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ABSTRACT 

 

 In recent years, a surge in cases of chronic and treatment resistant 

dermatophytosis (ringworm) in humans has brought renewed interest in studying this 

disease. Persian cats are prone to developing a severe form of dermatophytosis 

characterized by extensive and chronic infections not seen in other cat breeds. 

Identifying a cause for severe disease in Persian cats may inform our understanding of 

pathogenesis in both animals and humans. 

 We took a two-part, next-generation-sequencing (NGS)-based approach to 

identify a cause for severe dermatophytosis in Persian cats. First, we examined the 

Persian cat microbiota using 16S and ITS amplicon sequencing and analysis. We found 

that cutaneous bacterial and fungal populations were not overtly different between case 

and control cats with the exception of the presence of the dermatophyte Microsporum 

canis. The microbiota diversity and composition did not appear to contribute 

significantly to defense against dermatophytes, although more work may be needed to 

confirm this finding.  

 Second, we sought to identify genetic variation associated with severe 

dermatophytosis using whole genome sequencing (WGS), genome-wide association 

study (GWAS), tests of natural selection, and functional assays. WGS and GWAS 

revealed a highly divergent, disease-associated haplotype on chromosome F1 containing 

the S100 family of genes. In particular, S100A9 contained thirteen nonsynonymous 

variants between cases and controls. Comparison of the divergent Persian cat S100A9 
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haplotypes with those of wild felids indicated that the disease-associated haplotype may 

have been introgressed into the ancestor of the sand cat and domestic cat from a wild 

felid ancestor. The haplotype then appears to have been maintained under balancing 

selection. We demonstrated that S100A8/S100A9 (an antimicrobial peptide known as 

calprotectin) expression is upregulated in the feline epidermis during dermatophytosis, 

confirming a role of S100A9 in the immune response to dermatophytes.  

 Studies show that amino acid substitutions in antimicrobial peptides (AMPs) can 

alter pathogen specificity. Given that this divergent haplotype has been maintained in 

domestic cats, it may have beneficial effects against other feline pathogens. Calprotectin 

proteins represent a promising therapy for dermatophytosis in humans and animals, 

especially if particular amino acid substitutions can be shown to heighten antimicrobial 

activity against these ubiquitous fungal pathogens. 
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1. INTRODUCTION  

 

1.1. Motivation and Aims 

Dermatophytes are highly successful fungal pathogens affecting the skin, nails, 

and hair of humans and animals on every continent worldwide. The infections caused by 

this group of fungi go by a variety of common names, including ‘ringworm,’ ‘tinea,’ 

‘athlete’s foot,’ ‘jock itch,’ and others, but the overarching term for this disease is 

dermatophytosis. It is estimated that up to 1/8 or even 1/4 of the world’s population is 

affected with fungal skin disease, predominantly caused by dermatophytes (Havlickova 

et al. 2008; Global Burden of Disease Study 2013 Collaborators 2015; Bongomin et al. 

2017). Despite the high worldwide prevalence of this disease, the virulence mechanisms 

and pathogenesis have gone surprisingly understudied.  

In recent years, an alarming increase in incidence of chronic dermatophytosis 

resistant to typical treatment has been observed, particularly in India (Nenoff et al. 2019; 

Narang et al. 2019; Das et al. 2020; Patel et al. 2020). These infections are beginning to 

be reported elsewhere in the world (Saunte et al. 2021). A flurry of scientific activity has 

begun in order to improve our understanding of how dermatophytosis occurs and how 

the immune system combats it (Gräser et al. 2018). An improved understanding of these 

mechanisms will allow researchers to design new, targeted therapies to thwart these 

pathogens or augment host immunity.  

This was not the sole motivation for this dissertation research however. This 

research was also motivated by questions that have arisen in the veterinary community 
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about the reason for the higher incidence and severity of dermatophytosis in Persian cats 

than in other breeds. Many veterinary textbooks, case reports, and reviews have 

speculated on possible reasons for this predisposition (Moriello et al. 2017; Scott et al. 

2001; Chang et al. 2011; Nuttall et al. 2008; Nitta et al. 2016). Most have suggested or 

assumed a genetic predisposition, but prior to this research, there has been no formal 

investigation into the matter. It was also postulated that Persian cats might carry 

dermatophytes asymptomatically on their hair coat more often than other breeds (Nitta et 

al. 2016). These questions have been of great personal interest to many cat 

owners/breeders and veterinarians who deal with the disease on a regular basis. One 

veterinarian and Persian cat breeder described dermatophytosis as “the Persian cat 

nemesis” (Susan Randlett-Price, personal communication). We felt that investigating this 

problem in Persian cats and identifying potential reasons for severe infections could lend 

insight into the pathogenesis of disease in both animals and humans. For example, 

identifying a genetic mutation in a particular immune pathway in affected Persian cats 

could reveal which components of immunity are most important for preventing 

dermatophyte infection. This, in turn, could be investigated in people and other animals 

and perhaps translated into improved genetic testing and therapies in a world where 

dermatophytes are becoming the nemesis of more than just Persian cats. 

To this end, the aims of this dissertation research were designed to address the 

question: Why do Persian cats exhibit chronic and extensive dermatophytosis more often 

than other breeds of cat? The first aim and subject matter of Section 2 of this dissertation 

was to characterize the cutaneous microbiota of Persian cats with severe 
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dermatophytosis as compared to healthy Persian and non-Persian control cats. The host 

microbiome, as discussed in later sections, can serve as a defense mechanism against 

pathogens (Stacy and Belkaid 2019), and we hypothesized that alterations to the Persian 

cat microbiome could predispose these cats to severe dermatophytosis. The second aim 

and subject matter of Section 3 was to identify a genetic variant in Persian cats 

associated with severe dermatophytosis. We further sought to functionally validate and 

explain the evolutionary basis for a disease-associated allele containing AMP genes.  

Before the research addressing these aims is presented in Sections 2 and 3, the 

remainder of this Introduction provides necessary background on dermatophytosis, the 

microbiome, and feline immunity and genetics. 

 

1.2. Dermatophytosis in Humans and Animals 

Dermatophytosis is an infection, typically of the hair, skin, and nails, caused by a 

group of keratinophilic fungi known as dermatophytes. Based on a study performed by 

the Global Burden of Disease Study 2013 Collaborators (2015), fungal skin disease lags 

behind only 6 other ailments in terms of worldwide prevalence: dental caries, headaches, 

age-related hearing loss, iron deficiency anemia, genital herpes, and ascariasis. 

Dermatophytosis is found worldwide, but the prevalence is higher in developing 

countries and areas with increased humidity (Bongomin et al. 2017). Though this disease 

is rarely fatal, its impact on human and animal welfare is enormous, exemplified by a 

large, ongoing epidemic of dermatophytosis in India thought to be due to abuse of 
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topical combined antifungal and steroid creams (Nenoff et al. 2019; Narang et al. 2019; 

Das et al. 2020; Patel et al. 2020).  

Until quite recently, only three main genera of clinically important 

dermatophytes were described: Trichophyton, Microsporum, and Epidermophyton (Gnat 

et al. 2021). Recent molecular phylogenetic approaches have reorganized dermatophyte 

taxonomy and added six new genera: Arthroderma, Ctenomyces, Guarromyces, 

Lophophyton, Nannizzia, and Paraphyton (de Hoog et al. 2017). Different species of 

dermatophytes are adapted to different hosts and environments: anthropophilic species 

are adapted to live commensally on human hosts, zoophilic species on various animal 

hosts, and geophilic species in the environment (Table 1) (Moriello et al. 2017). Within 

the same genus, different species may have different host specificities; for example, 

Trichophyton verrucosum is zoophilic and adapted to the skin of cattle, while 

Trichophyton rubrum is anthropophilic and adapted to human hosts (Moriello et al. 

2017). It appears that these fungi typically cause little inflammation in their usual 

reservoir host but tend to incite an acute inflammatory response when infecting a host 

for which they are not adapted (Weitzman and Summerbell 1995).  
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Table 1. Major dermatophytes of domestic animals and supposed reservoirs.  

NOTE.—Species names reflect the updated nomenclature presented by de Hoog et al. 
(2017), and traditional names are given in parentheses where applicable. Table adapted 
from Moriello et al. (2017). 
 

 

  

Dermatophyte  Main animal involved 
and reservoir(s) 

Frequency in 
humans 

Geographical 
distribution 

Microsporum canis 
 

Cats, dogs Common Worldwide 

Trichophyton verrucosum 
 

Cattle Common Worldwide 

Trichophyton benhamiae 
(formerly Arthroderma benhamiae) 

Guinea pigs Common Worldwide 

Trichophyton erinacei 
 

Hedgehogs Occasional Europe, East Asia, 
New Zealand 

Trichophyton mentagrophytes 
(syn. Arthroderma vanbreuseghemii) 

Cats, dogs, rabbits, 
rodents 

Common Worldwide 

Trichophyton equinum 
 

Horses Occasional Worldwide 

Trichophyton simii 
 

Monkeys, poultry, dogs Rare Rare outside of 
India 

Lophophyton gallinae 
(formerly Trichophyton gallinae) 

Chickens Rare Worldwide 

Nannizzia persicolor 
(formerly Microsporum persicolor) 

Rodents, voles Rare Europe, USA 

Nannizzia nana 
(formerly Microsporum nanum) 

Pigs Rare Worldwide 

Trichophyton bullosum 
 

Horses, donkeys Rare Tunisia, Sudan, 
Syria, France 

Trichophyton quinckeanum 
 

Mice Rare Worldwide 

Nannizia gypsea 
(formerly Microsporum gypseum) 

Soil (geophilic species) Rare Worldwide 
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Microsporum canis is a dermatophyte adapted to live on dogs and cats that is 

capable of causing zoonotic infections in humans (Moriello et al. 2017). Transmission to 

humans mainly occurs via contact with a cat, which may or may not show clinical signs 

of infection (Moriello et al. 2017; Gnat et al. 2018). Asymptomatic carriage of 

dermatophytes has been documented frequently in cats but only rarely in dogs (da Costa 

et al. 2013; Miller et al. 2013; Hnilica and Patterson 2017). Other terms besides 

asymptomatic carriage, such as “mechanical carriage” and “fomite carriage,” are also 

used, reflecting uncertainty about the underlying mechanism for this carriage; it is 

unknown if the dermatophytes are actively adhering to or infiltrating the skin/hair 

(subclinical infection) or simply being passively carried on hairs.  

