolic substances but occur as a C6-C3 unit linked to an aromatic ring. They are 
classified according to their biosynthetic origin. The classification of polyphenols is 
a challenging task, as some of them such as chalcones, flavanones, and flavan-3-ols 
are both intermediates in biosynthesis process and end products accumulating in 
plant tissues, while other classes such as flavones and flavonols are identified as end 
products in the biosynthesis [50].

Flavonoids are known to be synthesized by plants in response to microbial infec-
tion and thereby found to be effective against a wide array of microorganisms estab-
lished by in vitro studies [51]. Literature survey shows that most of the testing done 
on antifungal activity of the flavonoid group, extracted from medicinal plants, 
mainly belongs to the Fabaceae and Moraceae families. Epidemiological and some 
clinical studies have reported the majority of polyphenols to exhibit antioxidant and 
antimicrobial activities including antifungal, antiviral, and antibacterial effects [52].

Arrabidaea brachypoda is well known for its flavonoid content present in the 
epicuticular wax of the leaves. Alcerito et  al. (2002) isolated four flavonoids, 
30,40-dihydroxy-5,6,7-trimethoxyflavone, cirsiliol, cirsimaritin, and hispidulin, 
and reported their antifungal activity against C. sphaerospermum [53]. In a study 
done on different medicinal plants for their antimicrobial activity against C. albi-
cans and S. cerevisiae, 18 different prenylated flavonoids were purified, of which 
papyriflavonol A, kuraridin, sophoraflavanone D, and sophoraisoflavanone A exhib-
ited a good antifungal activity. Broussochalcone A was found effective only against 
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C. albicans [54]. Similarly, the leaves of Blumea balsamifera were tested for their 
antimicrobial activity, of which moderate activity was shown by icthyothereol ace-
tate against the fungi A. niger, T. mentagrophytes, and C. albicans, while cryptom-
eridiol, lutein, and beta-carotene had low activity against A. niger, T. mentagrophytes, 
and C. albicans [55]. Flavon 3,4′,5,7-tetraacetyl quercetin purified from heartwood 
of Adina cordifolia revealed moderate antifungal activity against Cryptococcus neo-
formans [56].

9.3.5  Flavonols

Most of the antifungal assays are performed on C. albicans strain primarily due to 
its high prevalence in oral candidiasis as well as in the disseminated candidiasis [57, 
58]. The antifungal activity of flavonols, quercetin, myricetin, kaempferol, and 
quercetin derivative 3-O-beta-glucoside against C. albicans has been reported [59, 
60]. Quercetin is a plant polyphenol isolated from propolis (bee glue) that inhibits 
the growth of Candida albicans. Quercetin has been reported to exert antifungal 
activity with MIC values of 197–441 mg/ml in patients suffering from subprosthesis 
stomatitis, by Herrera [59].

Another quercetin derivative, quercetin 3-O-beta-glucoside, isolated from 
Daucaus littoralis Smith inhibited growth of C. albicans (MIC 7.8 mg/ml) [60]. 
Similarly, prenylated flavanone isolated from the shrub Eysenhardtia texana identi-
fied as 4′,5,7-trihydroxy-8-methyl-6-(3-methyl-[2-butenyl])-(2S)-flavanone showed 
inhibitory activity against C. albicans [61].

Flavonols such as (R)-roemerine obtained from Nelumbo nucifera (and aquatic 
plant) inhibit the growth of Candida albicans (IC50/MIC  =  4.5/10  μg/ml) [62]. 
Galangin, a flavanoid obtained from Argentinean urban propolis, showed strong activ-
ity against C. albicans and C. tropicalis (MIC between 31.2 and 62.5 μg/ml) [63].

The mechanism of action implicated in flavones is through inhibition of efflux 
pumps, which ultimately results in induction of cell death or apoptosis [58]. 
Baicalein, one of the flavones, isolated from Scutellaria biacalensis has been 
reported to show same mode of action and induce apoptosis in C. albicans. 
Isoflavones have been known for their antifungal activity, such as glabridin, isolated 
from Glycyrrhiza glabra. It was found to have a broad-spectrum antifungal activity 
against several Candida spp. Its synergistic action with fluconazole affects mem-
brane permeability and ultimately damages the cell envelope [64].

9.3.6  Alkaloids

Alkaloids are naturally occurring chemical compounds containing basic nitrogen 
atoms. Berberine is well known for its strong antifungal activity against a number 
of microorganisms including C. albicans [65, 66]. A novel alkaloid, 2-(3,4-dimethyl- 
2,5-dihydro-1H-pyrrol-2-yl)-1-methylethyl pentanoate, isolated by Dabur and his 
co-workers [67] from the plant Datura metel L. (Solanaceae) exhibited strong 
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antifungal activity against C. albicans and C. tropicalis. Likewise, Slobodníková 
et  al. (2004) illustrated strong in vitro antifungal activity exhibited by the crude 
extract of Mahonia aquifolium (having two main alkaloids, berberine and jatror-
rhizine) against 20 strains of Candida spp. isolated from chronic vulvovaginal can-
didiases [68].

Alkaloids isolated from plants of Amaryllidaceae family have a broad-spectrum 
pharmacological activity. The extracts obtained from bulbs and leaves of Pancratium 
illyricum L. were potent inhibitors of the yeast growth. Alkaloids, lycorine and vit-
tatine, were identified as its components. In vitro inhibition of the collagenase activ-
ity exhibited by the bulb extract was much higher than that obtained by the pure 
alkaloids [69].

A novel alkaloid, 6,8-didec-(1Z)-enyl-5,7-dimethyl-2,3-dihydro- 
1Hindolizinium, was obtained from the organic extract of Aniba panurensis 
(Meissn) Mez (Lauraceae) by activity-guided fractionation and demonstrated the 
high toxicity against a resistant strain of C. albicans in vitro [70]. The root barks of 
Dictamnus dasycarpus possess two antifungal furoquinoline alkaloids. Similarly, 
3-methoxysampangine isolated from Cleistopholis patens exhibits significant tox-
icity against C. albicans and Cryptococcus neoformans [68].

9.3.7  Peptides and Proteins

Peptides and proteins have come up as new unconventional approaches in antifun-
gal studies. An antifungal protein, AFP-J, purified from Solanum tuberosum cv 
L. Jopung (Solanaceae) was found to strongly inhibit the growth of yeasts, includ-
ing C. albicans [71].

9.3.8  Essential Oils

Essential oils are hydrophobic liquids extracted from plants containing volatile 
aroma compounds that give fragrance to the plants. The antifungal effects of the 
essential oils on growth of C. albicans from six chemotypes of Thymus vulgaris L. 
and several species of Satureja montana L., Lavandula hybrid Reverchon, Origanum 
vulgare L., Lavandula angustifolia Mill., and Rosmarinus officinalis L. belonging 
to the family Lamiaceae were studied [72]. Essential oil from the T. vulgaris thymol 
chemotype showed the greatest competence. The essential oils of other members of 
Lamiaceae, viz. Ocimum, Nepeta, and Thymbra, also exhibited antifungal activity. 
The in vitro antifungal activity of the essential oil of O. gratissimum was investi-
gated in order to evaluate its efficacy against C. albicans, C. krusei, C. parapsilosis, 
and C. tropicalis, and the results demonstrated that the essential oil has fungicidal 
activity against all of the Candida species studied. Analysis of the ultra-structure of 
treated yeast cells revealed changes in the cell wall and in the morphology of some 
sub-cellular organelles [73].
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Leaf oils obtained by hydro-distillation of five endemic species of Psiadia of the 
Asteraceae family (native to Mauritius) were studied for anticandidial activity; out 
of which Psiadia lithospermifolia Lam. was observed to significantly inhibit the 
growth of C. pseudotropicalis [74]. This activity has been attributed to the presence 
of δ-elemene, farnesene, α-curcumene, selina-4,7(11)-diene, and β-bisabolene, 
some of which have established antifungal profiles. Antifungal essential oils from 
the Cupressaceae family including Juniperus comunis L. were found to be active 
against the Candida strains [75].

9.3.9  Crude Extracts

Studies reported on antifungal activity by plant extracts have mostly been done with 
organic solvents having high polarity like petroleum ether, chloroform, ethyl ace-
tate, ethanol, and water. The polarity of organic solvent may affect not only the 
quality of the extracted compounds but also its quantity in any given plant species.

The crude extracts of plants, viz. Clausena anisata, Sclerocariya birrea, Turraea 
holstii, Sterculia africana, Acacia robusta sub spp. usambarensis, Cyphosterma hil-
debrandti, Elaeodendron buchannanii, A. nilotica, Jatropha multifida, and Pteridium 
aquilinum, have been reported for their strong antifungal activity against the suscep-
tible yeasts, viz. Cryptococcus neoformans, C. krusei, C. tropicalis, and C. parapsi-
losis [76]. Crude extracts obtained from Schinus terebintifolius, O. gratissimum, 
Cajanus cajan, and Piper aduncum were found to be active against C. albicans at 
MIC of 1.25 mg/ml, whereas that of Bixaorellana, O. gratissimum, and Syzygium 
cumini extracts when tested against C. neoformans had MIC of 0.078 mg/ml [77].

Anticandidal studies done by Krisch et al. (2009) using extracts of fruit skin and 
seeds of blackcurrant (Ribes nigrum), gooseberry (R. uva-crispa), and their hybrid 
plant (jostaberry, Ribes x nidigrolaria) when tested for inhibitory action against the 
12 human-pathogenic Candida isolates showed inhibitory activity against all 
except C. albicans, C. krusei, C. lusitaniae, and C. pulcherrima [78]. Root and 
tuber extracts of A. racemosus were checked for anticandidal activity against C. 
albicans, C. tropicalis, C. krusei, C. guillermondii, C. parapsilosis, and C. stella-
toida, isolated from vaginal thrush patients. High degree of inhibitory activity was 
found against all the candidal strains. Fresh leaves extract of Aloe vera can inhibit 
both the growth and the germ tube formation in C. albicans [79]. Roots of Salvadora 
persica have been used as chewing sticks (miswak), in many parts of the world 
particularly in Saudi Arabia for centuries as oral hygiene [80]. The antimycotic 
effect of the extract at a concentration of 15% and above has been reported and is 
probably due to its richness in chlorine, trimethylamine, alkaloid resin, and sulphur 
compounds [80].

Although the literature has abundant reports on the anticandidal activity of the 
plant extracts, however systematic reviews on the natural products describing them 
as an alternative to antifungal drugs are still scanty. The antifungal activity of crude 
extracts of several important medicinal plants reported against Candida has been 
listed in the Table 9.1 [81–84].
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Table 9.1 Anticandidal activity shown by plant crude extract obtained in different solvents

S.No Plant name Solvent used for extraction
1. Abutilon theophrasti ME
2. Acalypha indica L PE, CH, EA, AC, ME
3. Acalypha indica L. ET, AQ
4. Achillea fragrantissima PE, ME
5. Allium cepa Var. ET, AQ
6. Allium cepa Var. aggregatum L. ET, AQ
7. Allium sativum L. ET, AQ
8. Allium schoenoprasum L. ET, AQ
9. Aloe barbadensis ET, AQ
10. Aloe vera ET
11. Aloysia triphylla Essential oil
12. Alstonia scholaris ME
13. Anethum graveolens Essential oil
14. Annona cornifolia HE, ME, ET
15. Anthemis nobilis Essential oil
16. Argemone mexicana ME
17. Artemisia dracunculus Essential oil
18. Artemisia sieberi Essential oil
19. Azadirachta indica A. Juss ET, AQ
20. Azadirachta indica –
21. Camellia sinensis AQ
22. Camellia sinensis (L.) O. Ktze ET, AQ
23. Capsicum annuum L. ET, AQ
24. Cassia alata L. ET, AQ
25. Cassia alata Linn ET, AQ
26. Cassia fistula L. ET, AQ
27. Cassia occidentalis L. ET, AQ
28. Cassia roxburghii AQ
29. Cinnamomum spp. ET, AQ
30. Cinnamomum verum HE, ME, ET, AQ
31. Citrullus colocynthis ET
32. Citrus aurantifolia ET, AQ
33. Coffea arabica L. ET, AQ
34. Communis hominis Essential oil
35. Cuminum cyminum ET
36. Curcuma longa L. ET, AQ
37. Curcuma longa L. ME
38. Cymbopogon citratus ET, AQ
39. Cymbopogon martini Essential oil
40. Cymbopogon winterianus Essential oil
41. Cynomorium coccineum ME
42. Cyperus articulatus Essential oil
43. Datura alba ME
44. Dorycnium herbaceum EA, AC, ET
45. Ecballium elaterium ET

(continued)
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Table 9.1 (continued)

S.No Plant name Solvent used for extraction
46. Echinophora platyloba ET
47. Eucalyptus globulus Essential oil
48. Eugenia uniflora AC, AQ
49. Foeniculum vulgare Essential oil
50. Heracleum persicum ME, ET
51. Inula viscosa ET, AQ
52. Larrea nitida DCM
53. Lavandula angustifolia Essential oil
54. Lavandula stoechas Essential oil
55. Lavandula pedunculata ET
56. Lavandula stoechas HE, EA, DCM, ME, AQ
57. Lawsonia inermis L. ET, AQ
58. Lippia alba Essential oil
59. Luehea paniculata ET
60. Manilkara zapota L. AQ
61. Matricaria chamomilla L. ET
62. Melaleuca alternifolia Cheel. Essential oil
63. Melaleuca alternifolia ET, AQ
64. Melilotus albus EA, AC, ET
65. Mentha arvensis Essential oil
66. Mentha piperita Essential oil
67. Mentha sp. Essential oil
68. Mentha spicata Essential oil
69. Metasequoia glyptostroboides HE, EA,ME
70. Mikania glomerata Essential oil
71. Moringa oleifera ET
72. Muntingia calabura ET, AQ
73. Murraya koenigii –
74. Myrtus communis –
75. Nigella sativa –
76. Ocimum sanctum L. ET, AQ
77. Origanum vulgare L. Essential oil
78. Pelargonium asperum ET, AQ
79. Pelargonium roseum Essential oil
80. Pimenta pseudocaryophyllus HE, EA, DCM, ET, AQ
81. Piper betle L. ET, AQ
82. Piper betle L. AQ
83. Piper longum ET
84. Psidium guajava L. ET, AQ
85. Psoralea corylifolia L. ET, AQ
86. Punica granatum ET, AQ
87. Punica granatum ME
88. Pyrostegia venusta ME, ET
89. Quercus infectoria ET, AQ

Solvent: AC acetone, AQ aqueous, CH chloroform, DCM dichloromethane, EA ethyl acetate, ET 
ethanol, HE hexane, ME methanol, PE petroleum ether
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9.4  Ayurvedic Remedies for Candida

In Ayurveda, which is the traditional system of medicine in India, C. albicans is 
called “krumi” (parasite) and is treated as a parasitic infection. It is classified into 
three types based on the body element as vata (airy element of body) provoking C. 
albicans infections, pitta (Fiery element of body) provoking C. albicans, and kapha 
(watery element of body) provoking C. albicans. The Ayurvedic treatment of candi-
diasis works on two basic principles, of which first is to insure the integrity of the 
digestive system and second is to build immunity back into the body. For digestion, 
herbs like ginger (Zingiber officinale), black pepper (Piper longum), and hing (Ferula 
asafoetida) and a blend of herbs like trikatu (Trikatu is a classic Ayurvedic herbal 
blend of pippali, ginger, and black pepper) are recommended which can stimulate the 
digestive fire. Herbs that work well in building strength and immunity in body are 
ashwaganda (Withania somnifera), brahmi (Bacopa monnieri), and gudduchi 
(Tinospora cordifolia). Once the underlying body imbalance is controlled, then herbs 
like vidanga (Embelia ribes), neem (Azadirachta indica), pomegranate (Punica gra-
natum), and tulsi (Ocimum sanctum) work well in destroying the yeast [85, 86].