Persian cats in particular are overrepresented when it comes to clinical 

dermatophytosis, and they tend to exhibit more chronic and extensive/generalized 

disease (Lewis et al. 1991; Moriello et al. 2017). Additionally, Persian cats may also be 

more predisposed to carry the disease asymptomatically. In one study performed in 

Brazilian catteries, 51/61 asymptomatic Persian cats were positive for M. canis via 

culture (Nitta et al. 2016). This is well above the proportion of cats typically reported as 

asymptomatic carriers (Nitta et al. 2016). Prevailing theories as to why Persians are more 

often and more severely affected than other breeds include 1) ineffective grooming of 

the long hair coat, 2) altered cutaneous microenvironment, or 3) a primary (genetic) 

immunodeficiency (Chang et al. 2011; Nuttall et al. 2008).  

In both humans and animals, typical dermatophyte infection of the body involves 

hair loss with variable scaling, erythema, and pruritus, and the infection is typically 
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confined to one or a few focal areas (Merkhofer and Klein 2020; Miller et al. 2013). The 

lesion may be ring-shaped in humans, but ring shapes are uncommon in animals (Miller 

et al. 2013). These types of infection are mild and often self-limiting in both humans and 

animals (Merkhofer and Klein 2020; Miller et al. 2013). Rarely dermatophytosis may 

become severe (Rouzaud et al. 2015, 2018; Lanternier et al. 2013; Glocker et al. 2009). 

In these cases, the infection may become chronic, cover a large area of the body 

(extensive infection), and/or penetrate beyond the superficial keratin layer into the 

dermis. Extension of dermatophytosis into the dermis leads to the formation of visible 

nodules/masses in the skin. In human and veterinary medicine, these nodular forms of 

dermatophytosis are referred to by various names: Majocchi’s granuloma, deep 

dermatophytosis, pseudomycetoma, mycetoma, and kerion (Durdu et al. 2020; Miller et 

al. 2013). Clinically, these forms all appear similar; histologically, there are subtle 

differences in the lesions (Durdu et al. 2020; Kano et al. 2009). Persian cats are well 

known for developing one of these types of nodular dermatophytosis: pseudomycetoma.  

Review of the literature found that of 35 reported cases of dermatophytic 

pseudomycetoma, 21 were Persian, 11 were of unknown breed, and 3 were non-Persian 

including 1 Maine Coon, 1 domestic longhair, and 1 domestic shorthair (Table 2) (Chang 

et al. 2011; Nuttall et al. 2008; Kano et al. 2009; Miller et al. 1986; Yager et al. 1986; 

Black et al. 2001; Bond et al. 2001; Zimmerman et al. 2003; Nardoni et al. 2007; Stanley 

et al. 2008; Ferro et al. 2008; Thian et al. 2008; Miller 2010; Nobre et al. 2010; Zafrany 

et al. 2014; Duangkaew et al. 2017; Bianchi et al. 2017).  
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Table 2. Literature review of feline pseudomycetoma cases as of March 2020. 

NOTE.—As indicated by the last column, not all cases of pseudomycetoma exhibit 
typical/classic lesions of dermatophytosis including hair loss, scaling, redness, etc. In 
some cases the lesions are confined to the deeper dermis and subcutaneous tissues with 
no change to the overlying skin and hair.  
 

  

Article Breed 
No. 

cases 
Location of 

lesions 
Diagnostics Outcome 

With classic 
lesions? 

Miller 1986 Persian 1 NA NA NA NA 

Yager 1986 Persian 1 Skin (trunk) Histology, culture Euthanasia YES 

Black 2001 Persian 1 Intra-abdominal Histology, IHC Euthanasia YES 

Bond 2001 Persian 1 
Skin (trunk, 

neck) 
Histology, culture Euthanasia YES 

Zimmerman 
2003 

Persian 1 Skin 
Cytology, 

histology, culture 
NA YES 

Nardoni 
2007 

NA 7 NA NA NA NA 

Nuttal 2008 
Persian, 

Maine Coon 
2 Skin (trunk, leg) 

Cytology, 
histology, culture 

Complete 
resolution 

YES 

Stanley 2008 Persian 1 Intra-pelvic Histology, IHC Euthanasia NO 

Ferro 2008 DSH 1 Intra-pelvic Histology NA NA 

Thian 2008 DLH 1 Skin (flank) Histology, culture 
Complete 
resolution 

NO 

Kano 2009 Persian 1 Skin (trunk) 
Histology, 

cytology, culture, 
PCR 

Complete 
resolution 

NO 

Miller 2010 
Persian-4, 

NA-4 
8 

Skin (trunk-5, 
head-2, tail-1) 

Histology NA 2/8 cases 

Nobre 2010 Persian 1 Skin (trunk, tail) Histology, culture Death YES 

Chang 2011 Persian 4 Skin (trunk, tail) 
Histology, culture, 

PCR 
2 resolved, 
2 relapsed 

YES 

Zafrany 
2014 

Persian 1 Intra-pelvic Histology, IHC 
Complete 
resolution 

YES 

Duangkaew 
2017 

Persian 1 
Skin (head, 
inguinal) 

Histology, PCR Death YES 

Bianchi 
2017 

Persian 2 Intra-abdominal Histology Euth, death YES, NO 
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Only two cases of pseudomycetoma were found in dogs (Abramo et al. 2001). 

All feline and canine cases with definitive identification of the etiologic agent were 

caused by M. canis, while pseudomycetoma in humans has been reported to be caused 

by both Microsporum and Trichophyton spp. 

 
1.3. Pathogenesis of Dermatophytosis 

Infection is initiated when the infective form of the fungus, the arthrospore 

(alternately referred to as arthroconidium, conidium, or simply ‘spore’), adheres to host 

corneocytes at the skin surface (Moriello et al. 2017). Arthrospores are small segments 

that break off from fungal hyphae (Figure 1) and that can maintain viability for months 

to years in the environment. They can be transmitted from animal to animal, from 

environment to animal, or from fomite (such as bedding, grooming tools, ectoparasites) 

to animal. Adherence of arthrospores to corneocytes is reported to take 2-6 hours and is 

thought to be mediated by fungal adhesins and proteases such as keratinases and 

subtilisins (Baldo et al. 2010, 2011). The exact mechanism by which these proteases 

facilitate adherence is not yet understood. The pattern of protease expression by 

dermatophytes is thought to be species or host-specific and may influence the degree of 

host inflammation and immune response (Moriello et al. 2017). During adherence, 

arthrospores of at least some species of dermatophytes send out fibrils that attach and 

anchor the spores to the stratum corneum (Baldo et al. 2011). It appears that grooming of 

cats may be a host defense mechanism against adherence, as M. canis infection could not 

be experimentally established in one colony of cats until grooming was restricted 
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(DeBoer and Moriello 1994). Additionally, spore adherence only occurred readily when 

the skin was lightly abraded and kept moist (DeBoer and Moriello 1994).  

 

Figure 1. Photomicrograph of skin scraped from a dog with PCR/sequencing-
confirmed dermatophytosis (Trichophyton mentagrophytes infection).  
Fungal hyphae (black arrows) are intermingled with canine corneocytes (black 
arrowheads). The hyphal segments will break off as the hyphae matures to become 
infective arthrospores. Inset: Two arthrospores after breaking off from hyphae. Diff-
Quik stain. 1000x magnification.  
 
 
 

Following adhesion of an arthrospore to the skin surface, invasion of the 

epithelium occurs as the arthrospore begins to germinate (Baldo et al. 2011). The 

arthrospore sends germ tubes through the corneocytes longitudinally and perpendicularly 

(Aljabre et al. 1992). Germ tubes mature into hyphae which continue invading into 



 

11 

 

keratinized structures including hair follicles, hair, and nails (Figure 2). Eventually, 

hyphae will fully mature and shed new arthroconidia in approximately 7 days, 

completing the life cycle of the fungus (Aljabre et al. 1992). Infected hairs and skin cells 

are lost into the environment, serving as a source of infection for others. Numerous host 

immune mechanisms have been identified to combat dermatophyte invasion, and these 

are described further in section 1.5. 

 
 

 
Figure 2. Photomicrograph of a histologic section of feline skin.  
In the center of the image is a hair follicle containing a hair shaft (black arrow), which is 
invaded by and surrounded by Microsporum canis hyphae and arthrospores (black 
arrowhead). H&E stain. 200x magnification.   
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1.4. The Cutaneous Microbiome and its Relevance to Dermatophytosis   

Collectively, the microbes that inhabit epithelial surfaces of humans and animals 

are known as microbiota and compose the microbiome. The microbiome, particularly of 

the gut but also the skin, has become a source of intense investigation in recent years 

given the myriad roles it plays in health and disease, including 1) priming of the host 

immune system, 2) prevention of infection with pathogens, and 3) secretion of 

metabolites important for host health (Grice and Segre 2011; Gallo and Nakatsuji 2011; 

Stacy and Belkaid 2019).  NGS has allowed for more in depth examination of the 

microbiome than classical methods such as culture (Grice and Segre 2011).  

NGS studies of the cutaneous microbiome, including both shotgun metagenomic 

and amplicon sequencing studies, have revealed an amazing variety of microbes on the 

skin surface and have shown that disruption of microbial communities (dysbiosis) is 

associated with a variety of diseases/processes: atopic dermatitis, acne vulgaris, 

psoriasis, wound healing, cutaneous malignancies, white-nose syndrome in bats, 

systemic lupus erythematosus, and others (Sander et al. 2019; Grisnik et al. 2020; 

Meason-Smith et al. 2016; Langan et al. 2019). Most studies of the microbiome in 

disease are descriptive in nature and do not yet address questions of causation. It is often 

difficult to determine whether dysbiosis led to the disease in question or whether it is a 

product of the disease state (Sander et al. 2019). However, some studies, particularly of 

the gut microbiome, do support a causal role of the microbiota in disease such as one 

study showing that the host phenotype (e.g., obesity) can be transferred via microbiota 

transfer (Koh et al. 2020). In this age of descriptive microbiome studies with uncertain 
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causation, alterations of microbiota and associated microbial metabolites can still shed 

light on mechanisms of disease, serve as a biomarker for diagnostic assays, or represent 

a therapeutic target. 

Importantly, the microbiome has been found to protect against colonization by 

other pathogens by competing for essential nutrients, inducing host immune responses, 

and producing AMPs (Kamada et al. 2013; Gallo and Nakatsuji 2011; Stacy and Belkaid 

2019). Particular members of the cutaneous microbiota, including Staphylococcus 

epidermidis, were shown to activate components of host adaptive immunity including 

particular T-cell subsets (Stacy and Belkaid 2019). S. epidermidis in particular, can 

recruit cytotoxic T-cells to the skin that can induce host AMP production for protection 

against pathogens (Stacy and Belkaid 2019). S. epidermidis can also directly harm 

pathogens by secreting its own AMPs and proteases or competing for nutrients (Stacy 

and Belkaid 2019). This role of the microbiome could be important in protecting against 

dermatophyte infection. 