Ayurvedic treatments emphasize on the systemic reduction of C. albicans with 
anti-parasitic herbs, coupled with the increasing population of healthy gut bacteria 
using probiotic foods and supplements and practices that strengthen the immune 
system. While undergoing treatment of vata candida, one should ensure the avoid-
ance of milky products, sugar, fermented foods like breads, and mucous-producing 
foods. Cold and raw foods should also be avoided. C. albicans are most likely to 
colonize in the human gut where they ferment sugars to use as energy sources.

Gymnema sylvestre is a common herb used in Ayurveda to counter the negative 
effects of sugar consumption. Gymnema increases insulin secretion and muscle cell 
receptivity to insulin. Muscle cell receptivity aids in the absorption of sugar and, 
thereby, decreases its availability to C. albicans. There are heating anti-parasitical 
herbs which are more beneficial for vata and kapha type C. albicans such as thyme 
and oregano, while cooling anti-parasitic herbs such as dandelion root and burdock 
root are more beneficial for pitta. A course of anti-parasitic spices and herbs like 
cinnamon (Cinnamomum), clove (Syzygium aromaticum), cardamom (Elettaria 
cardamomum), rosemary (Rosmarinus officinalis), and thyme (Thymus vulgaris) 
can be helpful for reducing vata type C. albicans. Neem oil can be beneficial for 
pitta type candida. For kapha type candida, the remedies include heating spices and 
herbs such as cayenne pepper, black pepper, and ginger. Similarly, seed extracts of 
Nigella sativa reduced the infection of C. albicans.

9.5  Synergistic Anticandidal Activity of Plant Extracts

Synergism occurs when compounds interact in a manner which enhance, or potenti-
ate, each other’s effect more efficiently than the individual’s effect [87]. Herbal 
remedies mostly contain different plant species, and therefore, the pharmacological 
effects of such mixtures result from the additive effects of different classes of 
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compounds with diverse mechanisms of action. Synergistic effects of drugs may be 
due to complex formations that become more effective to inhibit the growth of fun-
gal pathogen by hampering cell wall synthesis, interfering with enzyme actions, or 
causing cell death [88]. There have been reports that the total contents of herbal 
product show a significantly better effect than an equivalent dose of a single isolated 
active ingredient or a single constituent herb [87, 89]. The concept of using mono 
drugs to treat infections and diseases with multicausal aetiology or complex patho-
physiology is changing [90].

In the last few years, research is more focused on searching antifungal phyto-
chemicals, having a wide range of structural classes with synergistic interactions 
and fewer side effects. Synergistic antifungal activity between natural products and 
conventional antifungals has been tested in many studies, one of which reported that 
the methanolic extract of Terminalia catappa leaves exhibited good activity against 
five fungi when tested along with nystatin and amphotericin B [91]. The results 
showed that maximum antifungal activity was found against Candida epicola 
NCIM3367.

Ethanolic extract of Echinophora platyloba and azole drugs when tested against 
27 clinical isolates of C. albicans isolated from women suffering with chronic 
recurrent vaginitis showed synergistic anticandidal activity with MIC90 and MFC 
values between 3.1–6.25 mg/ml and 6.2–12.5 mg/ml, respectively [92]. Synergistic 
anticandidal activity of ethanol extract of Hyptis martiusii combined with metroni-
dazole against three Candida spp., viz. C. albicans, C. krusei, and C. tropicalis, has 
been reported by Santos et al. (2013) [93]. Castano et al. (2011) reported synergistic 
anticandidal activity of essential oils and extracts from aromatic and medicinal 
plants in combination with antifungal drugs and itraconazole and Piper bredemeyeri 
Jacq (FIC range 0.09–0.13) combination exhibited the best synergistic effect against 
C. albicans [94].

Multidrug therapy is considered advantageous because interactions between the 
substances accelerate the immune stimulatory, protective and repair mechanisms 
[95], expands the antimicrobial spectrum, prevents the emergence of resistant 
mutants, etc. [96].

9.6  Conclusion

Identification of new chemo types for drug development remains an urgent need in 
antifungal therapeutics. A future research direction may involve translating in vitro 
analysis to in vivo study and understand the underlying mechanisms of pharmacoki-
netics as well as signalling pathways involved in the binding of compounds to target 
sites like plasma membrane and tissue transporters. A number of antifungal com-
pounds reported till date are tested for their in vitro activities and not for in vivo 
activities. Therefore, such studies should be subjected to animal and human system 
to determine their effectiveness in whole-organism. In vitro testing and method of 
extraction should also be standardized so that the search could be more systematic as 
phytocompounds show enormous potential for antifungal activity against Candida.
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Abstract
Coumarin is a privileged scaffold found in numerous pharmaceutically important 
natural products and synthetic molecules. The compounds bearing coumarin 
moiety exhibit broad spectrum of biological properties such as antibacterial, 
antiviral, anticancerous, anti-inflammatory, antihyperglycemic, and antipyretic 
activities. Coumarins are also well-known for their antifungal properties. In 
recent past, several literature reports have been published which highlight the 
importance of coumarin motif in the area of antifungal drug development. The 
present contribution provides an overview of synthetic and natural coumarins 
which have demonstrated potent antifungal activity, reported during 1992–2017. 
Structure Activity Relationship (SAR) may help medicinal chemists in the ratio-
nal design and synthesis of new compounds based on coumarin scaffold for the 
treatment of fungal infections.

Keywords
Coumarin · Antifungal · Treatment · Fungal infection · Structure activity 
relationship

10.1  Introduction

Fungi are ubiquitous. It is estimated that approximately 611,000 species of fungi 
exist on earth. Though most of them are harmless, about 600 species are pathogenic 
to humans and cause variety of diseases ranging from mild skin rashes to life- 
threatening infections such as cryptococcal meningitis [1–3]. Recent estimates 
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suggest that about 1.2 billion of world population is infected with fungal infections 
[4]. Medically important fungal infections can be broadly classified as i) superficial 
mycoses, ii) subcutaneous mycoses, and iii) systemic (invasive) mycoses caused by 
pathogenic and opportunistic fungi. The incidence of invasive fungal infections has 
dramatically increased over the past few decades and has caused substantial mor-
bidity and mortality, especially in immunocompromised patients, such as those 
undergoing organ transplants or anticancer chemotherapy and patients with AIDS 
[5–8]. Candida spp., Cryptococcus neoformans, and Aspergillus spp. are the three 
main opportunistic pathogens responsible for most of these infections. Of these, 
Candida sp. is the most common accounting for about 75% of major systemic infec-
tions. The remaining 13% and 6% infections are due to Aspergillus spp. and 
Cryptococcus spp., respectively [9]. Cryptococcal meningitis caused by C. neofor-
mans is a serious infection of brain and spinal column. It is a leading cause of myco-
logical morbidity and mortality in AIDS patients. This mycosis is regarded as one 
of the “AIDS-defining illnesses,” meaning that patients with cryptococcosis and 
serological proof of HIV infection are considered to have AIDS [10]. An estimated 
950,000 cases of cryptococcal meningitis occur globally per annum. Of these, sub- 
Saharan Africa alone accounts for approximately 720,000 cases killing more 
HIV/AIDS patients than tuberculosis [11–13]. In recent years, the emergence of 
new pathogens, many of which are resistant to antifungal agents such as non- 
fumigatus Aspergillus spp., non-albicans Candida spp., zygomycetes, and hyaline 
molds (Fusarium and Scedosporium), is also an increasing concern of clinicians 
[14]. These infections cause greater mortality as their diagnosis is more difficult and 
most of these fungi are more resistant to standard antifungal drugs than the organ-
isms in the past. Therefore, the management of these infections requires new diag-
nostic methods and antifungal agents [15–17]. The current situation on antifungal 
market is dubious due to the limited therapeutic options. Owing to the eukaryotic 
nature of fungal cell, the development of antifungal drug is more difficult than anti-
bacterial drug. Moreover, despite the increasing medical need, the big pharmaceuti-
cal companies are also not focusing on the antifungal drug research due to low profit 
involved [18, 19]. The only novel antifungal drug class to reach the clinic in more 
than 30 years is the echinocandins [20]. The current arsenal of antifungal drugs can 
be divided into five different classes based on their mode of action, including the 
polyenes (e.g., amphotericin B and nystatin), echinocandins (e.g., caspofungin and 
micafungin), azoles (e.g., fluconazole, voriconazole, ketoconazole, itraconazole, 
and posaconazole), nucleoside analog (e.g., 5-flucytosine), and cell mitosis inhibi-
tors (e.g., griseofulvin) [21–23] (Fig.  10.1). In spite of successfully treating the 
number of disease cases and reducing the loads of fungal infections, these drugs are 
not ideal mainly because of their association with number of side effects and devel-
opment of drug-resistant strains [3, 24]. Therefore, development of new, more effec-
tive, safe, and affordable antifungal agents that are not only active against 
drug-resistant fungal strains but also possess a new mode of action is the top priority 
in health-care field [25].

The oxygenated heterocycles play an important role in designing new class of 
structural entities for medicinal purposes. Majority of pharmaceutical products that 
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mimic natural products with biological activity are heterocycles. Over recent years, 
there is an increasing demand of new heterocyclic scaffold for numerous biological, 
medicinal, and pharmacological investigations [26–28]. Among them, coumarins 
(also known as 1,2-benzopyrone) constitute an important class of natural products. 
It was first isolated from tonka bean (Dipteryx odorata Wild) in 1820. Coumarins 
are present in several plant families in notable amounts such as Rutaceae, 
Umbelliferae, Clusiaceae, Guttiferae, Apiaceae, and Gramineae. It is also found in 
essential oils and has been used as fragrance in food and cosmetic products. To date, 
more than 1300 coumarin compounds have been identified from natural resources, 
mainly green plants [29]. They are structurally diverse and are broadly classified as, 
simple coumarins, furanocoumarins, pyranocoumarins, coumarinolignans, biscou-
marins, and triscoumarins. The pharmacological, biochemical properties and thera-
peutic potential of coumarins generally depend upon pattern of substitutions on the 
basic chemical structure [29]. Coumarin derivatives have been reported to possess 
wide range of biological activities. A number of excellent reviews have been pub-
lished on the occurrence and biological activities of coumarins over the past 
decades [30–36]. It is well established now that many coumarin compounds have 
significant medicinal value. For instance, coumarin derivative imperatorin shows 
anti-inflammatory activity [37]; warfarin, a synthetic derivative of dicoumarol, 
exhibits anticoagulant property and acts as vitamin K antagonist [38]; osthol exhib-
its a wide range of antifungal activity [39]; umbelliferone and scopoletin display 

Fig. 10.1 Chemical structures of some antifungal drugs
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significant activity against Mycobacterium tuberculosis H37Rv [40]; methoxsalen 
displays potent mechanism-based microsomal P450 inhibitory activity in vitro [41]; 
and fraxin shows antioxidative effect through inhibition of cyclo AMP phosphodi-
esterase enzyme [42]. Some natural coumarins, for instance, geiparvarin, inophyl-
lums, and calanolides are also known for their anticancer and antiviral potential [43, 
44], while aminocoumarin antibiotics novobiocin and clorobiocin are potent inhibi-
tors of bacterial gyrase [45] (Fig. 10.2).

Many review articles highlighting the anticancerous [46–48], antiviral [49], anti-
tubercular [50, 51], anti-inflammatory [52, 53], antimicrobial [54], anti-Alzheimer’s 
[55], and cholinesterase inhibitory [56, 57] activities of coumarins are available in 
literature. But authors could not find a comprehensive discussion on the antifungal 
properties of coumarin derivatives in the literature. Therefore, in this contribution, 
an overview of recent literature in this research field is presented as per the follow-
ing scheme:

 1. Naturally occurring coumarins.
 2. Synthetically derived coumarins.

 2.1. Triazole derivatives.

Fig. 10.2 Some coumarin-based drugs from natural sources
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 2.2. Pyrazole and thiazole derivatives.
 2.3. Pyridine derivatives.
 2.4. Pyrimidine, thiadiazine, and piperazine derivatives.
 2.5. Metal complexes.
 2.6. Miscellaneous derivatives.

10.1.1  Naturally Occurring Coumarins

A wide range of novel coumarin-based natural products have been reported during 
past decades showing antifungal properties (Fig. 10.3). Kofinas et al. (1998) iso-
lated eight coumarin-based compounds from the aerial parts of Tordylium apulum, 
an annual herb widely used as a spice in Greece [58]. Out of these, seven com-
pounds exhibited antifungal properties. Among them, umbelliferone 1, xanthotoxin 

Fig. 10.3 The coumarin core and chemical structures of naturally occurring coumarins
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2, and iso-bergapten 3 were most active with inhibition zones of 9, 12.4, and 13 mm, 
respectively, against Cladosporium cucumerinum, but all derivatives were inactive 
against both C. albicans and Bacillus subtilis. Duke and coworkers also reported 
furanocoumarins 2 and 3 from the ethyl acetate extract of leaves of Ruta graveolens 
along with one quinolone and four quinolone alkaloids. All the isolated compounds 
were evaluated against seven fungal species. Among them,  compounds 2 and 3 
showed moderate activity against Fusarium oxysporum [59]. Scopoletin 4 is found 
in many edible plants and fruits. This compound was isolated along with other phe-
nolic compounds from the seed kernels of Melia azedarach L by Carpinella and 
coworkers. The study showed a synergistic effect of 4 when used in combination 
with other synthetic and natural substances in evoking the antifungal response 
against Fusarium verticillioides. The complete inhibition in the growth of the patho-
gen was observed when 4 was added at a concentration of up to 5% of its MIC value 
[60]. Stein et  al. extracted five coumarin derivatives from the hexane extracts of 
aerial parts of three Pterocaulon spp. (P. alopecuroides, P. balansae, and P. polys-
tachyum) belonging to family Asteraceae from South Brazil [61]. Among different 
components, ayapin 5, prenyletin 6, and prenyletin-methyl-ether 7 showed good 
antifungal activity against the four tested fungal pathogens. The mixture of com-
pounds 6 and 7 in the ratio of 7:3 exhibited good activity against Microsporum 
gypseum and Trichophyton mentagrophytes (MIC = 21.87 μg/ml) and Trichophyton 
rubrum with MIC value of 43.75 μg/ml. Asphodelin A 8 was isolated from the bulbs 
and roots of Asphodelus microcarpus, collected in Egypt [62]. This compound dis-
played antimicrobial activity against Staphylococcus aureus, Escherichia coli, and 
Pseudomonas aeruginosa with MIC values of 4–16 mg/ml. The compound was also 
tested for its antifungal activity against C. albicans and Botrytis cinerea (MIC = 64 
and 128  mg/ml, respectively). Recently, bioactivity-guided fractionation of 
Baccharis darwinii, a traditional medicinal plant from Argentina, resulted in the 
isolation of diversinin 9, which displayed fungicidal activity against Microsporum 
gypseum, Trichophyton rubrum, and Trichophyton mentagrophytes with MIC value 
of 15.60  μg/ml [63]. Antimicrobial activity of seven coumarin derivatives from 
Mexican tarragon (Tagetes lucida) was investigated by Cespedes et al. [64]. Among 
these compounds, 8 and 10, which were identified as scoparone and its derivative, 
respectively, displayed superior activity against T. mentagrophytes and Rhizoctonia 
solani as compared to standard drug ketoconazole.

Bis-coumarin (daphnoretin 11), umbelliferone 1, and scopoletin 4, isolated from 
the dichloromethane extract of the aerial parts of Loeselia mexicana, an annual 
herb, commonly known as espinosilla in Mexico, were investigated for antifungal 
properties against three mycelial fungi and one yeast. All the three compounds 
showed significant activity against all the tested  fungal strains with MIC values 
ranging from 12.5 to 100 μg/ml [65]. A new prenylated coumarin, pavietin 12, was 
isolated from the leaves of Aesculus pavia by Curir et al. [66] and analyzed for vari-
ous fungal pathogens. It exhibited appreciable inhibitory activity against Aesculus- 
specific fungal parasite Guignardia aesculi at the three concentrations tested (50, 
100, and 200 mM), suggesting that this compound displayed a defensive role against 
this fungal parasite.
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γ-Lactone coumarin (excavarin-A) 13, isolated by Kumar et al. [67] from the 
leaves of Clausena excavata, was found to be active against 15 fungal strains patho-
genic against plants and human. It was most active against the human pathogen, 
Candida tropicalis, and the plant pathogens Rhizoctonia solani and Sclerotinia 
sclerotiorum. The activity of excavarin-A for plant pathogens, Colletotrichum 
gloeosporioides, Lasiodiplodia theobromae, F. oxysporum, and Rhizopus stolonifer, 
and human pathogens, Aspergillus fumigatus and Mucor circinelloides, was stron-
ger (MIC  =  0.625  mg/ml) than that of standard antimicrobial agent nystatin 
(MIC = 1.25 mg/ml). Montagner et al. reported the antifungal activity of 35 natural 
coumarins against the fungal strains C. albicans (ATCC 14053), A. fumigatus 
(ATCC 16913), and Fusarium solani (ATCC 36031), using the broth microdilution 
method [68]. The result showed that all of these compounds had weak antifungal 
activity. Among them, osthenol 14 displayed the most effective activity with MIC 
value of 125 𝜇g/ml for F. solani and 250 𝜇g/ml for C. albicans and A. fumigatus. 
Sandjo et  al. described antifungal activity of ten coumarin derivatives from 
Pedilanthus tithymaloides (Euphorbiaceae) [69]. Out of these, nine compounds 
were found to be capable of inhibiting conidial germination in the phytopathogenic 
fungus at low concentrations. The zone of inhibition of the most active compound 
15 was 20 mm. Marcondes et al. isolated coumarin derivative mammeisin 16 from 
Kielmeyera elata. The compound was tested against four species of Candida and 
displayed antifungal activity against all of them at very high concentration of 512 
𝜇g/ml [70]. It also showed activity against fluconazole-resistant C. tropicalis. 
Sribuhom et al. reported isolation of 22 compounds from the ethanolic extract of 
stem of Alyxia schlechteri [71]. Two of these compounds were new and identified as 
alyterinin 17, a benzyl coumarin derivative, and alyterinone, a germacrane sesqui-
terpene, while others were known compounds. Compound 17 was evaluated for 
antifungal activity against Pythium insidiosum. Ayine-Tora et al. isolated two cou-
marin derivatives, robustic acid 18 and thonningine-C 19, from Millettia thonningii. 
These compounds exhibited strong activity against C. albicans at low concentra-
tions of 1.0 and 0.5 mg/ml, respectively. The molecular modeling studies showed 
that these compounds could inhibit the lanosterol 14α-demethylase and disrupt the 
synthesis of some sterols important for survival of fungus [72].

10.1.2  Synthetically Derived Coumarins

Owing to the variety and relevance of pharmacological properties of coumarins, 
considerable efforts have been paid to the synthesis of biologically active com-
pounds based on coumarin moiety. In recent years, some works have manifested 
that coumarin backbone in combination with nitrogen-containing heterocyclic scaf-
fold could significantly increase the antimicrobial efficiency and broaden their anti-
microbial spectrum. Majority of the research papers published in this field reported 
the antifungal activity of the synthesized compounds along with antibacterial activ-
ity; for the brevity of the topic, only the antifungal activity of the compounds is 
discussed herewith.
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10.1.2.1  Triazole Derivatives
Keeping in mind the pharmaceutical importance of triazole moiety, many deriva-
tives bearing triazolyl substituent mainly at C-3, C-4, C-5, and C-7 positions of 
coumarin were synthesized and evaluated for their antifungal activity (Fig. 10.4). 
Shi and Zhou synthesized and evaluated coumarin triazole derivatives for their anti-
fungal properties in vitro against three fungi by twofold serial dilution technique 
[73]. The bioactivity assay showed that some synthesized coumarin triazoles (20–
24) and bis-triazoles (25–29) displayed comparable or even better antifungal effi-
cacy as compared to reference drug fluconazole. Interestingly, coumarin bis-triazole 
compounds exhibited stronger antifungal efficacy than their corresponding mono- 
triazole derivatives. Compounds 20 and 23, bearing two carbon chain linker, showed 
antifungal potency at concentrations lower than 4 μg/ml against C. albicans and S. 
cerevisiae which was comparable to fluconazole (MIC = 1 and 2 μg/ml, respec-
tively). Moreover, these compounds inhibited the growth of A. fumigatus at lower 
concentrations of 16 and 4  μg/ml, respectively, as compared to fluconazole 
(MIC = 128 μg/ml). It was also observed that coumarin triazole hydrochlorides 24 
and 29 displayed stronger antifungal activity in comparison with their poor water- 
soluble aralkyl triazole precursors. This study also showed the importance of 

Fig. 10.4 Chemical structures of triazole derivatives of coumarin
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triazole ring in exerting antimicrobial potential as its replacement by coumarin ring 
resulted in reduction and/or complete loss of antifungal properties. Al-Amiery et al. 
synthesized 4-oxytriazolyl coumarin derivatives and evaluated compounds 30 and 
31 against Aspergillus niger and C. albicans. These compounds exhibited antifun-
gal activity in the range of 0.125–1 μg/ml [74]. Panda et al. synthesized a series of 
4-triazolylmethoxy coumarin derivatives and evaluated their antimicrobial proper-
ties [75]. Compounds 32 and 33, bearing furan and thiophene moiety, respectively, 
showed good antifungal activity with MFC values in the range of 12.5–25 μg/ml.

Antimicrobial peptides (AMPs) are currently being investigated as potential 
source of novel therapeutics against an increasing number of microorganisms resis-
tant to conventional antibiotics [76]. The conjugation of an AMP to other bioactive 
compounds is an interesting approach for the development of new derivatives with 
increased antimicrobial efficiency and broader spectra of action. Ubiquicidin (UBI) 
is an antimicrobial cationic peptide consisting of 59 amino acid residues, UBI 1-59. 
Its fragment UBI 31–38 has been shown to be microbicidal against a broad spec-
trum of pathogens. Ferreira et al. synthesized a peptide-coumarin conjugate 34 by 
coupling the fully protected alkyne-decorated peptidyl resin, prepared by coupling 
4-pentynoic acid to the peptide UBI 31–38 during the solid phase synthesis, to the 
3-azido-7-diethylaminocoumarin [77]. The peptide-coumarin conjugate 34 exhib-
ited moderate to excellent antifungal activities against the tested strains Cryptococcus 
gattii and C. neoformans (0.04–0.18 μmol/ml) with MIC values comparable to the 
standard drug fluconazole (MIC =0.003–0.15 μmol/ml). In addition, the conjugate 
34 efficiently inhibited the growth of a fluconazole-resistant strain of C. gattii 
(L27/01F) at a concentration of 0.09 μmol/ml. In contrast, peptide fragment UBI 
31–38 and the non-peptide derivative 35 showed low activities against the strains of 
C. gattii and C. neoformans with MIC values of >0.23 and >  0.75  μmol/ml, 
respectively.

Recently, a novel series of eight coumarin derivatives was synthesized by Shaikh 
and coworkers via click chemistry approach. Compounds 36 (chloro group at para), 
37 (chloro group at meta), 38 (chloro group at ortho), and 39 with MIC values 
25 μg/ml were found to be equipotent against C. albicans when compared with 
miconazole. Compound 40 with fluoro group at para position (MIC = 12.5 μg/ml) 
was found to be twofold more active compared with miconazole (MIC = 25 μg/ml) 
and equipotent to fluconazole against C. albicans [78]. The molecular docking 
study showed that these derivatives have a high affinity toward the active site of C. 
albicans enzyme P450 cytochrome lanosterol 14α-demethylase.

10.1.2.2  Pyrazole and Thiazole Derivatives
Pyrazole is a key structural motif present in a number of pharmacologically active 
molecules exhibiting a wide range of biological activities such as antimicrobial 
[79], anticancer [80], anti-inflammatory [81], anticonvulsant, and antipyretic activi-
ties [82]. Enhancement in pharmacological profile of pyrazoles has also been 
reported when pyrazole moiety is coupled with coumarin nucleus [83]. Prompted by 
this fact, many coumarin-pyrazole hybrids have been investigated for their antifun-
gal efficacy in recent past (Fig. 10.5). Renuka and Kumar reported the antifungal 
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activity of a series of coumarin-pyrazole hybrids against C. neoformans, A. niger, A. 
flavus, and C. albicans [84]. In this series, compound 41 bearing chloro group 
exhibited superior activity (15 μg/ml) against C. neoformans compared to reference 
drug amphotericin B (MIC  =  25  μg/ml), while for other strains its activity 
(MIC = 25–60 μg/ml) was comparable to amphotericin B (MIC = 25–50 μg/ml).

Dongamanti et al. synthesized a series of coumarin derivatives bearing pyrazo-
line moiety at C-8 position and evaluated their antifungal activity against A. niger, 
Penicillium italicum, and F. oxysporum using griseofulvin as a standard drug [85]. 
SAR has shown that unsubstituted pyrazole derivative 42 showed the highest activ-
ity against the fungi, while the electron-rich pyrazole bearing methoxy groups 43 
showed lower activity than 42. Furthermore, compounds bearing bromo, chloro, 
and fluoro groups also displayed inferior activity as compared to standard drug, 
indicating that substituents on the pyrazole are detrimental to the observed activity.

Fig. 10.5 Chemical structures of pyrazole and thiazole derivatives of coumarin
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Compounds containing thiazole ring are also known for their remarkable medici-
nal value due to their potential chemotherapeutic properties [86]. Arshad et  al. 
(2011) prepared compounds containing both pharmacophore coumarin and thiazole 
moieties and reported their antifungal activity against C. albicans (Fig.  10.5). 
Unfortunately, the activity of these compounds was not good; only two compounds 
of this series 44 and 45 inhibited growth of the fungus at concentrations 31 μM and 
35 μM, respectively, which was higher than the fluconazole (10 μM). The study 
revealed that introduction of bromide and hydroxyl groups enhanced the activity 
profile of the compounds. The antifungal activity of the remaining compounds of 
this series was in the range of 86–331 μM [87]. El-Dean et al. synthesized a number 
of compounds containing thieno-coumarin and pyrazolo-coumarin frameworks 
[88]. Compounds 46–51 demonstrated superior activity against the tested fungal 
strains C. albicans, Trichophyton rubrum, A. flavus, F. oxysporum, Scopulariopsis 
brevicaulis, and Geotrichum candidum with zone of inhibition 9–13 mm compared 
to reference drug clotrimazole (20–44 mm). Compound 46 bearing aminothienocar-
boxylate group displayed activity only against C. albicans and Scopulariopsis, 
while replacement of the ester group with carbohydrazide group in compound 47 
increases activity. The glycinate derivative 48 elicited activity against four fungal 
strains, whereas compound 49 inhibited the growth of five fungal strains with zone 
of inhibition in the range of 10–13 mm. Interestingly, replacement of the thieno ring 
in compound 46 by pyrazole ring led to most active derivative 51, which showed 
activity against all the tested strains with zone of inhibition 9–14 mm. Biocide addi-
tives have been used to prevent or slow down the growth of organisms on the surface 
coatings [89]. In a recent study, El-Wahab et al. reported synthesis and antimicrobial 
activity of 2-aminothiazole derivative of coumarin 52, which could be applied to a 
polyurethane varnish as biocide additive [90]. Enhancement in the physical and 
mechanical properties of polyurethane varnish was observed on incorporation of 
compound 52. The molecular modeling study revealed that the compound is bio-
logically safe, active, and fulfills Lipinski’s rule of five [91]. In the continuing 
efforts to develop potent antifungal molecules, Reddy et al. synthesized a series of 
coumarin derivatives with pyrazole-4-carbaldehyde substituent at C-8 position. 
Compounds 53–56 exhibited good antifungal activity with zone of inhibition 
36–46 mm against A. niger [92].

10.1.2.3  Pyridine Derivatives
The antimicrobial activity of pyridine derivatives against broad range of microbes 
makes it an important skeleton in medicinal chemistry and drug development against 
microbes [93]. Recently, coumarins substituted with pyridine ring at C-3 and C-7 
positions were reported as antifungal agents (Fig. 10.6). Lad et al. prepared a series 
of coumarin derivatives bearing bipyridine moiety at the 3-position and reported 
their antimicrobial properties [94]. Compounds 60 (MIC  =  200  mg/ml) and 61 
(MIC = 250 mg/ml), bearing (4``, 4`) linkage in bipyridine moiety, showed better 
antifungal activity against C. albicans compared to griseofulvin (MIC = 500  mg/ml), 
whereas compounds 57, 58, 59, and 62 were found to be equipotent to griseofulvin. 
However, none of these compounds showed significant activity against A. niger.
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Chai and coworkers prepared a series of 7-O-substituted pyridyl-4-methyl cou-
marin derivatives and examined their antifungal activity against various fungal 
strains (Fig. 10.6). Among these, compounds 63, 64, and 65 bearing CH3, CF3, and 
CH2CN substituents were found to be equipotent to the positive control drug fluco-
nazole (MIC80 = 0.25 μg/ml). The study revealed that the antifungal activity was 
improved as the side chain became smaller and shorter. The amide group was also 
reported to be essential for activity [95].

Kenchappa et  al. reported 3-(6-(2-Oxo-2H-chromen-3-yl)-4-phenylpyridin-2- 
yl)-2H-chromen-2-one derivatives as antifungal agents [96]. In this series, com-
pound 66 bearing halogen substituents on the coumarin and phenyl ring exhibited 
potent antifungal activity against A. flavus, C. albicans, Microspora griseous, and 
Aspergillus terreus with MIC values in the range of 12.60–13.95 μg/ml (Fig. 10.6).

10.1.2.4  Pyrimidine, Thiadiazine, and Piperazine Derivatives
Pyrimidine scaffold is an important heterocyclic core that provides large number of 
compounds having wide spectrum of pharmacological activities [97, 98]. A recent 
review has highlighted the significance and biological importance of pyrimidine 
derivatives including their clinical applications in the antimicrobial drug develop-
ment [99]. Encouraged by these observations, Ghashang et al. prepared coumarin 
derivatives containing pyrimidine moiety at C-3 position and screened the com-
pounds for their antifungal activity against A. flavus, Rhizopus schipperae, A. niger, 
and C. albicans by serial plate dilution method [100]. All the synthesized com-
pounds showed moderate activity against all the tested fungal strains. Compounds 
67–71 were found to be equipotent with the reference drug amphotericin B 

Fig. 10.6 Chemical structures of pyridine derivatives of coumarin
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(MIC = 6.25 μg/ml) (Fig.  10.7). Imran and Khan (2015) synthesized a series of 
coumarin-based pyrimidine derivatives and tested their antifungal potential against 
C. albicans, A. niger, A. flavus, Monascus purpureus, and Penicillium citrinum 
[101]. Though compounds 72–74 inhibited the growth of fungus to some extent, 
none of these compounds exhibited comparable antifungal activity to the standard 
antifungal ketoconazole (MIC = 12.5–25 μg/ml) even at higher concentrations.