The microbiomes of both dogs and cats have been characterized using amplicon-

based sequencing, including the bacterial microbiome (16S amplicon-sequencing) and 

the fungal “mycobiome” (ITS amplicon-sequencing) (Meason-Smith et al. 2015, 2016; 

Older et al. 2019). In cats, breed and indoor versus outdoor lifestyle were evaluated and 

found to affect the microbiome, suggesting that these factors should be controlled for 

during experimental design (Older et al. 2019). Hair coat length was shown to have a 

potentially mild effect (Older et al. 2019). In one study, a Sphynx cat with no clinical 

signs of dermatophytosis was found to harbor Microsporum sp. on its back (0.08% 
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relative abundance, per discussion with study authors), suggestive of asymptomatic 

carriage (Older et al. 2019). In another study, only one cat, a Persian, was identified with 

high relative abundance of Microsporum sp. in the groin region (Meason-Smith et al. 

2016). The cat had clinically recovered from a bout of dermatophytosis a few months 

prior to participation in the study (per discussion with study authors) and had no lesions 

at the time of sampling, again suggestive of asymptomatic carriage of dermatophytes. 

Approximately one month following sample collection, this cat was found to have 

relapsed with active lesions of dermatophytosis. These findings demonstrate the ability 

of NGS to detect potential asymptomatic carrier cats. 

 

1.5. Dermatophytosis: Immunity and Genetics 

Both the innate and adaptive immune responses play a role in antifungal 

immunity, and genetic alterations in immune genes have been reported in association 

with dermatophytosis (Table 3) (Rouzaud et al. 2015; Lanternier et al. 2013; Glocker et 

al. 2009; Nielsen et al. 2015; Ferwerda et al. 2009; Jaradat et al. 2015; Abdel-Rahman 

and Preuett 2012; Sadahiro et al. 2004; Asz-Sigall et al. 2010; Garcia-Romero et al. 

2012). The first thing a cutaneous fungal pathogen such as a dermatophyte encounters 

when it begins its invasion is the intact skin barrier, the first blockade of the innate 

immune system. This physical barrier, along with its associated skin-surface AMPs and 

host microbiome, work to repel the invader (Gallo and Nakatsuji 2011; Smeekens et al. 

2014; Drummond et al. 2014; Fritz et al. 2012). Based on the current understanding of 

dermatophyte pathogenesis, the fungus will take advantage of microtrauma in the skin to 
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begin adhering to and penetrating corneocytes (Moriello et al. 2017). The dermatophyte 

can, at this point, activate receptors on the surface of myeloid cells or keratinocytes 

known as pathogen recognition receptors (PRRs); critical PRRs for antifungal defense 

include the C-type lectin receptors (CLRs) such as DECTIN-1 and DECTIN-2 and, to a 

lesser extent, toll-like receptors (TLRs), TLR-2 and TLR-4 (Drummond et al. 2014; 

Garcia-Romero et al. 2015). Specifically, these PRRs recognize molecules such as β-

glucans on the surface of the fungi. Only one genetic variant in PRRs has been 

associated with fungal disease, and this variant in the gene encoding DECTIN-1 

(CLEC7A) has been only tenuously associated with nail dermatophytosis in humans 

(Ferwerda et al. 2009; Marodi and Erdos 2010). Variants in individual PRR genes are 

thought to be less likely to cause disease due to the redundancy and collaborative 

responses across PRR receptors (Drummond et al. 2014).  

Activation of several different CLRs initiates intracellular signaling through the 

well-described CARD9 pathway. This pathway, involving SYK kinase, CARD9, 

BCL10, and MALT1, culminates in activation of NF-κB and ERK to induce pro-

inflammatory cytokine production, including the critical antifungal cytokine IL-17 

(Drummond et al. 2016). Card9-/- mice completely lose the ability to defend against 

systemic fungal infections and experience 100% mortality (Corvilain et al. 2018). In 

humans, CARD9 is the only gene associated with invasive/deep fungal infections 

(Merkhofer and Klein 2020). Several different autosomal recessive, nonsense and 

missense CARD9 mutations have now been identified in humans from the USA, Canada, 

Europe, Middle East, South America, and China and are associated with extensive 
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and/or deep dermatophytosis caused by Trichophyton spp.; other types of fungal 

infections (candidiasis, phaeohyphomycosis) are seen in some cases (Drummond et al. 

2016; Vaezi et al. 2018). At this point, it is still unclear why CARD9 deficiency is 

associated primarily with dermatophytosis over other fungal infections and why some 

patients live for decades before developing severe fungal infections while others develop 

disease early in life (Drummond et al. 2016). 

The innate recognition of fungi and induction of the CARD9 pathway leads to 

induction of adaptive, cell-mediated immunity and the Th17 response, which appears 

necessary for controlling superficial fungal skin infections (Sparber et al. 2018; Burstein 

et al. 2018). In a recently developed mouse model of M. canis infection, mice deficient 

in IL-17 or its receptors showed more extensive colonization of the epidermis and a 

stronger, more inflammatory Th1 response (Burstein et al. 2018). No invasion beyond 

the epidermis was noted in the IL-17 deficient mice (Burstein et al. 2018). In the very 

small number of human cases of IL-17 primary immunodeficiency, an increased 

prevalence of dermatophytosis has not been reported (Sparber et al. 2018).  

It is reported that IL-17 increases the expression of antifungal AMPs at the skin 

surface, including human β-defensin 2 and S100A7/psoriasin (Burstein et al. 2018). An 

immunohistochemical study of skin in adult T-cell leukemia/lymphoma patients (highly 

predisposed to dermatophytosis) found that IL-17 producing cells and S100A7 

expression were markedly reduced in affected patients versus healthy controls (Sawada 

et al. 2013). S100A7 has been shown to exhibit strong anti-dermatophyte activity in vitro 

and is highly expressed in normal cases of human dermatophytosis (Fritz et al. 2012). 
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In one additional immunohistochemical study, CD1a+ Langerhans cells were 

found to be present in lower numbers in the affected and unaffected epidermis of human 

patients with dermatophytosis versus healthy controls (Reis et al. 2019). Langerhans 

cells are important dendritic cells found in the epidermis that surveille for pathogens and 

sample pathogens for presentation to the adaptive immune system. The authors postulate 

having low numbers of these cells in the epidermis could be a risk factor for 

dermatophytosis but cautioned that additional study is needed (Reis et al. 2019). 

Regarding the genetics of dermatophytosis, it is also important to note that an 

early study identified an autosomal recessive mode of inheritance for susceptibility to 

chronic infection with the dermatophyte Trichophyton concentricum (Serjeantson and 

Lawrence 1977). However, other researchers found an autosomal dominant mode of 

inheritance for this phenotype, and others were unable to identify a pattern of inheritance 

(Abdel-Rahman 2017). The findings were controversial, and a specific genetic locus 

associated with disease was never identified in the affected populations.   

  



 

18 

 

Table 3. Literature review of genetics of dermatophytosis.  
Initial studies for each gene.  

Article 
Genetics of what 

aspect? 
Genotyping 

method 

Approach to 
genetic 

mapping 

Genes 
implicated 

Type of 
variant 

Notes 

Glocker 
2009 

Severe CMC and 
chronic 

dermatophytosis 
SNP array 

Linkage 
analysis; 
candidate 

gene 

CARD9 
SNV 

(nonsense), 
AR 

Q295X; Iranian 
family; validated 

Lanternier 
2013 

Severe, chronic and 
deep 

dermatophytosis 

Sanger 
sequencing 

Candidate 
gene 

CARD9 
SNV 

(nonsense), 
AR 

Q289X; African 
families; validated; 
Trichophyton spp. 

Nielsen 
2015 

CMC,bacterial 
abscesses, extensive 

dermatophytosis 

Exome 
sequencing 

Candidate 
gene 

STAT1 
SNV 

(missense), 
AD 

T. mentagrophytes; 
gain-of-function 

mutation; validated 

Ferwerda 
2009 

CMC and nail 
dermatophytosis 

Sanger 
sequencing 

Candidate 
gene 

CLEC7A 
(Dectin-1) 

SNV 
(nonsense) 

Not validated; 
controversial; Y238X 

Jaradat 
2015 

Susceptibility to 
typical 

dermatophytosis 
qPCR 

Candidate 
gene 

DEFB4 CNV Not validated 

Abdel-
Rahman 

2012 

Susceptibility to 
typical 

dermatophytosis 
SNP array 

GWAS; 
candidate 

gene 
21 genes SNVs 

Not validated; small 
sample size 

Sadahiro 
2004 

Chronic 
dermatophytosis 

HLA typing 
kits 

Candidate 
gene 

HLA genes NA Not validated 

Asz-Sigall 
2010 

Susceptibility to 
nail 

dermatophytosis 
HLA typing 

Candidate 
gene 

HLA genes NA Not validated 

NOTE.—AD, autosomal dominant; AR, autosomal recessive; CMC, chronic 
mucocutaneous candidiasis; CNV, copy number variant.  
 
 
 
1.6. Feline Genetic Diseases and Approaches 

The desire to improve the health of cats and their utility as animal models has led 

to rapid advances in feline genomics and the development of a consortium dedicated to 

uncovering cat genetic variation (the 99 Lives Cat Genome Sequencing Initiative) 

(Lyons 2019). Several tools for investigating the genetics of feline diseases are now 

available to veterinarians and researchers, including NGS technologies, a high-quality 

feline genome assembly (felCat9), and a growing database of feline genomic variation 

curated by the 99Lives Consortium (Lyons 2019; Li et al. 2016; Mauler et al. 2017). 

Approximately twenty examples now exist of feline genetic diseases or traits that have 
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been elucidated using whole genome sequencing in conjunction with bioinformatic and 

statistical analyses (Lyons 2019). Examples of genetic diseases that have been 

investigated in client-owned cats using whole-genome sequencing include 

neurodegenerative disease (Niemann-Pick type C1), cardiac disease (hypertrophic 

cardiomyopathy), hematologic disease (cytochrome b5 reductase deficiency), ocular 

diseases (retinopathies and cataracts), and others (Mauler et al. 2017; Ontiveros et al. 

2019; Oh et al. 2017; Jaffey et al. 2019). 