In recent years, interest in thiadiazines and thiazolidinones has increased due to 
their wide range of biological activity [102]. Cacic et al. prepared a series of novel 
coumarin-based disubstituted and trisubstituted 1,3,4-thiadiazines (Fig. 10.7). The 
antifungal activity of these compounds was found to be dependent upon type of 
fungal species. Compound 75 showed best activity against A. flavus, while com-
pounds 76 and 77 proved efficacious against A. ochraceus (MIC50 = 0.01 μg/ml), 

Fig. 10.7 Chemical structures of pyrimidine, thiadiazine, and piperazine derivatives of 
coumarin
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and compound 78 showed the best antifungal activity against F. verticillioides with 
MIC50 value of 0.01 μg/ml [103].

Patel et al. had synthesized a series of coumarin containing isoxazole, pyrimid-
inthione, and pyrimidin-2-one moieties with an electron donating/withdrawing 
functionality at phenyl ring [104]. These compounds were tested on four fungal 
strains (A. niger, C. albicans, A. fumigatus, and Aspergillus clavatus). Among the 
isoxazoles, compound 79 showed highest activity against A. niger, A. fumigatus, 
and A. clavatus. In case of pyrimidinthione and pyrimidin-2-one derivatives, com-
pounds 80 and 81 bearing methoxy group on phenyl ring emerged as the most active 
compounds, respectively. Compound 80 and 81 exhibited antifungal activity against 
all the tested fungal strains with MIC in the range of 3.12–6.25 μg/ml and 6.25–
12.5 μg/ml, respectively. In this study, pyrimidinthiones were found to be more 
active than isoxazole and pyrimidin-2-one derivatives (Fig. 10.7).

Number of studies has revealed that the incorporation of a piperazine moiety 
could enhance the bioactivity of various biologically active compounds [105]. The 
piperazine analogs have been shown to possess potent antiproliferative, antibacte-
rial, and antifungal activities [106]. Microwave-assisted hybridization of coumarin 
with piperazine moiety has furnished coumarin-piperazine hybrids. The antifungal 
activities of these synthesized compounds were evaluated against three strains of 
Candida spp. (C. albicans ATCC 10231, C. albicans ATCC 2091, and C. parapsilo-
sis ATCC 22019) [107]. Among these, compound 82 bearing 4-pyridyl substituted 
piperazinyl ring exhibited moderate activity against the tested strains with MIC 
value of 62.5 μg/ml (Fig. 10.7).

10.1.2.5  Metal Complexes
Medical applications of transition metal ions such as copper (II), iron (II), iron (III), 
and platinum (II) have been known for many years [108–110]. Coordination of 
metal ions to therapeutic agents to enhance their efficacy and bioactivity is an inter-
esting area of research in medicinal chemistry. According to Tweedy’s theory [111], 
chelation reduces the polarity of the metal atom and such a chelation could enhance 
the lipophilic character of the central metal atom, which subsequently favors its 
permeation through the lipid layers of the cell membrane and blocking the metal 
binding sites on enzymes of microorganism. Numerous studies have been carried 
out to investigate the pharmacological properties of metal-bioactive ligand com-
plexes. Recent reviews have highlighted the progress in this field [112–116]. 
Recently, several metal complexes of coumarin-based ligands have been synthe-
sized and the effect of complexation on the antifungal profile of ligands was studied 
(Fig. 10.8). Creaven et al. prepared a series of Ag (I) complexes of coumarin-3- 
carboxylic acid and assessed their antimicrobial activity [117]. The anti-candidal 
activity of each of the complexes and their respective ligands was determined using 
a clinical isolate of C. albicans. Though the free ligands, with the exception of cou-
marin 3-carboxylic acid, were ineffective in preventing the growth of the fungus, the 
Ag (I) complexes of the hydroxylated coumarin acids displayed moderate activity. 
Of these complexes, 83 (MIC80 = 34.1 μM) showed comparable activity to the com-
mercially available fungicide ketoconazole (MIC80 = 25 μM). In other works, the 
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same group demonstrated the activity of a number of coumarin-based Cu (II) and 
Mn (II) complexes against C. albicans. Complexes 84 and 85 were found to be more 
active than their metal-free ligands. Complex 84 displayed anti-candidal activity 
(MIC80 = 22 μM) comparable to that of ketoconazole (MIC80 = 25 μM) [118]. When 
administered to C. albicans, 84 and 85 inhibited respiration, reduced the levels of 

Fig. 10.8 Chemical structures of metal complexes of coumarin
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ergosterol in the membrane, and altered cytochrome content. These results sug-
gested that the mechanism of action of these complexes could be disruption of mito-
chondrial function, which is different from the mode of action of the conventional 
azole and polyene drugs. As an extension to their work, Creaven and coworkers 
reported the antifungal activity of coumarin-derived Schiff bases and their Cu (II) 
complexes. Interestingly, the complexes with ligands bearing dichloro- and dibro-
mosubstituents (86 and 87, respectively) exhibited high anti-candidal activity with 
MIC50 values of 3.6 and 4.4 μM. From this series, complex 88 emerged as the most 
active compound with activity equipotent to amphotericin B (MIC50 = 0.7 μM) and 
superior than ketonazole (MIC50 = 4.7 μM) [119].

Mosa et al. (2011) evaluated Co (III) complex 89 with 4-hydroxycoumarin- 3-
thiocarbohydrazone ligand against the filamentous fungi A. niger, A. fumigatus, and 
A. flavus. This compound displayed activity against the tested strains with zone of 
inhibition 8–17 mm [120]. Metal complexes of the Co (II), Ni (II), Cu (II), Zn (II), 
Cd (II), Hg (II) with Schiff’s base of 4-methyl coumarin prepared by Halli et al. 
were evaluated for antifungal efficacy [121]. In this series, complexes 90a-f showed 
activity with a zone of inhibition of 12.5–50  mm. The study revealed that the 
potency of ligand was enhanced on coordination with metal salts. Cu(II), Co(II), 
Ni(II), and Zn(II) complexes with Schiff base ligand containing both benzo[b]thio-
phene and coumarin moieties were also screened for antifungal activity [122]. Of 
these, complexes 91a-c displayed inferior activity against A. niger, C. albicans, and 
Cladosporium oxysporum with MIC values 25–75 μg/ml as compared to flucon-
azole (MIC = 12.5 μg/ml).

Karatas et al. prepared Ag(I) N-heterocyclic carbene (NHC) complexes by inter-
action of the corresponding imidazolium or benzimidazolium chlorides and Ag2O 
and reported their antifungal activity against C. albicans and C. tropicalis. Among 
these, two complexes 92 and 93 showed activity at 25 μg/ml concentration [123].

Patil et al. reported the antifungal activity of Co (II), Ni (II), and Cu (II) com-
plexes of coumarin Schiff bases against Candida spp., A. niger, and Rhizopus spp. 
[124]. The Cu (II) complexes showed superior activity than the other metal com-
plexes. In this study, all the synthesized complexes exhibited potent antifungal 
activity than their respective Schiff bases. The Cu (II) complex 94 with zone of 
inhibition 11–15 mm was found to be equipotent to fluconazole (zone of inhibi-
tion = 13–16 mm) at concentration of 200 μg/ml.

Abou-hussein and Linert assessed the antifungal activity of mono- and binuclear 
complexes of Co (II), Ni (II), Zn (II), and VO (IV) with Schiff base ligand derived 
from the condensation of 3-acetylcoumarine and diethylenetriamine against F. oxy-
sporum [125]. The results revealed that complexes of Cu (II) displayed the maxi-
mum inhibition against the growth of the selected fungi in contrast to Co (II), Ni 
(II), Zn (II), and VO (IV) complexes. The Cu complex 95 inhibited the growth of the 
fungus with 21 mm zone of inhibition.

Mujahid et  al. prepared Ag (I) complexes of coumarin-derived oxyacetate 
ligands. In addition, authors also prepared their 1,10-phenanthroline (phen) adducts 
in order to improve the solubility and biological activities of the complexes [126]. 
The ligands, their metal complexes, and 1,10-phenanthroline adducts were tested 
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for their anti-candidal activity against C. albicans strain ATCC 10231 using ampho-
tericin B as reference. Though the metal-free ligands and most of the Ag (I) com-
plexes were found to be inactive, low anti-candidal activity (79 to 97 μM) was 
exhibited by some of the complexes. On the other hand, the phen adduct 96 showed 
better anti-candidal activity than the Ag (I) salt and some of them inhibited the 
growth of C. albicans by 50% at a concentration range of 7–10 μM. This was com-
parable to MIC50 values of amphotericin B 4.3 (μM) and ketoconazole (4.7 μM).

10.1.2.6  Miscellaneous Derivatives
Antifungal activity of a series of imino and amino derivatives of 4- hydroxycoumarins 
against Aspergillus glaucus, A. niger, C. albicans, F. oxysporum, Penicillium ver-
rucosum, Trichoderma longibrachiatum, Trichoderma harzianum, and Trichoderma 
viride was studied by Vukovic et al. [127]. While prepared imines showed antifun-
gal activity in the range of 31.25–125 μg/ml, amino derivatives displayed lower 
potency against tested fungal strains, with MIC values in the range of 62.5–250  μg/
ml. The structure of some of the active compounds 97–101 are shown in Fig. 10.9. 
Coumarin derivatives of various aromatic and heterocyclic amines were synthesized 
by Sandhya et al. (2011) and antifungal activity of the synthesized compounds was 
tested against C. albicans and A. niger using griseofulvin as reference drug [128]. 

Fig. 10.9 Chemical structures of miscellaneous coumarin derivatives
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None of the compounds of this series showed significant activity against the tested 
strains. Compounds 102–104 showed inhibition zone in the range 10.1–13.4 mm at 
the concentration of 10 μg/ml. This study demonstrated that coumarin derivatives 
containing a substituted hydroxy group at the C-7 position could enhance the anti-
fungal activities. Šarkanj et  al. synthesized derivatives of 4-methyl-7- 
hydroxycoumarin, substituted in position seven with thiosemicarbazide and 
4-thiazolidinone moieties, and evaluated their antioxidant and antifungal activities 
[102]. Antifungal activity was determined against four common foodborne myco-
toxigenic fungi: A. flavus, Aspergillus ochraceus, Fusarium graminearum, and F. 
verticillioides. Compounds 105, 106, 107, and 108 containing substituted phenyl 
ring in their structure proved to be the best antifungals for this series. Further, 
4- thiazolidinones showed better antifungal activity on all four examined fungal spe-
cies than thiosemicarbazides. The mold F. graminearum was found to be the most 
susceptible toward the tested compounds, whereas F. verticillioides was the least 
susceptible. The results revealed that substitution of a starting compound in position 
seven by thiosemicarbazide and 4-thiazolidinone moieties increased the antifungal 
efficacy of the compounds.

In a quest to develop better antifungal agents, Damu et al. incorporated triazolyl 
ethanol, an important fragment in fluconazole, into coumarin skeleton (Fig. 10.9) 
[129]. To gain insight into SAR, various modifications were carried out using differ-
ent kinds of azole rings such as triazole, benzotriazole, benzimidazole, and thiol- 
benzimidazole. All these coumarin azole alcohols effectively inhibited the growth 
of the tested fungal strains to some extent, except for benzimidazole derivatives. 
Both mono-azole and bis-azole coumarin derivatives 109–111 showed superior 
activity (MIC = 2–4 μg/ml) against Candida utilis compared to reference flucon-
azole (MIC = 1 μg/ml). Moreover, coumarin triazole alcohol 109 also elicited com-
parable anti-C. albicans and anti-C. mycoderma activity to fluconazole (MIC = 1 
and 4 μg/ml). Molnar et al. examined a series of coumarinyl Schiff bases 112–117 
for their antifungal and metal chelating activity (Fig. 10.9). Antifungal activity was 
performed against four common mycotoxin-producing foodborne fungi, A. flavus, 
A. ochraceus, F. graminearum, and F. verticillioides. Compounds bearing dihy-
droxyphenyl moiety 113–115 exhibited good antifungal activity with 
MIC100 > 0.1 μg/ml [130].

Despite advances in therapeutic modalities, aspergillosis remains a leading cause 
of mortality. Therefore, in an effort to explore potent anti-aspergillus molecules, 
Singh and coworkers investigated the pharmacological properties of N, N, N-triethyl- 
11-(4-methyl-2-oxo-2H-benzopyran-7-yloxy)-11-oxoundecan-1-aminium bromide 
118, a synthetic coumarin derivative (Fig. 10.9). Compound 118 exhibited potent 
activity against pathogenic aspergilli (MIC90 = 15.62 mg/ml) and resulted in com-
plete inhibition of proteins belonging to key metabolic pathways of cell replication 
and also inhibited the riboflavin biosynthesis of A. fumigatus [131, 132]. Singh et al. 
(2014) also examined the safety and antifungal efficacy of 118 using mouse model 
where it showed LD50 cut-off 2000 mg/kg body weight and resulted in significant 
reduction in colony counts in vital organs of the animals. Its application also resulted 
in reduction in the levels of serum biochemical parameters with respect to infected- 
untreated animals [133].
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Encouraged by the biological importance of coumarins, Nagamallu et al. (2016) 
prepared a series of novel coumarin-based pyrazole, hydrazone, hydrazinecarbox-
amide, and hydrazinecarbothioamide analogs via Vilsmeier-Haack formylation 
reaction (Fig. 10.10) [134]. All the compounds were investigated for their in vitro 
antifungal activity against A. niger, A. flavus, and C. albicans using fluconazole as 
standard drug. All these compounds exerted modest antifungal activity with MIC 
value 12.5–100  μg/ml. Compounds 119 and 120 bearing CONH2 and CSNH2 
groups, respectively, emerged as the most active compounds of the series and inhib-
ited the growth of the tested fungi at the concentration of 12.5–25 μg/ml.

The present day need in antifungal drug research involves development of anti-
fungal agents effective against those targets which are absent in human host. Chitin, 
a linear β-(1–4)-linked polymer of N-acetylglucosamine (GlcNAc), is an important 
structural component of the fungal cell wall that is responsible for imparting shape, 
strength, and rigidity to the cell wall. Chitin synthase plays an important role in the 

Fig. 10.10 Chemical structures of miscellaneous coumarin derivatives
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biosynthesis of chitin that is absent in plant and human. Thus, chitin synthase is a 
valuable and attractive target to design new fungicide [135, 136]. Naturally occur-
ring polyoxins and nikkomycins are the most potent chitin synthase inhibitors [137, 
138]. However, despite excellent in vitro results, clinical utility of these inhibitors is 
compromised by their metabolic instability and poor cellular uptake. Recently, 
phosphoramidate derivatives have been used as important frameworks in drug and 
prodrug design in a number of fields including antifungal drug research [139, 140]. 
Keeping the biological importance of phosphonamidates and coumarins in mind, Ji 
et  al. (2016) synthesized coumarin-phosphoramidate hybrids and reported their 
antifungal and chitin synthase inhibitory activity [141]. Most of the target com-
pounds exhibited good chitin synthase inhibitory activity (Fig. 10.10). Among them, 
compound 123 with IC50 of 0.08 mM was the most active and exhibited stronger 
chitin synthase inhibitory activity than the reference polyoxin B (IC50 = 0.16 mM). 
Compounds 121, 122, and 123 also inhibited the growth of A. flavus at the concen-
tration of 1–2 mg/ml. SAR study into these compounds has shown that tert-butyl 
group attached to coumarin ring and methyl, propyl, and benzyl substituents on 
phosphoramide moiety increase potency of the compounds against chitin synthase 
and fungi. Some bioactive 3-arylazo-substituted 4-hydroxycoumarins [142] and 
4-methylcoumarin esters [143] were also reported for their antifungal activity. 
Compounds 124–128 belonging to the former series and compounds 129–132 
belonging to the latter series demonstrated moderate antifungal activity. A series of 
8-substituted-7-hydroxycoumarin derivatives has also been reported as antifungal 
agents (Fig. 10.10). Of these, compounds 133 (MIC = 4 μg/ml), 134 (MIC = 5 μg/
ml), and 135 (MIC = 4–5 μg/ml) showed superior activity compared to fluconazole 
(MIC = 12–14 μg/ml). Recently, Yang et al. synthesized some novel trifluoromethyl 
coumarin thiosemicarbazones [144]. In this series, compounds 136–138 exhibited 
good antifungal activity with 98.98% inhibitory index as compared to the standard 
drug azoxystrobin having 50% inhibitory index. New furocoumarin-biaryl deriva-
tive using Suzuki coupling was synthesized by Dongamanti et al. using green chem-
istry approach [145]. The inhibition zone against tested fungi for the derivatives 
139–142 was comparable to standard drug clotrimazole (Fig. 10.10).

Recently, Guerra et al. studied the antifungal effects of 4-acetatecoumarin 143 
both alone and in combination with antifungal drugs (Fig. 10.11) [146]. The com-
pound inhibited the Aspergillus spp. virulence factors (mycelia growth and germi-
nation of conidia) and also affected the structure of the fungal cell wall. When 
applied in combination with azoles, both synergistic and additive effects were 
observed. Encouraged by the reported bioactive significance of isoxazole deriva-
tives, Pang et  al. designed and synthesized a novel series of coumarin-oxazole 
hybrids [147]. Among these, compounds 144–147 bearing halogen substituents 
demonstrated moderate activity against C. albicans with inhibition zone of 10 mm. 
Khajuria et al. (2017) reported one-pot synthesis of coumarin-pyridone conjugates. 
Out of all the synthesized compounds, compound 148 was found to be moderately 
active against all the tested fungal organisms with MIC value 60 μg/ml [148]. Tiwari 
et al. (2017) reported a series of widely substituted 3-[(dicyclohexylamino) (substi-
tuted phenyl/heteryl)-methyl]-4-hydroxy-2H-chromen-2-ones. Two compounds 
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149 and 150 were found to be the most active antifungal agents with MIC values 
12–30 μg/ml against Candida, Fusarium, Aspergillus, and Cryptococcus spp. [149].

Pyrano-fused coumarins are an important group of compounds that occur widely 
in natural products. They exhibit broad spectrum of biological properties and have 
attracted considerable interest over recent years for the medicinal chemistry appli-
cations [150]. Recently, Dongamanti et al. (2015) synthesized pyranocoumarins by 
the condensation of acetyl and hydroxyl coumarin derivative with aromatic alde-
hydes and reported their antifungal activity against F. oxysporum, A. niger, and A. 
flavus [151]. Compounds 151–153 showed moderate to high antifungal action 
against the tested fungi compared to the standard drug, clotrimazole (Fig. 10.11).

10.2  Conclusion

The wide natural occurrence and diverse bioactivities of coumarins have drawn the 
attention of organic and medicinal chemists for decades. A great deal of efforts has 
been invested in the past decades for the development of novel antifungal agents. In 
this chapter, we have classified the coumarin derivatives on the basis of structure 
and functionalization, which could assist researches in future design of this class of 
compounds as antifungal agents. In recent years, several natural coumarin deriva-
tives have been isolated, purified, and tested for antifungal activity. Owing to the 

Fig. 10.11 Chemical structures of miscellaneous coumarin derivatives
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recent trend to create hybrid molecules with improved biological activity, much 
attention has been paid to the synthesis of antifungal hybrid compounds by incorpo-
rating another heterocyclic motif such as triazole, pyrazole, thiazole, pyridine, 
pyrimidine, and pyran moieties either as a substituent or a fused component into 
coumarin nucleus. Furthermore, many metal complexes of coumarins have been 
synthesized and variety of modifications has been carried out on coumarin nucleus 
with a focus on their antifungal potential. However, despite all these efforts, none of 
these compounds have progressed further into drug development mode. Majority of 
the coumarin-based antifungal agents reported in the literature were screened 
in vitro against target organisms, but their in vivo activity and mode of action are not 
investigated. Therefore, more intense research pertaining to detail mechanism of 
action and animal studies of coumarin compounds are required to make them suit-
able candidates for clinical trials. It is hoped that the antifungal research reports on 
development of different coumarin derivatives summarized in this article provide an 
insight into the SAR of the compounds which would certainly help the medicinal 
chemists in designing and development of clinically relevant coumarin-based anti-
fungal agents.
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A
Abomasum, 14
Abortion, 86
ABPA, see Allergic bronchopulmonary 

aspergillosis (ABPA)
Abscess, 9, 14, 102–104, 106, 107, 111, 112, 

114, 115, 119, 120, 129, 149, 150, 154
Acacia auriculiformis, 220
Acacia nilotica, 224
Acacia robusta, 224
Accelerated hydrogen peroxide, 42
3-Acetylcoumarine, 250
Achaetomium strumarium, 119, 125
Acinonyx jubatus, 152
Acipenser transmontanus, 123
Acremonium, 120
Acrophialophora fusispora, 121, 125
Adiaspiromycosis, 144
Adiaspores, 144
Adina cordifolia, 222
Adventitious lung, 87
Aesculus pavia, 240
Aflatoxin B1, 196
AFP-J, 223
African rock python, 67
Ageing, 30, 155
AIDS, 100, 121, 129, 216, 227, 236
Ajellomyces dermatitidis, 150
Ajellomycethaceae, 144
Alanine aminotransferase (ALT), 76
Aleurioconidia, 50–55, 57, 64, 69
Alkaloids, 196, 222–224, 240
Alkylated phenols, 221
Allergenic, 204
Allergic asthma, 82
Allergic bronchopulmonary aspergillosis 

(ABPA), 82, 83
Allogeneic hematopoietic stem cell 

transplantation, 82

Allopurinol, 76
Allo-tenuazonic acid, 209
Allyl amines, 217
Alopecia, 32–35
Alouatta caraya, 161
α-curcumene, 224
α-glucans, 4
Alpinia galanga, 219
ALT, see Alanine aminotransferase (ALT)
Altenariolmonomethyl ether (AME), 204, 207, 

208
Altenuene (ALT), 204, 207, 208
Alternaria alternata, 101, 109, 125, 199, 

205–207, 209
Alternaria chlamydospora, 101, 109, 125
Alternaria infectoria, 101, 109, 125
Alternaria malorum, 109, 125
Alternaria rosae, 101, 109, 125
Alternaria tenuissima, 101, 109, 125, 204
Alternariol (AOH), 199, 204, 207, 208
Altertoxins (ATX), 204, 208
Alyterinin, 241
Alyxia schlechteri, 241
Amaryllidaceae, 223
AME, see Altenariolmonomethyl ether (AME)
Ameiva, 59, 60
Ameiva chaitzarni, 59, 60
American black bear, 152
Aminocoumarin, 238
2-Aminothiazole, 245
Aminothienocarboxylate, 245
Amorolfine, 119
Amphotericin B (AmB/ampB), 10, 15, 20, 

89–91, 106, 109–111, 113, 114, 116, 
117, 119, 169–171, 178, 179, 217, 218, 
228, 236, 244, 246, 250, 251

Amplicon, 19
Anamnesis, 166
Andromas, 88
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Anemia, 15, 145, 150, 158
Aniba panurensis, 223
Anomospermum grandifolium, 220
Anorexia, 11, 13, 14, 38, 39, 68, 74, 150, 153, 

158, 164, 178
Antacids, 169
Anthraquinones, 221
Anthropophilic dermatophytes, 28, 29
Anti-Alzheimers, 238
Antibacterial, 13, 15, 42, 164, 178, 204, 220, 

221, 236, 241, 248
Anticancer, 218, 220, 236, 238, 243
Anticandidal, 215–228, 248, 249, 251
Anticoagulant, 237
Anticonvulsant, 243
Anti-ELI025 antibody, 18
Antifungal, vii, 4, 34, 66, 89, 111, 168, 216, 

236
Antifungal monotherapy, 43
Antigenemia, 167
Antigen-presenting cell, 9
Antihistamines, 169
Anti-inflammatory, 237, 238, 243
Antimicrobial, 20, 86, 216, 219–221, 228, 

238, 240, 241, 243, 245, 246, 248
Antioxidation, 8
Antipyretic, 243
Antiviral, 204, 221, 238
AOH, see Alternariol (AOH)
Aphanoascus, 49
Apiaceae, 237
Apis mellifera, 84
Apnea, 76
Appressoria, 206
Armadillos, 147, 160–163, 171
Armenian rock lizard, 63
Arrabidaea brachypoda, 221
Arthrobotrys oligospora, 123
Arthroconidia, 37, 50–55, 60, 67, 146, 150, 

159
Arthroderma, 49
Arthrodermataceae, 144
Artibeus lituratus, 160
3-Arylazo-substituted 4-hydroxycoumarins, 

254
Ascomata, 49, 51–53
Ascomycota, 28, 49, 144, 172
Ascrotheciun purpurellum, 113
Ashwaganda, 227
Asparagus racemosus, 224
Aspartate aminotransferase (AST), 74, 76
Aspartyl protease, 28
Aspergilloma, 82, 83
Aspergillosis, 82–92, 199, 252

Aspergillus calidoustus, 89
Aspergillus clavatus, 87, 200, 248
Aspergillus deflectus, 85
Aspergillus felis, 86, 89
Aspergillus flavipes, 85
Aspergillus flavus, 84, 85, 89, 196, 197, 200, 

244–247, 250, 252–255
Aspergillus fumigatus, 84–89, 91, 199, 200, 

241, 242, 248, 250, 252
Aspergillus glaucus, 251
Aspergillus nidulans, 84, 85, 89, 200
Aspergillus niger, 84, 85, 87, 197, 200, 222, 

243–248, 250, 251, 253, 255
Aspergillus ochraceus, 197, 200, 247, 252
Aspergillus restrictus, 200
Aspergillus sydowii, 83
Aspergillus terreus, 84, 85, 87, 89, 246
Aspergillus udagawae, 86
Aspergillus ustus, 200
Aspergillus versicolor, 85, 199, 200
Aspergillus viridinutans, 86
Asperulate peridial hyphae, 49
Asphodelin, 240
Asphodelus microcarpus, 240
Aspidites ramsayi, 64
AST, see Aspartate aminotransferase (AST)
Astemizole, 169
Asteraceae, 219, 224, 240
Astragalus verrucosus, 220
Ataxia, 111, 114, 149, 153
Atlantic bottlenose dolphin, 152
Atranone, 199
ATX, see Altertoxins (ATX)
Aureobasidium pullulans, 102, 123, 125
Autochthonous, 152, 156, 160
Autoimmunity, 83
Autosomal-dominant, 83
Autosomal-recessive (AR), 83
Avian, 84, 85, 89, 91
Axima@Saramis, 88
Ayapin, 240
Ayurveda, 227
Azadirachta indica, 225, 227
Azoles, 38, 39, 42, 73, 75, 76, 89, 91, 169, 

171, 217, 218, 228, 236, 250, 252, 254
3-Azido-7-diethylaminocoumarin, 243

B
B cell, 83
B complex, 74
Baboon, 88, 156
Baccharis darwinii, 240
Bacillus subtilis, 240

Index



267

Bacopa monnieri, 227
Bacterial gyrase, 238
Baicalein, 222
BAL, see Bronchoalveolar lavage (BAL)
BALB/c mice, 10
Baseonema acuminatum, 221
Basidiomycota, 30
Bearded dragons, 48–53, 59–61, 65, 66, 71, 

73, 74
Bellis perennis, 219
Bengal tiger, 13
Benzimidazole, 252
Benzimidazolium chlorides, 250
Benzo[b]thiophene, 250
Benzodiazepines, 169
Benzophenones, 221
Benzotriazole, 252
Berberine, 222, 223
β-Bisabolene, 224
17-β-estradiol, 163
β glucans, 4, 198
β-lactam antibiotics, 218
β-tubulin, 49, 88, 172
Bioaerosols, 199
Biofilm, 216
Biomarkers, 200
Biosafety level, 146, 165
Bipolaris australiensis, 102, 109, 125
Bipolaris cynodontis, 125
Bipolaris hawaiiensis, 102, 109, 110, 125
Bipolaris paperndorfii, 125
Bipolaris spicifera, 102, 109, 110
Birefringent, 150, 160
Bis-coumarin, 240
Bis-triazoles, 242
Bixaorellana, 224
BLAST, 19
BLASTN, 66
Blastomyces dermatitidis, 11, 144, 150–152, 

165
Blastomyces gilchristii, 150, 152, 168
Blastomyces percursus, 150
Blastomycosis, 144, 145, 150–154, 166, 168, 

170, 171
Blepharospasm, 153
Blood agar medium, 16
Blood dyscrasias, 100
Blue-tongued skink, 62
Blumea balsamifera, 222
Boa constrictor, 54, 59, 64, 65
Botryodiplodia theobromae, 120
Botryomyces caespitosus, 123, 125
Botrytis cinerea, 240
Brahmi, 227

Brachycephalic conformation, 86
Bronchiectasis, 109
Bronchoalveolar lavage (BAL), 164, 167
Bronchopulmonary, 83, 85, 86, 103, 111
Broussochalcone, 221
Bruker Biotyper, 88

C
Cachexia, 149, 150
Caiman crocodilus, 64, 65
Cajanus cajan, 224
Calanolides, 238
Candida albicans, 215, 216, 218–224, 227, 

228, 240–246, 248–254
Candida auris, 216
Candida drug resistance (CDR) genes, 218
Candida dubliniensis, 216
Candida epicola, 228
Candida famata, 216
Candida glabrata, 216, 218–220
Candida guillermondii, 224
Candida krusei, 216, 220, 223, 224, 228
Candida lusitaniae, 216, 224
Candida metapsilosis, 216
Candida mycoderma, 252
Candida orthopsilosis, 216
Candida parapsilosis, 216, 218, 223, 224, 248
Candida pseudotropicalis, 224
Candida pulcherrima, 224
Candida stellatoida, 224
Candida tropicalis, 216, 218, 220, 222–224, 

228, 241, 250
Canis lupus, 152
Cannabidiol, 169
CANV, see Chrysosporium anamorph of 

Nannizziopsis vriesii (CANV)
Capsicum frutescens, 220
Captive snakes, 64, 84
Carcinogenic, 197, 198
Caseonecrotic foci, 13
Caseous, 14
Caspase recruitment domain-containing 

protein 9 (CARD9), 83
Caspofungin, 19, 76, 89, 236
Cavia aperea, 161
CAY-I, 220
CD18 deficiency, 83
Cebus, 161
Cell mitosis inhibitors, 236
Cellulitis, 14
Cellulose, 4, 199
Cephaliophora irregularis, 123
Cerebral abscess, 107, 112
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Cerebral phaeohyphomycosis, 105, 106, 110, 
117, 121, 122