For rare Mendelian diseases, likely causative mutations have been found by 

analyzing DNA from a single animal or few affected animals in conjunction with the 

99Lives database of genomic variation (Mauler et al. 2017). This approach identifies 

variants that are unique to the animal with the disease/trait of interest and not present in 

a large number of control animals. As many variants will be identified by this approach 

that are not pathogenic, disease-causing variants must be narrowed down by examining 

evolutionary conservation, potential effects on protein structure, population allele 

frequencies, and functional genomics data, where available (Eilbeck et al. 2017). 

For diseases where populations of cases and controls can be sampled, GWAS 

studies allow for identification of SNPs that are significantly associated with disease. 

GWAS using linear mixed models (for example, EMMAX) has become popular for its 

ability to correct for population structure and relatedness (Zhou and Stephens 2012). 

GWAS can be performed with smaller sample sizes in dogs and cats than in humans due 

to higher linkage disequilibrium (Karlsson et al. 2007; Gandolfi et al. 2018). GWAS for 

monogenic traits or large effect variants also requires fewer samples than GWAS for 
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polygenic traits. When causative mutations are identified, diagnostic tests can be 

developed and targeted treatments sought, improving overall patient care. Modern NGS 

technologies coupled with continually improving genome assemblies allow for 

identification of disease variants which can provide a deeper understanding of disease 

pathogenesis in cats. 
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2. CHARACTERIZATION OF THE CUTANEOUS MYCOBIOTA IN PERSIAN 

CATS WITH SEVERE DERMATOPHYTOSIS* 

 

2.1. Introduction 

Dermatophytosis is a common infection of the hair, skin, and nails caused by a 

group of keratinophilic, filamentous fungi referred to as dermatophytes (Gnat et al. 

2019). This disease occurs in humans and animals worldwide, and is caused by several 

different species of dermatophytes that exhibit preferences for particular hosts (Gnat et 

al. 2019). While dermatophytosis is typically mild and self-limiting, it is a zoonotic 

disease with an enormous impact on human and animal welfare (Gnat et al. 2019). 

Though uncommon, severe infections, including deep, nodular infections, are reported in 

both humans and animals (Lanternier et al. 2013; Chang et al. 2011).  

Feline dermatophytosis is most commonly caused by Microsporum canis 

(Moriello et al. 2017). In one study, Persian cats represented 5% of the total cats seen by 

a small animal hospital but accounted for 25% of the cats diagnosed with 

dermatophytosis (Lewis et al. 1991). Additionally, dermatophytic pseudomycetomas 

(pyogranulomatous masses caused by the fungus) occur almost exclusively in Persian 

cats (Moriello et al. 2017). It has been suggested that asymptomatic carriage of 

dermatophytes (also referred to as “mechanical carriage” of spores or “fomite carriage”) 

                                                 

*Reprinted with permission from "Characterization of the cutaneous mycobiota in Persian cats with severe 
dermatophytosis" by Alexandra N. Myers, Caitlin E. Older, Alison B. Diesel, Sara D. Lawhon, Aline 
Rodrigues Hoffmann, 2021, Veterinary Dermatology, Copyright 2021 ESVD and ACVD. 
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is more common in Persian cats than in other breeds (Nitta et al. 2016); however, this 

has not been thoroughly investigated outside of contaminated catteries.  

It is unknown why Persian cats are afflicted more commonly and more severely 

than other breeds. Prevailing theories include 1) ineffective grooming of the long hair 

coat, 2) an altered cutaneous microenvironment, or 3) a primary (genetic) 

immunodeficiency (Nuttall et al. 2008). A recent study of feline grooming mechanics 

provides some support for ineffective grooming in Persian cats (Noel and Hu 2018). 

Only anecdotal evidence exists thus far for a potential genetic predisposition. Alterations 

to the feline cutaneous microenvironment during dermatophytosis, particularly 

alterations in the microbiota, have only been examined with culture-based methods. In 

one particular culture-based study, cats initially infected with M. canis had cultures with 

mixed populations of M. canis and saprophytic fungi; after 30 days, all of these cats had 

pure cultures of M. canis, suggesting decreased fungal diversity in the face of clinical 

dermatophytosis (Moriello 1991). 

NGS methods have allowed for more in-depth examination of the cutaneous 

microbiome than culture-based methods and have revealed a wide variety of microbes 

on the skin surface (Findley et al. 2013). Several NGS studies have shown that 

disruption of microbial communities (dysbiosis) is associated with a variety of 

diseases/processes in humans and animals, including atopic dermatitis, acne vulgaris, 

psoriasis, wound healing, cutaneous malignancies, and white-nose syndrome in bats 

(Sander et al. 2019; Grisnik et al. 2020; Meason-Smith et al. 2016; Langan et al. 2019).  
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Importantly, the microbiome has been found to protect against colonization by 

pathogens. For example, particular members of the cutaneous microbiota, including 

Staphylococcus epidermidis, were shown to activate components of host adaptive 

immunity including particular T-cell subsets (Stacy and Belkaid 2019). S. epidermidis 

can also directly harm pathogens by secreting AMPs and proteases or competing for 

nutrients (Stacy and Belkaid 2019). Therefore, the bacterial and fungal cutaneous 

microbiota could be important in protecting the host against dermatophyte infection.  

In this study, we employed targeted next-generation sequencing and quantitative 

PCR to profile the fungal microbiome of Persian cats with severe dermatophytosis. We 

hypothesized that Persian cats with severe disease would exhibit a cutaneous dysbiosis 

characterized by decreased microbial diversity and a high relative abundance of 

Microsporum canis. We further hypothesized that healthy Persian cats would harbor 

different microbial populations than non-Persian cats. 

 

2.2. Materials and Methods 

2.2.1. Ethics 

An animal use protocol (IACUC 2018-0256 CA) was approved by the Texas 

A&M University Institutional Animal Care and Use Committee to enroll clinical cases 

for this study. Informed written consent was obtained from each owner. 
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2.2.2. Participants 

Study participants included 26 adult Persian cats and 10 adult domestic long-

haired cats (Table 1). Detailed sample metadata can be found in Appendix A. Persian 

cats were divided into three groups according to their clinical history and veterinary 

exam findings. Group 1, referred to as ‘naïve Persian controls’, included 11 Persian cats 

with no lesions or history of dermatophytosis; Group 2, referred to as ‘resistant Persian 

controls’, included eight Persian cats with documented past exposure to dermatophytes 

but no history of severe/chronic infection; Group 3, referred to as ‘Persian cases’, 

included seven Persian cats with severe infections, including disseminated, chronic, and 

deep infections (cases). Ten healthy DLH cats with no history of dermatophytosis served 

as a non-breed matched control population.  

All Group 3 cats had at least two different diagnostic tests positive for 

dermatophytosis at the time of sample collection, including culture and one or more of 

the following: Wood’s lamp examination, skin cytology, trichogram, PCR, or biopsy. 

These cats exhibited clinical signs including alopecia over a large area of the body, 

scaling, erythema, pruritus, and easily epilated hair. Five of these cats had chronic or 

recurrent infections despite previous treatment with oral itraconazole or terbinafine and 

topical lime sulfur treatments. Two cats had biopsy-confirmed pseudomycetoma in 

addition to the lesions previously described. Three of the Persian cases received oral 

and/or topical antifungal treatment within one month of sample collection. 
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2.2.3. Sample Collection and Sequencing 

For each animal, two skin swabs (Isohelix, Cell Projects Ltd., Harrietsham, UK) 

were rubbed on five total skin sites: inter-scapular, dorsal tail-base, axilla, groin, and 

facial folds. These two swabs were immediately stored together in a single MoBio 

PowerBead tube (MoBio Laboratories, Inc., CA, USA), and this sample was referred to 

as the ‘general’ swab. For each of six Group 3 Persian cats with lesions, two additional 

swabs were rubbed on a single lesion. These two swabs were immediately stored 

together in a single MoBio PowerBead tube, and this sample was referred to as the 

‘lesion’ swab. During swabbing, the hair was spread with gloved hands and swabs were 

rubbed ten times on each side of the swab on the skin within a 1 in2 area at each site. All 

swabs were stored within the MoBio PowerBead tube at 4°C for no more than two 

weeks before DNA extraction. Owners were instructed to use the same swabbing 

method—using the same type of swab—to collect samples from the household 

environment (specifically a site of carpet or bedding frequented by the cat). 

DNA was extracted from skin and household environmental swabs using the 

MoBio PowerSoil® DNA Isolation Kit (MoBio Laboratories, Inc., CA, USA) with a 

modified protocol. Modifications to the manufacturer’s protocol were 1) a reduction in 

volume of Solution C4 from 1.2 mL to 900 µL and 2) a reduction in volume of Solution 

C6 from 100 µL to 50 µL. Negative extraction controls were performed, including an 

unused Isohelix swab and a MoBio PowerBead tube without a swab. 16S sequencing 

was not performed on the environmental swabs. 
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Extracted DNA was sequenced at the University of Minnesota Genomics Center 

(Minneapolis, MN, USA) on an Illumina MiSeq (Illumina, Inc., San Diego, CA). The 

fungal ITS1 region was targeted using primers forward ITS1F_Nextera: 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGTCATTTAGAGGAAG

TAA and reverse ITS2_Nextera: 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCGAT

GC. The 16S V1-V3 region was targeted using primers V1_27F_Nextera: 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAGTTTGATCMTGGCTC

AG and V3_534R_Nextera: 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATTACCGCGGCTGCTGG. 

Due to the low number of bacterial reads in many of these samples and lack of 

amplification of Staphylococcus spp. from the mock community (positive control), the 

results of the 16S microbiota analysis were minimally interpreted. The sequences 

analyzed are available in the NCBI Sequence Read Archive under BioProject ID 

PRJNA704990. 

 qPCR targeting the ITS1 region was performed as described in section 1A.II of 

the protocol developed by Gohl et al (2016). The qPCR was performed for 35 cycles on 

undiluted as well as 8-fold and 64-fold diluted template using the same primers as above. 

The resulting Cq values provided an estimate of the absolute abundance of fungal DNA 

in each sample. 
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2.2.4. Data Analysis 

Raw ITS and 16S sequencing data were adapter- and quality-trimmed using Trim 

Galore! (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Quality 

trimming was performed to a quality threshold of 18 as recommended by Mohsen et al 

(2019). ITS sequences were further processed with QIIME 2 v.2020.2 (Bolyen et al. 