Cerebriform, 150, 159, 160
Cerumen, 43
Ceruminous, 35, 37
Chaetomium atrobrunneum, 119, 125
Chaetomium funicolum, 123, 125
Chaetomium globosum, 102, 119, 125
Chaetomium perlucidum, 119
Chaetomium purpulchrum, 123
Chalcones, 219, 221
Chamaeleo calyptratus, 59, 60, 62, 67
Chameleons, 48, 51, 59–62, 65, 67
Cheetah, 152
Chelation, 248
Chelonia, 59
Chemotactic factors, 9
Chemotaxis, 8
Chemotherapy, 30, 82, 100, 236, 245
Chemotype, 199, 223
Chimpanzee, 169
Chinese softshell turtle, 65
Chitin, 4, 40, 253, 254
Chitin synthase, 169, 172, 253, 254
Chitin synthesis inhibitor, 40, 76
Chlamydosaurus kingii, 65
Chloramphenicol, 58, 117
cholangiocarcinoma, 86
Chorioretinitis, 149, 153, 158
Chromoblastomycosis, 103, 107, 111, 112, 

115, 119, 121, 122
Chromomycosis, 122
Chronic granulomatous disease (CGD), 83, 

120
Chrysosporium anamorph of Nannizziopsis 

vriesii (CANV), 48, 49, 60, 64, 66, 67, 
72–76

Chytridiomycota, 4
Ciliostatic activity, 199, 200
Cimetidine, 169
Cinnamomum, 225, 227
Cirsiliol, 221
Cirsimaritin, 221
Cis-N-caffeoyltyramine, 221
Citrinin (CTN), 199
Clades, 5, 6, 146, 156
Cladophialophora bantianum, 110
Cladorrhinum bulbillosum, 123, 126
Cladosporium bantianum, 103, 112
Cladosporium carrionii, 103, 110–112, 125
Cladosporium cladosporioides, 103, 110, 112, 

200
Cladosporium cucumerinum, 240
Cladosporium deVriesii, 103, 110, 112, 125

Cladosporium herbarum, 110, 112, 126
Cladosporium oxysporum, 103, 110, 126, 250
Cladosporium sphaerospermum, 103, 110, 

112, 126, 200, 221
Cladosporium trichoides, 103, 110, 111
Cladosporium wreneckii, 116
Clarithromycin, 169
Claudication, 14, 149, 153
Clausena anisata, 224
Clausena excavata, 241
Clavatol, 87
Cleistopholis patens, 223
Clematis tangutica, 220
Clinical & Laboratory Standards Institute 

(CLSI), 89
Clorobiocin, 238
Clotrimazole, 70, 76, 90, 91, 119, 245, 254, 

255
Clusiaceae, 237
Coastal taipan, 64, 65
Coatimundis, 161
Coccidioides immitis, 28, 144–146, 148, 169
Coccidioides posadasii, 144–146, 169
Coccidioidin, 147, 148
Coccidioidomycosis, 75, 144–150, 164–171, 

177
Coenocytic, 4, 15
Colic, 10, 150
Colistin, 117
Colletotrichum gloeosporioides, 103, 241
Colloidal, 17
Colon, 11
Commensal, 28, 216
Common boa, 64, 65
Companion animals, 28, 29, 31, 36, 37, 48, 

157
Complementary and alternative system of 

medicines (CAM), 216
Conidia, 50–55, 69, 82, 84, 91, 113, 124, 125, 

144, 150, 151, 155, 159, 160, 163, 172, 
173, 254

Coniothyrium fuckelii, 123, 126
Conjunctivitis, 12, 14, 153, 158
Continuous ambulatory peritoneal dialysis 

(CAPD), 109
Cordylus giganteus, 48, 59, 60, 73
Corneal injury, 87
Corneal perforation, 110
Corn meal agar, 16
Cornified epithelium, 32
Corticosteroids, 82, 100, 109, 111, 115, 144
Corticotherapy, 31
Coumarin bis-triazole, 242
Coumarin-3-carboxylic acid, 248
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Coumarinolignans, 237
Coumarins, 196, 221, 235–256
Coumarin triazole hydrochlorides, 242
Coumarin triazoles, 242, 252
COX II, see Cytochrome oxidase II (COX II)
Craniotomy, 114
Crocodylus porosus, 51, 64
Crossbred, 29
Cross-resistance, 89
Crusts, 32, 59, 60, 62–65, 68, 72, 76, 100
Cryptic species, 86, 88, 146, 156, 160, 161, 

167
Cryptococcal meningitis, 235, 236
Cryptococcus gattii, 243
Cryptococcus neoformans, 220, 222–224, 236, 

243, 244
Cupressaceae, 224
Curvularia brachyspora, 112, 126
Curvularia clavata, 112, 126
Curvularia geniculata, 113, 126
Curvularia inaequalis, 112
Curvularia lunata, 112, 113, 126
Curvularia pallescens, 113, 126
Curvularia senegalensis, 112, 113, 126
Curvularia verruculosa, 112, 113, 126
Cushing’s syndrome, 100, 101
Cutaneous, 8, 10–15, 18, 20, 28–30, 35, 36, 

59, 66, 67, 73, 84, 102, 103, 106–110, 
112, 115–121, 149, 150, 152–154, 158, 
162, 165, 172, 175, 177, 179, 216, 218

Cyclo AMP phosphodiesterase, 238
Cycloheximide, 4, 165, 176
Cyclopiazonic acid, 196
Cyclosporine A, 169
Cynomolgus macaques, 88
Cyp51A, 91
Cyphosterma hildebrandti, 224
Cytochrome, 218, 243, 250
Cytochrome oxidase II (COX II), 5
Cytokine, 10, 199, 200
Cytopathology, 167
Cytosine permease, 218
Cytotoxic, 199, 200, 204, 209

D
Dactylaria constricta var. gallopava, 113
Dactylaria purpurella, 113
Daphnoretin, 240
Dasypus novemcinctu, 161, 162
Dasypus septemcinctus, 161
Datura metel, 222
Day geckos, 59, 60
Debridement, 10, 19, 72

Degranulation, 9
δ-elemene, 224
Dematiaceous, 99–129
Dendritic cells, 9
Depigmentation, 60, 62, 64, 65
Depo-Medrol, 118
Dermatitis, 28, 30–32, 34, 35, 37, 39–43, 60, 

64, 68, 72, 76
Dermatomycosis, 52, 67, 73
Dermatophytes, 28–33, 35, 37, 40, 41, 43, 55, 

57, 58, 69, 106, 118, 121
Dermatophytosis, 29, 31–43, 144
Dermis, 33, 59, 104, 116, 177
Dermoscopy, 36
Desquamation, 60, 62, 64, 65
Detritus, 69, 111, 200
Diabetes mellitus, 32, 100, 101, 105, 114
Diagnostic imaging, 170
Dibenzopyrone derivative, 204
Dichloromethane extract, 240
Dicoumarol, 237
Dictamnus dasycarpus, 223
3-[(Dicyclohexylamino) (substituted phenyl/

heteryl)-methyl]-4-hydroxy-2H- 
chromen-2-ones, 254

Didactic, 15
6,8-Didec-(1Z)-enyl-5,7-dimethyl-2,3- 

dihydro- 1Hindolizinium, 223
Diethylenetriamine, 250
Diff-Quik stain, 70, 164
Digoxin, 169
Dihydro-N-caffeoyltyramine, 221
30,40-Dihydroxy-5,6,7-trimethoxyflavone, 

221
2-(3,4-Dimethyl-2,5-dihydro-1H-pyrrol-2-yl)-

1-methylethyl pentanoate, 222
Dimorphic, 144, 145, 150, 154, 165, 169, 172
Dioscorea cayenensis, 220
Diphenylhydantoin, 169
Diplorhinotrichum gallopavun, 113
Dipteryx odorata, 237
Dissitimurus exedrus, 123
Diterpene, 219
Dorsum, 60, 105, 108, 115, 162
Drosophila melanogaster, 9, 84
Drospirenone, 169
Dysphagia, 87, 154
Dyspnoea, 13, 87, 153, 175

E
Echinocandins, 76, 91, 169, 217, 218, 236
Echinophora platyloba, 226, 228
Ectoparasitoses, 32
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Edema, 11–13, 60, 62, 64, 65, 153
Elaeodendron buchannanii, 224
Elettaria cardamomum, 227
Elicitins, 8, 18
ELISA, see Enzyme-linked immunosorbent 

assay (ELISA)
Embelia ribes, 227
Embryotoxic, 197
Emergomyces africanus, 144
Emergomyces pasteurianus, 144
Emergomycosis, 144
Emmonsia crescens, 144
Emmonsia parva, 144
Emmonsiellopsis coralliformis, 144
Emmonsiellopsis terrestris, 144
Encephalitis, 102, 110, 111, 114
Encyst, 8
Endemic mycoses, vii, 144–180
Endocarditis, 105, 107, 110, 112, 119–121, 

153
Endocrinopathies, 87, 100
Endometabolites, 198–200
Endophthalmitis, 120–122
Endospores, 146, 164, 166
Endovascular, 121
Enilconazole, 41–43, 76, 90, 91
Enolase, 9
Enzootic, 31
Enzyme-linked immunosorbent assay 

(ELISA), 17, 88, 161, 166, 177
Eosinophils, 9, 115
7-Epiclusianone, 221
Epidemiological, 15, 29, 101–108, 128, 147, 

164, 198, 221
Epidermophyton floccosum, 29, 30
Epithelialization, 74
Epizootic lymphangitis, 156, 170
Equine phycomycosis, 7
Ergosterol, 4, 19, 20, 169, 217, 218, 250
Erythema, 34, 35, 64, 102
Erythematous, 34, 35, 37, 66, 100, 101, 104, 

115
Escherichia coli, 240
Esophagus, 11
Espinosilla, 240
Espundia, 7
Estrogenic, 197
Ethmoidectomy, 113
Etiology, 4–6, 68, 69, 129, 145–147, 150–151, 

154–156, 172–173, 178
Etiotropic, 61
Eublepharis macularius, 59, 60
Eunectes murinus, 84
Euphorbiaceae, 241

Euthanized, 10, 11, 73, 163, 171
Everolimus, 169
Excavarin-A, 241
Exfoliative erythroderma, 35
Exoantigens, 177
Exo-1,3-β-glucanase, 6
Exometabolites, 200
Exophiala jeanselmei, 104, 115, 126
Exophiala moniliae, 115, 126
Exophiala salmonis, 117, 126
Exophiala spinifera, 105, 115–117, 126
Exophiala wreneckii, 116
Exserohilum longirostratum, 105, 110, 126
Exserohilum mcginnisii, 110, 126
Exserohilum rostratum, 105, 110
Extensor tendinites, 118
Exudation, 12, 34, 35, 149, 154
Exudative, 14, 175
Eysenhardtia texana, 222

F
Fabaceae, 220, 221
Facial palsy, 14
Facial paresis, 87
Farnesene, 224
Feline acne, 32
Feline immunodeficiency virus (FIV), 31, 175, 

180
Feline leukaemia virus (FeLV), 31, 175, 180
Feline miliary, 32
FeLV, see Feline leukaemia virus (FeLV)
Ferret, 152
Ferula asafoetida, 227
Fetid, 10, 50–52, 54
Fibrin, 69
Fibrosis, 13, 122, 177
Fibrous abscess, 9
FIC, see Fractional inhibitory index (FIC)
Fire cauterization, 170
FIV, see Feline immunodeficiency virus (FIV)
Flavan-3-ols, 221
Flavanones, 221, 222
Flavipides, 82
Flavones, 217, 219, 221, 222
Flavon 3,4’,5,7-tetraacetyl quercetin, 222
Flavonoids, 221, 222
Flavonols, 217, 219, 221, 222
Flea allergy dermatitis (FAD), 11
Fluconazole, 70, 90, 104, 114, 119, 169–171, 

217, 218, 220, 222, 236, 241–243, 245, 
246, 250, 252–254

Flucytosine (FC), 116, 218
5-Flucytosine (5FC), 91, 103, 111, 114, 236
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5-Fluorodeoxyuridine monophosphate 
(FdUMP), 218

Fluorouridine triphosphate (FUTP), 218
Foetotoxic, 199
Folliculitis, 32, 33
Fonsecea monophora, 105, 122, 126
Fonsecea multimorphosa, 122, 126
Fonsecea pedrosi, 122
Food allergy, 37
Fossorial, 152
Fractional inhibitory index (FIC), 228
Free-ranging gopher tortoise, 84
Frill-necked lizard, 65
Frugivorous bat, 160
Fumigaclavine, 86
Fumitremorgins, 86
Fungaemia, 215
Fungicidal, 77, 179, 218, 223, 240
Fungistatic, 217, 218
Furan, 243
Furanocoumarins, 237
Furocoumarin-biaryl, 254
Furoquinoline alkaloids, 223
Furoquinoline, 223
Fusarium graminearum, 197, 252
Fusarium moniliforme, 76
Fusarium oxysporum, 197, 240, 241, 244, 245, 

250, 251, 255
Fusarium solani, 241
Fusarium verticillioides, 197, 240, 248, 252

G
Galictis vittata, 161
Galleria mellonella, 84
1-Galloyl-β-D-glucopyranosyl-(1-->4)-β-D- 

galactopyranoside, 221
Gamma glutyltransaminase (GGT), 74, 76
γ-Lactone coumarin, 241
Garcinia brasiliensis, 221
Gastroenteric, 13
Gastroenteritis, 86
Geckos, 48, 51, 59, 60, 65
Geiparvarin, 238
Gekko spp., 65
GeneBank, 66
Geophilic, 28, 29
Geotrichum candidum, 245
German shepherd, 13, 66, 75, 85
Giemsa, 164
Girdled lizard, 48, 59, 60, 73
Glabridin, 222
Globose ascospores, 49
Glucanase-encoding gene, 19

Glucan 1,3-beta glucosidase, 9
Glucan synthase, 218
Glucocorticoids, 42, 169
Glycyrrhiza glabra, 222
Goats, 8, 14, 161
Gomori-Groccott staining, 166
Gopherus polyphemus, 84
Gorgonia, 83
gp43, 168
Gram, 164
Gramineae, 237
Granuloma, 69, 75, 104, 109, 113, 116, 118, 

150, 163, 167
Granulomatous, 9–12, 18, 60, 66, 83, 101, 

111, 116, 120, 145, 150, 153, 154, 158, 
166, 172, 177

Green iguanas, 48, 49, 52, 59–61, 63, 65, 66, 
72–74, 76

Grey wolves, 152
Griseofulvin, 38, 39, 117, 236, 244, 245, 251
Griseus, 144
Grisons, 161
Grocott's methenamine silver stain, 17
Gudduchi, 227
Guignardia aesculi, 240
Guinea pigs, 109, 161
Guttiferae, 237
Guttiferone-A, 221
Guttural pouch, 87
Gymnema sylvestre, 227

H
Haematotoxic, 197
Haemolysins, 200
Haemorrhages, 199, 204, 206, 207
Hc100 gene, 168
Heat shock protein (Hsp), 9
Hedera taurica, 220
Helicocarpus, 144
Hemagglution assay (HA), 17
Hemithorax, 12
Hemolysins, 55
Hemophilia A, 15
Hendersonula toruloidea, 117, 118
Hepatitis, 74
Hepatocellular carcinoma, 74
Hepatosplenomegaly, 118, 145, 157, 158, 162, 

163
Hepatotoxicity, 170
Heptral, 74
High digestibility diet, 170
High-performance liquid chromatography 

(HPLC), 207–209
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Hilar lymphadenomegaly, 148
Hing, 227
Hispidulin, 221
Histamine, 200
Histoplasma capsulatum, 144, 154–157, 164, 

166–168, 170
Histoplasmosis, 144, 145, 154–158, 166–168, 

170, 171, 177
Hodgkin’s disease, 100, 101
Homopus areolatus, 64
Hormiscium dermatitidis, 116
Hormodendrum cladosporioides, 112
Horner’s syndrome, 87
HPLC, see High-performance liquid 

chromatography (HPLC)
HPLC–tandem mass spectrometry (MS/MS), 

208, 209
HT-29 cell, 209
4-Hydroxycoumarin-3-thiocarbohydrazone, 

250
Hyperadrenocorticism, 31
Hyperemia, 153
Hyper-IgE syndrome (HIES), 83
Hyperoodon ampullatus, 87
Hyperpigmentation, 34, 35, 37
Hypersensitivity, 32, 82, 161
Hyphomycetes, 99–129
Hyphomycosis destruens equi, 7
Hypopyon, 14
Hyptis martiusii, 228

I
ICT, see Immunochromatography (ICT)
Icthyothereol acetate, 222
Idiopathic thrombocytopenic purpura, 15
IFN-γ, see Interferon-γ (IFN-γ)
IgE, see Immunoglobulin E (IgE)
IgG, see Immunoglobulin G (IgG)
IGS, see Intergenic spacer (IGS)
Iguana iguana, 52, 59–62, 65, 73
IL, see Interleukin (IL)
IL-10, 10
IL-6, 10
Imidazoles, 89, 110
Imidazolium, 250
Immunoblotting, 13
Immuno-boosters, 171
Immunochromatography (ICT), 17
Immunocompromised, 66, 75, 83, 87, 100, 

109, 110, 114, 121, 122, 144, 157, 172, 
179, 199, 215, 216, 218, 236

Immunodiffusion (ID), 17, 166
Immunofluorescent, 88

Immunoglobulin E (IgE), 9
Immunoglobulin G (IgG), 9, 167
Immunoglobulin M (IgM), 9
Immunohistochemistry, 11, 13
Immunomodulation, 8
Immunosorbent assay, 17, 166
Immunosuppressive, 30, 31, 85, 87, 100, 109, 

129, 180, 198, 199, 216
Immunotherapy, 20, 21
Imperatorin, 237
Infanto juvenile, 162
Infiltration, 15, 60, 63, 67, 104
Inflammation, 14, 32, 33, 42, 60, 87, 118, 

198–200
Inoculum, 84, 174
Inophyllums, 238
Inotropic, 169
Interdigital, 34, 115, 154
Interferon-γ (IFN-γ), 10, 180
Intergenic spacer (IGS), 5, 19, 71
Interleukin (IL), 9, 10, 180
Intertriginous, 34
Intestinal obstruction, 12
Intradermal, 148, 161
Intralesional, 66
Intratracheal, 150, 199
Intravenous, 20, 76, 107, 114, 116, 117, 128, 

170, 216
Irish potato famine, 4
Isavuconazole, 169
Iso-bergapten, 240
Isoflavone, 222
Isoprenoids, 219
Iso-tenuazonic, 206
Isoxazole, 248, 254
Itching, 12, 14
Itraconazole, 19, 20, 38, 39, 43, 70, 73, 74, 

89–91, 102, 103, 109, 116

J
Jaguar, 8, 13
Jatropha multifida, 224
Juniperus comunis, 224
Juvenile, 161–163

K
Kaempferol, 222
Kennel cough, 148
Keratin, 28
Keratinases, 57
Keratinolytic, 28, 57
Keratinophilic, 43, 48
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Keratitis, 8, 14, 15, 90, 103, 104, 110, 112, 
113, 119–121, 149, 153

Kerion, 33
Ketoconazole, 38, 39, 43, 70, 73–75, 90, 

101–103, 105, 106, 109, 115, 116, 163, 
169–171, 236, 240, 247–249, 251

Ketonic, 205
Kielmeyera elata, 241
Killer whale, 87
Kinkajou, 152
Krumi, 227
Kunkers, 9–13, 16
Kuraridin, 221

L
Lacazia loboi, 144
Lacerta lepida, 63
Lacerta rudis, 63
Lacertilia, 59
Lacrimation, 153
Lactated Ringer’s solution (LRS), 74
Lactophenol cotton blue, 5, 146, 151, 155, 

164, 173
Lamiaceae, 223
Lanosterol 14α-demethylase, 241, 243
Laryngeal hemiplegia, 87
Lasiodiplodia theobromae, 105, 120, 126, 241
Late blight, 4
Lavandula angustifolia, 223
Lavandula hybrid Reverchon, 223
Lectins, 217, 219
Lecythophora hoffmannii, 120, 126
Lecythophora mutabilis, 120, 126
Leopard geckos, 59, 60
Leptosphaeria senegalensis, 120, 126
Leptosphaeria tompkinsii, 120, 126
Lesional, 37
Lethargy, 14, 111, 153, 154, 158, 164
Leukaemia, 15, 101, 102, 104, 105, 120, 175, 

216
Leukocyte adhesion deficiency (LAD), 83
Leukocytosis, 13
Lichenification, 35, 37
Lion, 148, 150, 152
Lipases, 28
Lipinski’s rule of five, 245
Lipophilic, 28, 30, 43, 248
Loselia mexicana, 240
Lufenuron, 40, 76, 169
Lumbosacral, 11
Lupus, 100, 101, 106, 115
Ly6Chi inflammatory monocytes, 82
Lycium chinense, 221

Lycorine, 223
Lymphadenitis, 153, 158
Lymphadenomegaly, 153, 157, 158, 162, 163, 

171
Lymphadenopathy, 11, 12, 67, 149
Lymphoma, 100, 101, 106, 109, 114, 118
Lymphopenias, 83

M
Macaca fascicularis, 88
Macaca mulatta, 88, 152
Macrophages, 69, 82, 115, 165, 166, 199
Macrophomma phaseolina, 120, 126
Macrosiphum rosivorum, 207
Magnaporthe oryzae, 208
Mahonia aquifolium, 223
Malassezia brasiliensis, 30
Malassezia caprae, 30
Malassezia cuniculi, 30
Malassezia dermatis, 30
Malassezia furfur, 30
Malassezia globosa, 30
Malassezia japonica, 30
Malassezia nana, 30
Malassezia obtusa, 30
Malassezia otitis, 42
Malassezia pachydermatis, 28, 30, 37
Malassezia psittaci, 30
Malassezia restricta, 30
Malassezia slooffiae, 30
Malassezia yamatoensis, 30
Malasseziales, 30
MALDI-TOF MS, see Matrix-assisted laser 

desorption-ionization-time-of-flight 
mass spectrometry (MALDI-TOF MS)

Malignant, 100, 102, 114, 118, 129
Mammeisin, 241
Mannans, 4
Marmosets, 161
Mast cells, 9
Mastitis, 86
Matrix-assisted laser desorption-ionization- 

time-of-flight mass spectrometry 
(MALDI-TOF MS), 72, 88

Mefenoxam, 19, 20
Melanized, 123, 172, 173, 176
Melia azedarach, 240
Metastasis, 11, 105, 113
Metatarsal-phalangeal, 14
Methoxsalen, 238
2-Methoxy-5-hydroxymethyl-phenyl-1-O-(6"-

galloyl)-β-D-glucopyranoside, 221
3-Methoxysampangine, 223
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2-Methoxy-5-(1’,2’,3’-trihydroxypropyl)-
phenyl-1-O-(6"-galloyl)-β-D- 
glucopyranoside, 221

4-Methylcoumarin esters, 254
4-Methyl-7-hydroxycoumarin, 252
Metronidazole, 228
Mexican tarragon, 240
MFC, see Minimum fungicidal concentration 

(MFC)
MIC, see Minimum inhibitory concentration 

(MIC)
Micafungin, 217, 236
Miconazole, 41–43, 70, 73, 90, 91, 101, 102, 

109, 243
Microascus cirrosus, 120, 126
Microascus trigonosporus, 120, 126
Microbial volatile organic compounds 

(mVOCs), 198
Microbiome, 29
Microbiota, 30, 66
Micromycetal propagules, 200
Micronised, 38
Microspora griseous, 246
Microsporum (Nannizzia) gypseum, 29
Microsporum (Nannizzia) persicolor, 29
Microsporum audouinii, 29
Microsporum canis, 28, 29, 31, 33, 35, 36, 38, 

43
Microsporum cookei, 29
Microsporum gypseum, 31, 33, 35, 240
Microsporum praecox, 29
Microtid rodents, 29
Midazolam, 169
Millettia thonningii, 241
Minimum fungicidal concentration (MFC), 

228, 243
Minimum inhibitory concentration (MIC), 70, 

71, 89, 91, 222, 224, 228, 240–246, 
248–255

Monascus purpureous, 247
Monitor lizard, 60, 62, 65
Monocytes, 20, 82
Monocytopenia, 83
MonoMAC, 83
Monotherapy, 76, 218
Moraceae, 221
Morbidity, vii, 147, 236
Mortality, 10, 64, 68, 85, 99, 111, 122, 199, 

206, 215, 236, 252
Mucocutaneous, 145, 216, 218
Mucor circinelloides, 241
Multi drug resistance (MDR), 218
Multifocal, 13, 60, 163
Mutagenicity, 198

Mycobacterium tuberculosis, 238
Mycobiota, 66, 196
Mycotoxicosis, 197, 198, 204
Mycotoxins, vii, 84–86, 92, 128, 196–200, 

204–209, 252
Myeloblastic leukaemia, 114
Myelodysplasia, 109
Myositis, 153
Myricetin, 222

N
N-acetylglucosamine (GlcNAc), 253
Naftifine, 217
Nannizziopsis arthrosporioides, 49, 50
Nannizziopsis barbata, 49, 50
Nannizziopsis crocodili, 49, 51
Nannizziopsis dermatitidis, 49, 51
Nannizziopsis draconii, 49, 51
Nannizziopsis guarroi, 49, 52, 55, 58, 66
Nannizziopsis hominis, 49, 67
Nannizziopsis infrequens, 49, 67
Nannizziopsis obscura, 49, 67, 75
Nannizziopsis pluriseptata, 52
Nannizziopsis vriesii, 49, 52, 57, 67
Nasal, 11, 12, 85–87, 90, 101, 102, 104, 105, 

109, 110, 116, 153, 158, 162, 175, 176
Nasua nasua, 161
National Institute for Occupational Safety and 

Health (NIOSH), 171
Nattrassia mangiferae, 106, 117, 118, 121, 

126
Neascytalidium dimidiatum, 117, 118, 121
Nebulization, 90
Necrosis, 59, 60, 64, 68, 102, 104, 118
Nelumbo nucifera, 222
Neofusicoccum, 118, 121
Neoplasia, 85, 87
Nephritic syndrome, 115
Nephrotoxic, 170, 197, 199
Nephrotoxicity, 218
Nested PCR, 19, 37, 161, 168
Neurosurgical resection, 111
Neurotropic, 114, 119, 121
Neurotropism, 109
Neutrophilic lymphadenitis, 66
Nezara viridula, 113
Nictitating membrane, 12, 153
Nifedipine, 169
Nikkomycin, 76, 169, 254
NK cell, 83
N, N, N-triethyl-11-(4-methyl-2-oxo-2H- -

benzopyran-7-yloxy)-11- oxoundecan- 
1-aminium bromide, 252
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Nocardia asteroids, 114
Nodular mass, 11
Nodulous lesions, 33
Non-fumigatus, 88, 91, 236
Non-lipid-dependent, 28, 30
Non-ribosomal peptide synthetase and 

polyketide synthase hybrid enzyme 
(NRPS–PKS), 208

Northern bottlenose whale, 87
Novobiocin, 238
Nucleoside analog, 236
Nystatin, 42, 70, 76, 102, 110, 117, 170, 217, 

218, 228, 236, 241

O
3-O-Beta-glucoside, 222
Ocellated lizard, 63
Ochratoxin, 197
Ochroconis, 106, 113, 114, 126
Ochroconis gallopava, 126
Ochroconis humicola, 113, 126
Ochroconis tschawytschae, 113
Ocimum gratissimum, 223, 224
Ocimum sanctum, 226, 227
Oidiodendron cerealis, 123, 126
Omasum, 14
One-step PCR, 37
Onyalai, 204
Onychomycosis, 40, 101, 103, 107, 112, 120, 

216
Onygenaceae, 49, 144
Onygenales, 28, 49, 144, 172
Onyxis, 33
Oomycetes, 4, 18
Oomycota, 4
Ophidia, 59
Ophidiomyces, 49, 53–55
Ophidiomyces ophiodiicola, 54, 64, 67, 68, 71, 

72
Opportunistic, 32, 34, 48, 66, 67, 82–84, 87, 

100, 112, 114, 118, 123, 129, 236
Orbital aspergillosis, 86
Orcinus orca, 87
Origanum vulgare, 223, 226
Ornati, 82
Oropharynx, 11
Osteomyelitis, 119
Osthenol, 241
Osthol, 237
7-O-Substituted pyridyl-4-methyl coumarin, 

246
Otitis externa, 28, 32, 34, 35, 37, 40, 42, 43

3-(6-(2-Oxo-2H-chromen-3-yl)-4- 
phenylpyridin- 2-yl)-2H-chromen-2- 
one, 246

Oxygenated heterocycles, 236
Oxyuranus scutellatus, 64

P
Paecilomyces lilacinus, 76
Pancratium illyricum, 223
Panfungal, 168
Panthera leo, 152
Panthera onca, 13
Panthera tigris, 152
Panthera uncia, 152
Pan troglodytes, 169
Papio, 88
Papyriflavonol A, 221
Paracoccidioides lutzii, 144, 160–162, 167
Paracoccidioidin, 161
Paracoccidioidomycosis (PCM), 144, 145, 

158–162, 164–168, 171, 177
Parakeratosis, 60, 62, 177
Paranannizziopsis, 49, 53, 55
Paranannizziopsis australasiensis, 49
Paranannizziopsis californiensis, 49, 53
Paranannizziopsis crustacea, 49, 53, 54
Paraneoplastic syndromes, 32
Paravertebral abscess, 112
Paresis, 76
Paroxysmal nocturnal hemoglobinuria, 15
Parrot-beaked tortoise, 64
PAS, see Periodic acid-Schiff (PAS)
Pathogen associated molecular pattern 

(PAMP), 8
Pathogenesis, 10, 99, 128, 205
Pathogenic Chrysosporium-related fungi 

(PCRF), 48–77
Pathognomonic, 164
Pathophysiology, 200, 228
Patulin, 87, 197, 199
Pavietin, 240
PCRF, see Pathogenic Chrysosporium-related 

fungi (PCRF)
PDA, see Potato dextrose agar (PDA)
P450 demethylase, 217
Pedilanthus tithymaloides, 241
Pelodiscus sinensis, 65
Pemphigus foliaceus, 33
Pemphigus-like syndromes, 32
Penguin, 160
Penicillium chrysogenum, 199, 200
Penicillium citrinum, 247
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Penicillium expansum, 199
Penicillium italicum, 244
Penicillium palitans, 199
4-Pentynoic acid, 243
Periodic acid-Schiff (PAS), 18, 167, 177
Perionyxis, 33
Periorbital cellulitis, 153
Peritonitis, 102, 109, 110, 121, 150, 154
Peronosporales, 4
Perylene derivatives, 204
Peyronellaea glomerata, 123, 127
Phaeoacremonium alvesii, 120, 127
Phaeoacremonium amstelodamense, 120, 127
Phaeoacremonium griseorubrm, 120
Phaeoacremonium krajdenii, 120, 127
Phaeoacremonium parasiticum, 106, 120, 127
Phaeoacremonium rubrigenum, 106, 120, 127
Phaeoacremonium tardicrescens, 120, 127
Phaeoacremonium venezuelense, 120, 127
Phaeoannellomyces elegans, 123
Phaeohyphomycosis, 100, 109–117, 119, 121, 