2019), including denoising with DADA2 (Callahan et al. 2016) and taxonomy 

assignment using the UNITE (dynamic_04.02.2020) ITS database for fungi (Nilsson et 

al. 2018) and a scikit-learn classifier (Abraham et al. 2014). For bacteria, the SILVA 16S 

v132 99% database was used for taxonomy assignment (Quast et al. 2012).  

Removal of contaminant taxa was performed for both ITS and 16S sequencing 

data. For ITS data, the Decontam R package (Davis et al. 2018) was used to remove two 

contaminant taxa using the “prevalence” method with the isContaminant command at a 

probability threshold of 0.5. Manual filtering was performed for one particular amplicon 

sequence variant (correlating with Malassezia sp.) that was not removed by Decontam 

but was highly abundant in the swab control sample. For 16S data, The Decontam R 

package was used to remove contaminant taxa using the “prevalence” method and the 

isNotContaminant command. ASVs attributed to Methylobacterium spp., a previously 

described contaminant in microbiota studies (Salter et al. 2014), were also removed, in 

addition to sequences not classified to at least phylum-level. 

Alpha diversity metrics including Shannon, Pielou’s evenness, and observed 

ASVs were calculated to uncover species richness and evenness within samples. Faith’s 

phylogenetic diversity was also calculated for 16S data. Distance matrices were 
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generated using Bray-Curtis dissimilarity and Jaccard distance metrics to enable 

evaluation of community structure and were visualized using PCoA plots generated with 

Emperor (Vazquez-Baeza et al. 2013, 2017). Weighted and unweighted UniFrac metrics 

were also used for bacterial 16S data. 

 

2.2.5. Dermatophyte Culture 

Toothbrushes were used to collect hair samples and to inoculate DTM plates 

(Hardy Diagnostics, Santa Maria, CA, USA) using the Mackenzie toothbrush method 

(Moriello et al. 2017). Plates were incubated at room temperature and evaluated daily for 

fungal growth for up to 21 days. If a potential dermatophyte could not be definitively 

identified by standard morphological methods, direct colony PCR targeting the fungal 

ITS2 region was performed followed by Sanger sequencing to confirm the identity of the 

colony (see section 2.2.6). The number of dermatophyte colonies was used to help 

differentiate asymptomatic/fomite carriers and infected individuals, as previously 

described (Moriello et al. 2017). 

 

2.2.6. Direct colony PCR 

If a potential dermatophyte could not be definitively identified by standard 

morphological methods, direct colony PCR targeting the fungal ITS2 region was 

performed followed by Sanger sequencing to confirm the identity of the colony. 

Sequencing of the fungal ITS2 region allows for differentiation of Microsporum canis 

from other dermatophyte species (Li et al. 2008). 
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As described by Walch et al. (2016), a pinpoint amount of the fungal colony in 

question was collected with a sterile, disposable inoculation needle and placed directly 

into the PCR reaction mixture described below. 

Conventional PCR targeting the fungal ITS2 region was performed with the following 

primers: ITS3-F (5’-GCATCGATGAAGAACGCAGC-3’) and ITS4-R (5’-

TCCTCCGCTTATTGATATGC-3’). The total volume of the PCR reaction was 25 µL 

consisting of 12.5 µL of AccuStart II PCR ToughMix (Quantabio, Beverly, MA, USA) 

0.2 µM of each primer, 1 µL of template or pinpoint amount of fungal colony, and water 

up to the reaction volume. The reaction mixture was denatured at 95°C for 3 min, 

followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 59°C for 15 s, and 

extension at 68°C for 45 s. This was followed by a final extension step for 5 min at 68°C 

in a T100TM Thermal cycler (Bio-RAD Laboratories, Emeryville, CA, USA). Each 

batch of PCRs included a negative PCR control (template consisting of 1 µL of DNA-

free molecular-biology-grade water), and a positive PCR control (1 µL of purified 

Cryptococcus neoformans DNA). 

PCR products were submitted to a commercial laboratory (Eton Bioscience, Inc., 

San Diego, CA, USA) for purification and Sanger sequencing. Sequences were queried 

with BLASTn (National Center of Biotechnology Information, Washington DC, 

www.ncbi.nlm.nih.gov/BLAST). 
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2.2.7. Statistical Methods 

Statistical significance of qPCR results and alpha diversity results was analyzed 

using the Wilcoxon rank sum or Kruskal-Wallis test in JMP Pro 15 (SAS Institute, Cary, 

NC, USA). For beta diversity results, ANOSIM (analysis of similarities) was performed 

on the distance matrices using the vegan package in R (Oksanen et al. 2019). Linear 

Discriminant Analysis (LDA) Effect Size (LEfSe) algorithm (Segata et al. 2011) was 

used to analyze differential taxa abundance with an LDA cutoff score of 2.5 and 

significance cutoff of p<0.01. The Benjamini-Hochberg procedure for p-value correction 

(Benjamini and Hochberg 1995) was used to correct for multiple comparisons where 

appropriate. 

 

2.3. Results 

For NGS targeting the ITS region, 55 samples were collected from Group 1, 

Group 2, and DLH healthy control cats (29 general swabs and 11 environment swabs) 

and Group 3 Persian cats with severe dermatophytosis (7 general swabs, 6 lesion swabs, 

and 2 environment swabs; Table 4). Of these samples, three were excluded from 

downstream analysis due to low sequence counts: One severe dermatophytosis general 

swab (sample 30G) and two healthy DLH general swabs (samples 23G and 26G).   

After filtering, 1,018 ASVs were identified from four fungal phyla: Ascomycota, 

Basidiomycota, Chytridiomycota, and Mucoromycota. The mean number of reads per 

sample was 10,648. The feature table was rarefied to 1,800 sequences/sample.  
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Table 4. Overview of cats enrolled in cutaneous microbiota study.  

Cat# Group 
Samples 
Collected 

Age Sex 
Recent 

Antifungals 
1 naïve Persian control G, E 1-5 M no 
2 naïve Persian control G, E >10 F no 
3 naïve Persian control G >10 F no 
4 naïve Persian control G, E 6-10 M no 
5 naïve Persian control G 1-5 M no 
6 naïve Persian control G, E 1-5 F no 
7 naïve Persian control G, E >10 M no 
8 naïve Persian control G, E >10 M no 
9 naïve Persian control G 1-5 M no 

10 naïve Persian control G, E >10 F no 
11 naïve Persian control G, E >10 F no 
12 resistant Persian control G >10 M no 
13 resistant Persian control G >10 M no 
14 resistant Persian control G, E 1-5 F no 
15 resistant Persian control G 6-10 M no 
16 resistant Persian control G 6-10 F no 
17 resistant Persian control G 6-10 F no 
18 resistant Persian control G, E 1-5 M no 
19 resistant Persian control G, E 6-10 M no 
20 DLH control G 1-5 F no 
21 DLH control G 1-5 F no 
22 DLH control G 6-10 M no 
23 DLH control G >10 F no 
24 DLH control G >10 F no 
25 DLH control G 1-5 M no 
26 DLH control G 1-5 M no 
27 DLH control G 6-10 M no 
28 DLH control G >10 F no 
29 DLH control G 1-5 M no 
30 Persian case G, L, E >10 M no 
31 Persian case G, L 6-10 F no 
32 Persian case G, L 1-5 F yes 
33 Persian case G, L 6-10 F no 
34 Persian case G, L 6-10 M no 
35 Persian case G 1-5 F yes 
36 Persian case G, L, E 6-10 M yes 

NOTE.—DLH, domestic longhair; E, environmental swab; F, female; G, general swab; L, 
lesion swab; M, male. Reprinted with permission from Myers et al. (2021). 
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For NGS targeting the 16S V1-V3 region, 42 samples were collected and 

sequenced (same samples used for ITS sequencing, minus the environmental swabs) in 

addition to negative control swabs and a mock community (positive control) swab. 

Detailed sample metadata can be found in Appendix A. Of these samples, 14 were 

excluded from downstream analysis due to low sequence counts, leaving 8 DLH control 

swabs, 15 Persian control swabs, and 5 Persian severe dermatophytosis swabs (including 

both general and lesion swabs). The mean number of 16S reads per sample was 7,207. 

The feature table was rarefied to 1,500 sequences/sample. The bacterial mock 

community submitted as a positive control sample had a theoretical/expected relative 

abundance of Staphylococcus spp. of 24%. After data processing, the mock sample was 

found to have only 0.37% relative abundance of Staphylococcus spp. while all other taxa 

exhibited relative abundances that were similar to expected. 

 
2.3.1. Species richness and diversity 

For fungi, alpha diversity metrics (Shannon, observed ASVs, and Pielou’s evenness) 

showed no significant differences in fungal species evenness or richness between healthy 

Persian cats and healthy DLH cats or between Persian cats with dermatophytosis and all 

healthy cats (Table 5). Likewise, no differences were observed between lesion swabs 

and the general swabs collected from the same affected cats (Shannon p=0.505; 

Observed ASVs p=0.360; Pielou’s p=0.627). 

For bacterial alpha diversity metrics, no significant differences were observed 

between Persians with dermatophytosis and all healthy cats or between healthy Persian 

cats and healthy DLH cats (Table 6). 
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Table 5. Statistical analysis of fungal alpha and beta diversity metrics. 

NOTE.—All alpha diversity values are Wilcoxon rank sum p-values. Beta diversity values 
are ANOSIM R values and p-values. Bolded values are significant at p=0.05 or less. 
Reprinted with permission from Myers et al. (2021). 
 
 
 
2.3.2. Microbial community structure 

Fungal community structure (beta diversity) was mildly but significantly different 

between all healthy cats and Persian cats with dermatophytosis, as demonstrated by the 

Bray-Curtis dissimilarity index (Figure 3 and Table 5). However, the Jaccard distance 

metric did not indicate significance (Table 5). No differences in fungal community 

structure were observed between healthy Persian cats and healthy DLH cats (Table 5). 

For bacterial beta diversity metrics, no significant differences were observed 

between Persians with dermatophytosis and all healthy cats or between healthy Persian 

cats and healthy DLH cats (Table 6). 

 

 

 
  

  
Cases (General + Lesion 
Swabs) vs All Control 

Lesion Swabs Only 
vs All Control 

Healthy Persian vs 
DLH 

Alpha Diversity       

Observed ASVs 0.763 0.726 0.625 

Shannon  0.505 0.926 0.926 

Pielou’s 0.342 0.898 0.912 

Beta Diversity       

Bray Curtis R=0.14, p=0.05 R=0.22, p=0.05 R=-0.05, p=0.84 

Jaccard R=0.14, p=0.06 R=0.23, p=0.06 R=-0.07, p=0.87 
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Table 6. Statistical analysis of bacterial alpha and beta diversity metrics. 

  
Case (General + Lesion Swabs) vs 

All Control 
Healthy Persian vs 

DLH 

Alpha Diversity     

Observed ASVs 0.4288 0.4288 

Shannon  0.2411 0.2411 

Pielou's evenness 0.7415 0.7026 

Faith's PD 0.4894 0.4894 

Beta Diversity     

Bray Curtis R=0.05, p=0.75 R=-0.04, p=0.75 

Jaccard R=0.04, p=0.34 R=0.09, p=0.34 

Unweighted UniFrac R=0, p=0.45 R=-0.01, p=0.45 

Weighted UniFrac R=0, p=0.45 R=0.07, p=0.31 
NOTE.—All alpha diversity values are Wilcoxon rank sum p-values. Beta diversity values 
are ANOSIM R values and p-values. Reprinted with permission from Myers et al. 
(2021). 
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Figure 3. Principle coordinate analysis (PCoA) plot of Bray-Curtis distance matrix 
comparing fungal communities on Persian cats with severe dermatophytosis to 
healthy control cats. 
Fungal community structure of healthy control (Persian cats and domestic longhair cats) 
cats is mildly but significantly different from that of Persian cats with dermatophytosis 
(R=0.14, p=0.05). Persian cats with dermatophytosis are labeled with case number so 
that general swabs (G) and lesion swabs (L) from the same cat can be visualized relative 
to each other. Reprinted with permission from Myers et al. (2021).  
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2.3.3. Microbial community composition 

The composition of fungal communities in Persian cats with dermatophytosis and 

healthy cats were similar, with the exception of Microsporum sp., which was identified 

on the skin of all clinically affected cats but not on the controls (Figure 4). Microsporum 

sp. relative abundance in cases ranged from 3% to 88% with an average of 8% in general 

skin swabs and 29% in lesion swabs. In addition to a higher relative abundance of 

Microsporum sp. and its parent taxa, LEfSe analysis identified a higher relative 

abundance of Bjerkandera sp. in the general and lesion swabs from Persian cats with 

dermatophytosis. However, this taxa was only identified in three cats enrolled at the 

same clinic and may therefore be specific to that clinic or geographic location. While not 

significantly differentially abundant, Candida sp. and Debaryomyces sp. also appeared 

to have higher relative abundance in these three cats (Figure 4). Across all cats, the most 

common fungal phyla, Ascomycota and Basidiomycota, were present at 47% and 46% 

average relative abundances, respectively. The most abundant families across all cats 

were Malasseziaceae, Didymosphaeriaceae, and Aspergillaceae. The most common 

fungal genus on both affected and healthy cats was Malassezia, with an average relative 

abundance of 15%.
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Figure 4. Relative abundance of fungal taxa on the skin of all cats. 
Domestic longhair controls are referred to as ‘DLH control’, Group 1 Persian cats are referred to as ‘naïve Persian’, Group 2 
Persian cats are referred to as ‘resistant Persian’, and each case of Group 3 severe dermatophytosis is identified by sample 
name so that lesion and general swabs from the same cat can be compared. Cases 32, 33, and 34 were enrolled at 
approximately the same time from the same clinic in Italy. Reprinted with permission from Myers et al. (2021). 
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The relative abundance of bacterial taxa in each sample are shown in Figure 5. 

LEfSe analysis identified several bacterial taxa that had significantly higher relative 

abundance in cases versus controls (Figure 6); however, this was based on only five 

swabs from cases (two general swabs and 3 lesion swabs). Further, the majority of taxa 

identified as differentially abundant are unique to the general and lesion swab from Case 

34, and these taxa may be specific to that particular clinic or geographic region. When 

healthy Persian cats were compared with healthy DLH cats, LEfSe analysis identified 

Corynebacteriaceae as more abundant on Persian cat skin and Moraxella as more 

abundant on DLH skin (Figure 7). Average relative abundances of Moraxella species 

were <1% in both DLHs and Persian cats however.  

Across all cats, the main bacterial phyla identified were Actinobacteria (mean 

relative abundance = 44.8%), Proteobacteria (28.2%), Firmicutes (12.1%), and 

Bacteroidetes (10.4%). The most abundant families across all cats were 

Corynebacteriacea (19.7%), and Propionibacteriaceae (13.9%). The most common 

genus on both affected and healthy cats was Corynebacterium. Corynebacterium was 

found at an average relative abundance of 24% on Persian cats specifically, but only 

2.4% on DLH cats. However, two healthy Persian control cats from the same household 

both had a bacterial microbiota composed of >97% Corynebacterium, skewing the 

average relative abundance in Persians cats. If these two cats are excluded, the average 

relative abundance of Corynebacterium in Persian cats is still higher than DLH cats at 

16.0%.
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Figure 5. Relative abundance of bacterial taxa on the skin of all cats. 
Domestic longhair controls are referred to as ‘DLH control’, Group 1 Persians are referred to as ‘naïve Persian’, Group 2 
Persians are referred to as ‘resistant Persian’, and each case of Group 3 severe dermatophytosis is identified by sample name 
so that lesion and general swabs from the same cat can be compared. Reprinted with permission from Myers et al. (2021). 
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Figure 6. Bacterial taxa more differentially abundant on Persians with severe 
dermatophytosis than on all healthy control cats.  
Plot created using LEfSe (LDA>2.5, p<0.01). Reprinted with permission from Myers et 
al. (2021). 
 
 
 

 

 
Figure 7. Bacterial taxa differentially abundant on healthy Persian cats compared 
with healthy control cats.  
Plot created using LEfSe (LDA>2.5, p<0.01). Reprinted with permission from Myers et 
al. (2021).  
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2.3.4. Absolute abundance of fungal DNA 

Quantitative PCR targeting the ITS1 region revealed that swabs from Persian cats 

with dermatophytosis exhibited higher estimated absolute abundance of fungal DNA 

than healthy cats, as evidenced by significantly lower Cq values (Figure 8). Significance 

was maintained over a range of sample dilutions (undiluted p=0.018; 8-fold dilution 

p=0.016; 64-fold dilution p=0.010). 

 

 

 

Figure 8. Absolute abundance of fungal DNA.  
Plot of qPCR results from undiluted sample providing an estimate of absolute abundance 
of fungal DNA in samples from Persian cats with severe dermatophytosis (n=12) and 
healthy control cats (Persian cats and domestic longhair cats, n=28). Lower Cq values 
indicate higher estimated absolute abundance of fungal DNA. Persian cats with 
dermatophytosis exhibit significantly higher estimated absolute abundances of fungal 
DNA. Reprinted with permission from Myers et al. (2021). 
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2.3.5. Culture results and detection of asymptomatic carriers 

Microsporum canis was cultured from all of the Group 3 Persian cases. M. canis 

was also cultured from two asymptomatic Persian cats that were housed in an 

environment known to be contaminated with dermatophytes. Less than five colonies 

were observed on the culture plates of these two cats, consistent with asymptomatic 

carriage of spores due to environmental contamination (Moriello et al. 2017). NGS 

failed to detect M. canis DNA from skin swabs of these two cats. No other control cats 

were positive for dermatophyte growth in culture. NGS did detect Trichophyton rubrum 

on one culture-negative, asymptomatic Persian control at a relative abundance of 9%. T. 

rubrum was found at 4% relative abundance in this cat’s environment. 

 

2.3.6. Direct colony PCR results 

In two cases (case 32 and case 35), culture revealed colonies with morphologic 

features of Microsporum canis but without significant sporulation to confirm 

identification. Direct colony PCR and sequencing in both of these cases yielded 

sequences with 100% identity to Microsporum canis only. 

 

2.3.7. Dermatophytes in the environment 

Swabs of the home environment exhibited significantly higher fungal alpha 

diversity than samples obtained from feline skin (p-value <0.0001 for Shannon, observed 

ASVs, and Pielou’s evenness). Of the two environmental samples obtained from Persian 

cats with dermatophytosis, both contained Microsporum DNA at relative abundances of 
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2% and 3%, respectively. Of the 11 environmental swabs obtained from Persian control 

cats, none had detectable Microsporum DNA, but two had Trichophyton rubrum DNA at 

4% and <1% relative abundance. 

 

2.4. Discussion 

Previous research has not explained the increased incidence and severity of 

dermatophytosis in Persian cats. The influence of the cutaneous microbiota was 

examined here given that changes to the host microbiota are associated with several skin 

diseases in humans and animals. NGS successfully identified Microsporum sp. DNA 

from all cases of Persian cat dermatophytosis and from none of the healthy control cats. 

We did not identify an underlying fungal dysbiosis associated with dermatophytosis in 

this breed. Furthermore, no significant differences were identified in the bacterial 

microbiota between cases and controls, although only a few samples had enough 

bacterial sequences that could be used for downstream analysis. This suggests that 

alterations in the cutaneous microbiota, aside from M. canis itself, do not play a role in 

pathogenesis. The idea that the microbiome can be a host defense mechanism is well 

established (Stacy and Belkaid 2019); however, the microbiota of these cats does not 

appear to play a role in defense against dermatophytes. These results do indicate that 

NGS (ITS amplicon sequencing) is capable of consistently identifying dermatophytes on 

the hair and skin of clinically affected cats. 

We expected to see decreased alpha diversity from lesions of dermatophytosis, as 

a previous culture-based study showed that saprophyte growth decreased to zero as 



 

44 

 

lesions progress over time (Moriello 1991). Additionally, two studies evaluating the 

microbiota of humans with tinea pedis (dermatophyte infection of the feet) showed 

decreased fungal diversity on lesional skin (Liu et al. 2019; Wang et al. 2018). However, 

our findings indicate that fungal diversity was similar on dermatophyte lesions and 

normal skin. Overall, healthy control samples had low fungal diversity and were often 

composed of a few predominant taxa, which may explain the lack of significant 

difference in diversity between cases and controls. 

The fungal microbiota of healthy Persian cats is not significantly different from 

that of the DLH cats included in this study. This was investigated due to previously 

described breed-related differences in feline microbiota compositions (Older et al. 2019). 

There does not appear to be any unique features of the normal Persian cat fungal 

microbiota that might explain the increased incidence and severity of dermatophytosis. 

Importantly, the normal Persian cat microbiota does not contain M. canis.  