122, 129
Phaeosclera dermatioides, 123, 127
Phaeotrichonis crotolariae, 123
Phagocytosis, 113, 178, 199
Pharmacokinetics, 76, 228
Pharmacopoeia, 219
Phelsuma spp., 59
Phenolic acid, 221
Phenolic amides, 221
Phenolics, 217, 219–221
Phenyl propanoids, 221
Phenytoin, 169
Phialemonium curvatum, 121, 127
Phialemonium obovatum, 121, 123
Phialophora americana, 118, 127
Phialophora bubakii, 107, 118, 119, 127
Phialophora europaea, 118, 119, 127
Phialophora gougerotii, 119
Phialophora hoffmannii, 118
Phialophora mutabilis, 107, 118
Phialophora parasitica, 106, 118, 119
Phialophora repens, 107, 118, 119, 127
Phialophora richardsiae, 106, 118, 119, 127
Phialophora spinifera, 116
Phialophora verrucosa, 107, 111–112, 118, 

119, 127
Phocoena phocoena, 87
Phoma cava, 123, 127
Phoma cruris-hominis, 123, 127
Phoma dennisii var. oculohominis, 127
Phoma eupyrena, 123, 127
Phoma minutella, 123, 127
Phoma oculohominis, 123

Phoma sorghina, 127, 204
Phospholipases, 28
Phosphoramidate, 254
Photodynamic therapy, 20
Photophobia, 153
Phyllostictina citricarpa, 123
Phylogenetic, 5, 6, 49, 160, 177
Phytopathogenic, 205, 241
Phytophthora infestans, 4
Pilot wheel, 159, 160
Piogranulomatous, 154
Piper aduncum, 224
Piperazine, 239, 246–248
Piper bredemeyeri, 228
Piper longum, 226, 227
Pitta, 227
Placebo, 170
Placentitis, 86
Planoconidia, 159
Pleomorphism, 207
Pleural sounds, 87
Pleurophoma pleurospora, 123
Pleurostomophora richardsiae, 123
Pneumocystis spp., 169
Pneumonia, 86, 102, 120, 149
Pneumonitis, 82
Pneumothorax, 83
Pogona barbata, 48, 59
Pogona vitticeps, 48, 50, 59, 62, 65, 71, 73
Polyenes, 39, 89, 169–171, 217, 218, 236, 250
Polyionic, 76
Polymerase chain reaction (PCR), 15, 19, 37, 

66, 69, 71, 161, 168
Polyoxins, 254
Polyphenols, 217, 219, 221, 222
Polytolypa hystricis, 145
Polyuria, 76
Porcupines, 161
Posaconazole, 19, 42, 75, 90, 91, 101, 107, 

108, 169, 236
Postmortem, 11, 111
Potassium hydroxide (KOH), 164, 175
Potassium iodine, 10, 15
Potassium peroxymonosulfate, 42
Potato blight, 4
Potato dextrose agar (PDA), 16, 50–55, 159, 

165
Potos flavus, 152
Predisposition, 31, 85, 100
Prenyletin, 240
Prenyletin-methyl-ether, 240
Prenyllipids, 219
Prenylquinones, 219
Prescapular, 13, 163
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Primary immunodeficiencies (PIDs), 83
Probiotic, 227
Procyon cancrivorus, 161
Prodrug, 254
Prognosis, 8, 10, 11, 19, 86, 110, 111, 174, 

179
Progressive cleavage, 4, 146
Propagules, 67, 200
Propolis, 222
Prosthetic valve endocarditis, 120
Protein A/G, 17
Pruriginous, 14
Pruritic dermatitis, 28, 34
Pruritus, 10, 32, 33, 35
Pseudoallescheria apiosperma, 122
Pseudoallescheria boydii, 122
Pseudoallescheria ellipsoidea, 122
Pseudomicrodochium suttonii, 127
Pseudomonas aeruginosa, 240
Pseudomycetoma, 32
Pseudopostega constricta var. constricta, 113
Psiadia lithospermifolia, 224
Pteridium aquilinum, 224
Pterocaulon, 240
Pterocaulon alopecuroides, 240
Pterocaulon balansae, 240
Pterocaulon polystachyum, 240
Pulmonary aspergillosis, 82, 83, 86–88
Pulmonary auscultation, 11, 157
Pulmonary haemorrhagic outbreaks, 199
Pulmonary mycetoma, 113
Pulmonary suppuration, 112
Pulse therapy, 74, 76
Punica granatum, 226, 227
Purebred, 29, 86
Purulent exudate, 8, 153, 175, 178
Putative virulence, 8
Pycnidial, 118, 120–122
Pygoscelis adeliae, 160
Pyogranulomatous, 10, 59, 60, 166
Pyranocoumarins, 237, 255
Pyrazolo-coumarin, 245
Pyrexia, 86
Pyricularia oryzae, 204
Pyrimidin-2-one, 248
Pyrimidinthione, 248
Pythiaceae, 4
Pythiosis, 4–21
Pythium aphanidermatum, 4
Pythium insidiosum, 4–6, 8–10, 14, 16–20, 

241
Python regius, 59, 65
Python sebae, 67

Q
Quantitative real-time PCR, 168
Quercetin, 217, 219, 222
Quick, easy, cheap, effective, rugged and safe 

(QuEChERS), 209
Quinidine, 169
Quinines, 221
Quinolone, 240

R
Raccoons, 161
Radiographic examimation, 13, 166
Ramichloridium cerophilum, 123
Rattlesnakes, 54, 64
Reactive oxygen species (ROS), 199, 206
Red foxes, 152
Red-eared slider, 65
Red ruffed lemur, 152
Remission, 8, 10, 74, 163, 167, 169–171, 175
Renal failure, 76, 110
Reptilia, 59
Restricti, 82
Reticulum, 14
Retinal detachment, 153, 158
Retrobulbar, 12
Retroviral infection, 31, 32
Rhesus macaques, 88
Rheumatoid arthritis, 105, 107, 115, 117
Rhinocladiella aquaspora, 121, 127
Rhinocladiella atrovirins, 121
Rhinocladiella basitona, 121, 127
Rhinocladiella compacta, 123
Rhinocladiella mackenziei, 107, 121, 127
Rhinocladiella similis, 121, 127
Rhinofacial, 11
Rhinotomy, 113
Rhizoctonia solani, 240, 241
Rhizopus schipperae, 246
Rhizopus stolonifer, 241
Rhodutorula, 216
Ribes nigrum, 224
Ribes uva-crispa, 224
Ribes x nidigrolaria, 224
Rifampicin, 169
Riociguat, 169
Robustic acid, 241
Rosa chinensis, 207
Rosiglitazone, 169
Rosmarinus officinalis, 223, 227
Rottweilers, 85
(R)-roemerine, 222
Rumen, 14
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Rutaceae, 237
Ruta graveolens, 240

S
Sabouraud agar media, 4
Sabouraud dextrose agar, 5, 6, 30, 36, 155, 165
Sabouraud glucose agar, 30
Saccharomyces cerevisiae, 172, 216, 221, 242
Salvadora persica, 224
San Esteban chuckwallas, 84
Saponins, 219, 220
Saponinstigogenin, 220
Saprozoonosis, 21
Sarcinomyces phaeomuriformis, 123, 127
Sarcoidosis, 83
Satureja montana, 223
Sauromalus varius, 84
Scedosporium apiospermum, 108, 122
Scedosporium aurantiacum, 122
Scedosporium boydii, 122
Scedosporium dehoogii, 122
Scedosporium prolificans, 121, 122, 127
Sceloporus occidentalis, 63
Schiff base, 250, 252
Schinus terebintifolius, 224
Schizolytic, 54, 55, 113
Scincidae, 65
Sclerocariya birrea, 224
Sclerotinia sclerotiorum, 241
Scolecobasidium constrictum, 113, 114
Scopoletin, 237, 240
Scopulariopsis brevicaulis, 127, 245
Scopulariopsis brumptii, 123, 127
Scutellaria biacalensis, 222
Scytalidium dimidiatum, 117, 118, 121, 127
Scytalidium hyalinum, 117, 118
Scytalidium lignicola, 123
Sea fan coral, 83
Sea lion, 148, 152
Seborrhoeic dermatitis, 32
Secondary metabolites, 196, 199, 204, 217, 

219, 221
Seizure, 14, 153
Selina-4,7(11)-diene, 224
Semicarbazone, 205
Septate, 4, 16, 50–55, 60, 124, 146, 159
Sequence homology, 15, 19
Seroconversion, 167
Serodiagnosis, 15, 17, 167
Serology, 11, 164, 166–167, 175
Serosanguineous, 11, 178
Serosanguinolent exudate, 10, 158

Sesamoid bone, 13
Sesquiterpene, 219, 241
Severe congenital neutropenia (SCN), 83
Sheep, 8, 13, 14, 17, 55, 56, 147, 150, 161
Siberian tiger, 152
Simian immunodeficiency virus (SIV), 87
Single nucleotide polymorphism-based 

multiplex PCR, 19
Sinonasal, 85, 86
Sinusitis, 14, 100, 102, 105, 110, 112, 113, 

120
Skinks, 52, 62, 65
Sloths, 162–164
Sloughing, 60
Snake fungal disease (SFD), 68
Snow leopard, 152
Solanum chrysotrichum, 220
Solanum tuberosum, 223
Solidago virgaurea, 219
Sophoraflavanone D, 221
Sophoraisoflavanone A, 221
Sphiggurus spinosus, 161
Spiny-tailed lizards, 65
Spirocyclic drimanes, 199
Splendore-Hoeppli, 9
Splenitis, 66
Sporangia, 4
Sporothrix brasiliensis, 172, 173, 175–178
Sporotrichosis, 145, 172–180
Sporulation, 7, 84
Sputum, 110, 147, 165
Squalene epoxidase, 218
Squama, 60, 63–65
Squamata, 59
Stable isotope dilution assay (SIDA), 208
Stachybotryotoxins, 199
Stachybotrys chartarum, 198–200
Staphylococcus aureus, 240
Stenella araguata, 123
Sterculia africana, 224
Sterigmatocystin, 197, 200
Sterilia, 4
Sternotherus odoratus, 84
Sterols, 8, 218, 219, 241
Stertorous respiration, 86
Stramenopila, 4
Stranded harbor porpoise, 87
Stratum corneum, 28, 38, 43, 55, 57, 60, 100
Streptomycin, 117
Structure activity relationship (SAR), 244, 

252, 254, 256
Stupor, 76
Subclinical, 148, 162, 175
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Subcutaneous cysts, 117, 118
Subcutaneous mycoses, 236
Subcutaneous nodules, 9, 14, 106, 114, 115
Subcutis, 33
Subepidermal tissues, 60
Submandibular, 12, 115, 163
Subprosthesis stomatitis, 222
8-Substituted-7-hydroxycoumarin, 254
Sulfonamides, 171
Sulfonylurea, 169
Summer sores, 7
Superficial mycoses, 28–44, 236
Supportive treatment, 170
Suppurative folliculitis, 33
Surgery, 10, 14, 19, 20, 100, 105, 109, 111, 

113
Surgical debridement, 10, 19, 72
Swamp cancer, 7
Systemic, 10, 35, 38–40, 42, 59, 72–77, 90, 

100, 106, 109, 110, 112, 116, 117, 128, 
144–172, 179, 197, 216, 218, 227, 236

Syzygium aromaticum, 227
Syzygium cumini, 224

T
Tachypnea, 87
Tagetes lucida, 240
Tanneri, 82
Tannins, 217, 219
Tape strip technique, 38
TeA synthetase 1 (TAS1), 208
Tegumentary, 149
Telithromycin, 169
Temperature optima, 8
Teratogenic, 38, 39, 197
Terbinafine, 19, 20, 38, 40, 73, 76, 102, 104, 

169, 179, 217, 218
Terfenadine, 169
Terminalia catappa, 228
Terpenoids, 217, 219, 220
Terrei, 82
Tetrahydrocannabinol, 169
Tetramic acid derivatives, 204
Tetraploa aristata, 123, 127
Thalassemia, 15
T helper 1 (Th1), 10, 20, 21
Theniolella stilbospora
Thermomyces lanuginosus, 123, 127
Thermostability, 196
Thermotolerant, 58, 114
Thiabendazole, 103, 112
1,3,4-Thiadiazines, 247

Thiazole, 239, 243–245, 256
4-Thiazolidinone, 252
Thieno-coumarin, 245
Thiol-benzimidazole, 252
Thiophene, 243
Thiosemicarbazide, 252
Thonningine-C, 241
Thoracotomy, 13
Thymoma, 32
Thymus vulgaris, 223, 227
Tiger, 8, 13
Tiliqua scincoides, 62
Tinea nigra palmaris, 116
Tinospora cordifolia, 227
Toll-deficient (Tl), 9
Toothache, 14
Tordylium apulum, 239
Tortoises, 59, 64, 84
Total daily intake (TDI), 197
Toxicants, 196, 198
Toxicology, 204
Trachemys scripta elegans, 65
Tracheobronchitis, 148
Trans-N-caffeoyltyramine, 221
Trans-N-feruloyloctopamine, 221
Transplantation, 82, 88, 100, 105
Traumatic alopecia, 34
Triazoles, 73, 74, 89, 91, 105, 217, 218, 238, 

242–243, 252, 256
Tribulus terrestris, 220
Trichoderma harzianum, 251
Trichoderma longibrachiatum, 251
Trichoderma viride, 199
Trichophyton ajelloi, 29
Trichophyton erinacei, 29, 33
Trichophyton mentagrophytes, 28, 29, 33, 35, 

44, 222, 240
Trichophyton rubrum, 29, 30, 240, 245
Trichophyton simii, 29
Trichophyton terrestre, 29
Trichophyton tonsurans, 29, 30
Trichophyton violaceum, 29
Trichosporon, 216
Trichothecenes (TCs), 197, 199
Trifluoromethyl coumarin thiosemicarbazones, 

254
4’,5,7-Trihydroxy-8-methyl-6-(3-methyl-[2- 

butenyl])-(2S)-flavanone, 222
Trikatu, 227
Trimethoprim sulfamethoxazole, 114
Trimethylamine, 224
Triscoumarins, 237
Triterpenoid, 219
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Tritirachium oryzae, 123
TR46/Y121F/T289A, 91
Tuberculosis (TB), 83, 86, 88, 106
Tumoral, 30, 168
Tumor necrosis factor α (TNF-α), 10
Turraea holstii, 224
Tursiops truncatus, 152

U
Ubiquicidin (UBI), 243
Ulcerative, 9–11, 13–15, 60, 86, 101
Ulcers, 14, 15, 60, 108, 112, 113, 129, 149, 

153, 158
Umbelliferae, 237
Umbelliferone, 237, 239, 240
Universal primers, 19, 168
Unpalpable arterial pulse, 14
Uromastyx spp., 65
Ursus americanus, 152
Usti, 82, 89
Ustilaginomycotina, 30

V
Vaccines, 20, 21, 43, 44, 117, 171, 180
Vaginal candidiasis, 216
Valley fever, 147
Varanus exanthematicus, 60, 62
Varecia rubra, 152
Vata, 227
Ventrum, 35, 60, 64
Veronaea botryose, 108, 127
Verruconis gallapava, 108, 127
Versicolores, 82
Vigna unguiculata, 113
Vincristine, 169
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