M. canis was cultured from the hair coat of two Group 2 asymptomatic Persian 

cats that occupied the same environment as another Persian cat with severe 

dermatophytosis. Few colonies of M. canis grew on the culture plates from these cats, 

and these findings are consistent with asymptomatic carriage of dermatophyte spores on 

the hair coat due to environmental contamination (Moriello et al. 2017). NGS did not 

detect Microsporum DNA on these cats; this is most likely due to a combination of low 

spore abundance and the sample collection method. While the Mackenzie toothbrush 

method samples the hair coat of the entire cat, the microbiome swabbing method used in 

this study samples only a small surface area of the skin while avoiding the hair as much 
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as possible. This swabbing method commonly used for NGS is therefore not likely to 

consistently detect low numbers of spores on the hair coat of asymptomatic carrier cats.  

Regarding the environmental microbiota of Persian cats, the findings are as 

expected, with Microsporum DNA detected only in the environment of clinically 

infected cats (Moriello et al. 2017). Trichophyton rubrum DNA was detected in the 

environment of two Persian cats and on the hair coat of one of those cats. This is an 

anthropophilic dermatophyte typically associated with human infections (including foot 

and nail fungal infections), and it has been shown previously that cats may carry this 

dermatophyte asymptomatically (Moriello et al. 2017). In these two Persian cat 

households, we suspect that T. rubrum was spread to the environment and subsequently 

the hair coat of a cat by an infected human. 

 A key limitation of this study is the limited number of cases, with three of the 

seven cases in Group 3 enrolled from one clinic in Italy. The microbiota of these cats 

contained unique taxa, but effects of geography or presence of environmental fungi in 

that particular clinic may explain these differences rather than an association with 

dermatophytosis. Inclusion of more cases from various locations would have been ideal. 

An additional limitation was the treatment of three cases with oral and topical antifungal 

drugs within one month of sample collection. This may have altered the diversity and 

structure of microbial communities, although dermatophytes were still detected on all 

three cats via NGS and culture. Given the low sample size and lack of high-quality 

bacterial microbiota data, further work may be needed to confirm whether the Persian 

skin microbiome plays a role in development of dermatophytosis. 
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In summary, the microbiota of Persian cats afflicted with dermatophytosis is 

different from healthy cats only in the increased abundance, absolute and relative, of 

Microsporum sp. No other significant differences were identified to indicate that an 

underlying dysbiosis exists. This study further supports that M. canis is not a component 

of the normal cat microbiota or of the normal Persian cat microbiota specifically. Other 

contributors to the increased incidence and severity of dermatophytosis in Persian cats 

should be sought, such as primary immunodeficiency, ineffective grooming, or unique 

features of Persian cat hair. 
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3. AN ANCIENT HAPLOTYPE CONTAINING ANTIMICROBIAL PEPTIDE GENE 

VARIANTS IS ASSOCIATED WITH SEVERE DERMATOPHYTOSIS IN PERSIAN 

CATS 

 

3.1. Introduction 

Superficial fungal infections of the hair, skin, and nails affect an estimated 1 

billion people globally and are the most common type of fungal infection in the world. 

These infections are most often caused by fungi known as dermatophytes, and the 

infection itself may be referred to as dermatophytosis, tinea, or a more commonly known 

name—ringworm (Bongomin et a. 2017).  While the disease is generally mild and self-

limiting, its impact on human and animal welfare can be enormous (Narang et al. 2019). 

A large, ongoing epidemic of treatment-resistant dermatophytosis in India has called 

attention to the serious economic and welfare implications of this disease and stimulated 

more research on pathogenesis and treatment (Narang et al. 2019; Das et al. 2020; Patel 

et al. 2020). 

Dermatophytes rely upon keratin as a source of nutrition. Ancestral 

dermatophytes gleaned this keratin primarily from soil, but recent adaptive radiation of 

this lineage has resulted in fungi that are adapted to keratins of specific host species (de 

Hoog et al. 2017; Wu et al. 2009; Zheng et al. 2020). Anthropophilic dermatophytes, 

such as those that cause athlete’s foot and jock itch, are adapted to human keratins, while 

zoophilic dermatophytes are adapted to specific animal keratins (Merkhofer and Klein 
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2020). Microsporum canis prefers the dog and cat as its primary host species but is 

commonly transmitted to humans (Moriello et al. 2017).  

Most dermatophyte infections are mild; however, severe and even fatal cases are 

occasionally reported (Rouzaud et al. 2015; Lanternier et al. 2013). In severe cases, the 

infection may become chronic, cover a large area of the body (extensive infection), 

and/or penetrate beyond the epidermis into the dermis and other tissues (deep infection). 

In humans, monogenic inborn errors of immunity have been shown to cause severe 

dermatophytosis, including autosomal recessive mutations in CARD9 and autosomal 

dominant mutations in STAT1 (Lanternier et al. 2013; van de Veerdonk et al. 2011; 

Glocker et al. 2009; Nielsen et al. 2015). Reports of genetic variation contributing to 

disease susceptibility rather than severity also exist, although full functional validation 

of these variants is lacking (Jaradat et al. 2015; Abdel-Rahman and Preuett 2012). 

Persian cats are more likely than other breeds to develop dermatophytosis—

including chronic, extensive, and/or deep infection—caused by the dermatophyte M. 

canis (Moriello et al. 2017; Lewis et al. 1991) (Figure 9). A genetic component to 

susceptibility and/or severity of disease has long been suspected in this breed, supported 

by observations that particular Persian catteries housing genetically related cats have 

significantly higher incidence of chronic disease than others (DeBoer and Moriello 

1993). A recessive mode of inheritance is suspected given that severe, deep infections 

are relatively isolated to the Persian breed despite the Persian being used in the 

development of many other breeds of cat. Elucidating the genetic underpinnings of 

severe dermatophytosis in the Persian cat is likely to translate into better understanding 
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of the pathogenesis and treatment of dermatophytosis in other species, including 

humans. The objective of this study was to identify genetic variants associated with 

severe dermatophytosis in Persian cats using WGS. We further investigated the function 

and evolution of a key, skin-expressed AMP gene found within a divergent and disease-

associated haplotype. 

 
 
 

 
Figure 9. Macroscopic changes of a severe case of dermatophytosis in a Persian cat 
compared to a normal Persian cat.  
(A) A healthy, modern Persian cat with full hair coat. Photo courtesy of Larry Johnson. 
(B-C) Diffuse hair loss and scaling on the dorsum of a Persian cat with severe (chronic 
and extensive) dermatophytosis. 
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3.2. Results 

3.2.1. A locus associated with severe dermatophytosis contains immune gene variants 

All Persian cat whole genome sequencing data was uploaded to the NCBI Short 

Read Archive under BioProject PRJNA704916. GWAS performed on variants called 

from the whole-genome sequencing data revealed a single peak of markers surpassing 

the Bonferroni correction threshold on chromosome F1, with the most significant 

markers having a p-value of 1.51x10-10 (Figure 10A). Upon closer inspection, this peak 

marked the location of a ~1 Mb haplotype block that was homozygous in 8/10 Persian 

cats with severe dermatophytosis (including the two cats with concurrent 

pseudomycetoma) and 0/16 Persian control cats (Figure 10B). This peak remained the 

only significant association when the GWAS was repeated using only the 8 control cats 

with confirmed exposure to dermatophytes without development of severe disease 

(Figure 11). The frequency of this allele was 90% among cases and 18.75% among all 

controls, as 6 controls were heterozygous for the allele. This haplotype block contains 42 

genes, 8 of which contain disease-associated non-synonymous SNVs (Table 7). Half of 

these are well-characterized immune genes, including a cytokine receptor gene and AMP 

genes: IL6R, S100A15, S100A12, and S100A9. 
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Figure 10. Genome-wide association analysis of Persians with and without severe 
dermatophytosis and evidence of divergent haplotypes under balancing selection.  
(A) Manhattan plot depicting single locus linear mixed model output for 10 Persian cat 
cases of severe dermatophytosis and 16 Persian cat controls. A locus on chromosome F1 
achieves genome wide significance of p-value=1.51x10-10. The Bonferroni-corrected 
significance threshold of p-value=3.30 x 10-9 is shown in red. (B) Table depicting the 
genotypes of cases and controls for the disease-associated locus on F1. H1 refers to 
haplotype 1 and H2 refers to haplotype 2. ‘Het’ is short for heterozygous and represents 
the genotype H1/H2 as well as genotypes H3/H4 and H1/H6 identified in two control 
cats.(C) A Manhattan plot depicting the entirety of chromosome F1 is shown along with 
Tajima’s D, Weir and Cockerham’s Fst, and the β statistic for detection of long-term 
balancing selection. (D) A regional Manhattan plot depicting the last ~100 kb of 
chromosome F1 is shown along with β and the gene annotation. Within the disease 
associated locus, β is most elevated over the S100A AMP genes, S100A9 (A9) and 
S100A15 (A15).  
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Figure 11. Genome-wide association analysis of Persians with and without severe 
dermatophytosis, including only those control cats with prior confirmed exposure 
to dermatophytes.  
Manhattan plot depicting single locus linear mixed model output for 10 Persian cat cases 
of severe dermatophytosis and 8 Persian cat controls that were previously exposed to 
dermatophytes without developing severe disease. As in the GWAS performed with all 
16 control cats, a single peak of SNPs on chromosome F1 surpasses the Bonferroni-
corrected significance threshold of p-value=3.30 x 10-9. 
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Table 7. Non-synonymous substitutions between case and control cats within the 
disease-associated locus. 

NOTE.—Amino acid alterations are reported as the residue found in the FCA_H2 (control) 
haplotype followed by the residue in the FCA_H1 (case) haplotype. For S100A9, the text 
in parenthesis corrects for a putatively mis-annotated start site in the feline reference 
genome. 
  

Gene 
Genomic 

coordinates NCBI protein ID 
Amino acid 
alteration 

PROVEAN 
score 

Effect 
prediction 

IL6R F1:70945999 XP_023103841.1 T287A -0.357 neutral 
NUP210L F1:71150962 XP_019678071.2 V590I 0.018 neutral 
NUP210L F1:71168597 XP_019678071.2 S968P -3.015 deleterious 
NUP210L F1:71179382 XP_019678071.2 A1358T -0.406 neutral 
NUP210L F1:71179388 XP_019678071.2 R1360G 2.137 neutral 
CREB3L4 F1:71210681 XP_003999812.1 C269R 1.989 neutral 

CRTC2 F1:71227249 XP_003999815.3 S236A -0.908 neutral 
CRTC2 F1:71229627 XP_003999815.3 Q517P -1.526 neutral 
S100A4 F1:71536030 XP_003999828.1 Y17H 4.92 neutral 

S100A15 F1:71612744 XP_019676968.1 A43V 1.242 neutral 
S100A12 F1:71639972 XP_006943210.2 W17R 3.935 neutral 
S100A12 F1:71640026 XP_006943210.2 E35Q 1.444 neutral 
S100A12 F1:71640518 XP_006943210.2 E67G 0.245 neutral 
S100A12 F1:71640554 XP_006943210.2 C79S 0.285 neutral 
S100A9 F1:71653999 XP_003999832.3 A109T (A87T) 2.004 neutral 
S100A9 F1:71654029 XP_003999832.3 K99E (K77E) 1.999 neutral 
S100A9 F1:71654035 XP_003999832.3 D97N (D75N) -0.054 neutral 
S100A9 F1:71654085 XP_003999832.3 V80A (V58A) 1.045 neutral 
S100A9 F1:71654088 XP_003999832.3 T79N (T57N) -0.029 neutral 
S100A9 F1:71654104 XP_003999832.3 E74Q (E52Q) -0.095 neutral 
S100A9 F1:71655946 XP_003999832.3 E64K (E42K) -0.916 neutral 
S100A9 F1:71655961 XP_003999832.3 M59L (M37L) 0.489 neutral 
S100A9 F1:71655969 XP_003999832.3 P56Q (P34Q) 3.236 neutral 
S100A9 F1:71655985 XP_003999832.3 A51P (A29P) 3.156 neutral 
S100A9 F1:71655990 XP_003999832.3 G49E (G27E) -6.244 deleterious 
S100A9 F1:71656006 XP_003999832.3 H44Y (H22Y) 3.497 neutral 
S100A9 F1:71656065 XP_003999832.3 A24E (A2E) -0.978 neutral 
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3.2.2. Divergent S100A9 haplotypes and comparison with wild felid haplotypes 

S100A9 exhibited the highest level of divergence between cases and controls and 

was considered a compelling candidate gene given its previously described role in 

antifungal immunity and its reported epidermal expression in other species (Clark et al. 

2016; Urban et al. 2009; Chessa et al. 2020). For these reasons, we focused on S100A9 

for further analysis. Six distinct S100A9 haplotypes were identified in the general 

domestic cat population, including the haplotype that was homozygous in 8/10 Persian 

cat cases (Domestic cat H1, hereafter referred to as the case haplotype) and the most 

frequent haplotype identified in Persian cat controls (Domestic cat H2, hereafter referred 

to as the control haplotype) (Figure 12A-C). Both the case and control haplotypes were 

also identified in a wild-caught Asiatic wildcat (Felis silvestris ornata) from Tajikistan. 

The case and control S100A9 haplotypes are highly divergent for two populations of the 

same species, sharing 97.91% nucleotide sequence identity across 2,864 base pairs and 

89.26% identity across 135 amino acids. This protein, though relatively small, exhibited 

13 amino acid substitutions between cases and control haplotypes (Figure 13A, Figure 

14).  
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Figure 12. S100A9 haplotype frequencies in the general cat population.  
(A) Maximum-likelihood phylogenetic tree inferred from the amino acid sequence of 6 
distinct domestic cat S100A9 haplotypes with the lion as the outgroup. Bootstrap support 
values are given on nodes. (B) Overall distribution of S100A9 haplotypes in 195 
domestic cats of varied breed and background. Haplotypes that cluster together with the 
Persian case haplotype (H1) are shaded in warm colors while haplotypes that cluster 
with the Persian control haplotype (H2) are shaded in cool colors. (C) Relative 
frequency of haplotypes in various cat breeds. Labels for Persian_Controls and 
Persian_Cases represent the haplotype frequencies for the Persian cats enrolled in this 
study while the label for Persian represents Persian cats in the general cat population. 
Haplotypes H3 and H4 predominate in cat breeds previously determined to be of Eastern 
origin. Breeds were included only if represented by at least two individuals (4 
haplotypes). 
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Figure 13. Highly divergent S100A9 haplotypes and comparison with wild felids.  
(A) Amino acid sequence alignment and secondary structure depiction of the divergent 
Persian cat case and control S100A9 haplotypes, created with ESPript 3.0. Conserved 
residues are boxed in red while similar residues are in bold text and boxed in yellow. (B) 
Maximum-likelihood phylogenetic tree inferred from the phased S100A9 nucleotide 
sequences of 22 wild felids and the domestic cat haplotypes. Bootstrap support values 
are given on nodes. The domestic cat lineage is split across the tree: the Persian cat case 
haplotype (Domestic cat H1) clusters with the sand cat near the root of the tree while the 
control haplotype (Domestic cat H2) is found in the expected location for the domestic 
cat lineage. 
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Figure 14. S100A9 amino acid alignment for wild felids and domestic cat 
haplotypes.   
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To explore the origin of the divergent alleles, a maximum-likelihood 

phylogenetic tree was inferred from the phased S100A9 nucleotide sequences of 22 wild 

felids and the six domestic cat S100A9 haplotypes (Figure 13B). The control haplotype 

was found in its expected phylogenetic position with haplotypes from other species of 

the domestic cat lineage (Li et al. 2016, 2019). However, the Persian case haplotype and 

the Felis margarita (sand cat) haplotypes formed a unique and highly divergent cluster 

from other Felis haplotypes as well as all other Felidae lineages. An approximately 

unbiased (AU) test confirmed that this placement deviates significantly from the Felidae 

species tree topology (p-value=6.19x10-7). While the Persian case S100A9 nucleotide 

sequence was only 97.91% identical to the control haplotype, it shared 99.27% identity 

with the sand cat sequence. The amino acid sequence of the case haplotype shared 

89.26% identity with the control haplotype but 95.04% identity with the sand cat 

sequence. Overall, the Persian case haplotype is more diverged from the Persian control 

haplotype than from the sand cat haplotype (Li et al. 2016). Elsewhere in the phylogeny, 

there is little deviation from the species tree as would be expected with incomplete 

lineage sorting; therefore, ancient hybridization and introgression of this allele into 

ancestors of the sand cat and domestic cat populations is a more plausible explanation. 

There is no evidence that genome assembly errors or copy number variation 

interfered with read mapping at this locus to explain the increased non-synonymous 

variation. Alignment of raw reads from a case and control cat to a new, single-haplotype 

Felis catus genome assembly revealed no differences in alignment or haplotypes from 

the standard felCat9 assembly (Figure 15). CNVnator analysis of chromosome F1 did 



 

59 

 

not reveal gene duplications within the disease-associated locus. Many cats are 

homozygous for the case or control haplotype, providing further proof that paralogous 

genes are not leading to mis-mapping of reads at this locus—this phenomena should 

result in heterozygous sites. 

 
 
 

 
Figure 15. IGV output of raw sequencing reads from a Persian case and a Persian 
control cat aligned to a single-haplotype Felis catus genome assembly (BioProject 
ID PRJNA670214).  
This single-haplotype genome has the Persian case haplotype (H1) at S100A9, hence the 
lack of SNVs in the Persian case alignment. The Persian control cat is homozygous for 
the control haplotype (H2). Marked variation between the case and control haplotypes is 
apparent.   
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3.2.3. S100A8/S100A9 skin expression during feline dermatophytosis 

S100A9 and S100A8 dimerize in vivo to form the AMP known as calprotectin. 

Keratinocytes of 0/5 non-lesional domestic shorthair cats exhibited epidermal 

immunolabeling for S100A8/S100A9 (calprotectin) while keratinocytes of 10/10 cats (5 

domestic shorthair cats and 5 Persian cats) with dermatophytosis exhibited moderate to 

strong, multifocal to diffuse epidermal immunolabeling (Figure 16, Figure 17). These 

findings demonstrate a clear association between dermatophyte infection and increased 

expression of calprotectin in feline keratinocytes. This provides indirect evidence that 

calprotectin plays a role in defense against dermatophytes at the skin surface. We were 

unable to obtain sufficient concentrations of DNA from these FFPE skin samples to 

perform S100A9 genotyping.  

 
 
 

 
Figure 16. S100A8/S100A9 (calprotectin) immunohistochemistry performed on 
feline skin with and without dermatophytosis.  
No immunolabeling of the epidermis was observed in healthy domestic shorthair cats. 
Both domestic shorthair cats and Persian cats with dermatophytosis exhibited strong 
immunolabeling of the epidermis, excluding the basal cell layer. S100A8/S100A9 
immunohistochemistry. 
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Figure 17. S100A8/S100A9 (calprotectin) immunohistochemistry performed on 
feline skin with dermatophytosis. 
Hair follicle epithelium exhibits strong immunolabeling (black arrow). The hair within 
the follicle is engulfed in a layer of small, basophilic dermatophyte arthrospores (black 
arrowhead). Immunohistochemistry for S100A8/S100A9.  
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3.3. Discussion 

Using whole-genome sequencing, we identified a highly divergent haplotype 

containing AMP genes that was significantly associated with severe dermatophytosis in 

Persian cats. In particular, the S100A9 gene encoding a subunit of the AMP known as 

calprotectin was riddled with amino acid substitutions between case and control 

haplotypes. We demonstrate that calprotectin (S100A8/A9) is likely to be an important 

player in anti-dermatophyte defense at the skin surface where this protein is highly 

expressed during infection. 

AMPs are an important component of the immune defenses of multicellular 

eukaryotes (Lazzaro et al. 2020). They are a highly diverse group of small proteins with 

activity against bacteria, fungi, and viruses (Lazzaro et al. 2020). Interestingly, AMPs 

were previously thought to have broad-spectrum activity against various pathogens; 

however, recent studies suggest a higher degree of specificity for particular pathogens 

and show that single amino acid substitutions can alter specificities (Lazzaro et al. 2020). 

The AMP calprotectin has been shown to exhibit activity against bacteria and fungi such 

as Candida sp. and Aspergillus sp., but studies evaluating its efficacy against 

dermatophytes are lacking (Clark et al. 2016; Sohnle et al. 1991; Steinbakk et al. 1990; 

Corbin et al. 2008). Calprotectin exerts antimicrobial effects by chelating transition 

metals such as Zn and Mn needed for microbial growth—this is termed nutritional 

immunity (Zygiel and Nolan 2018). Recently, however, Besold et al. (2018) 

demonstrated that calprotectin also inhibits bacterial growth through direct physical 
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interaction that does not involve metal withholding. The full mechanism for 

calprotectin’s antimicrobial action is still being elucidated. 

Although the Persian cat case allele of calprotectin appears to render these cats 

susceptible to severe Microsporum canis infections, we consider it likely that this allele 

would be beneficial against other pathogens, given its relatively high frequency in the 

domestic cat population. AMPs of many species have been described to evolve under 

pathogen-driven balancing selection that occurs as a result of an evolutionary arms race 

between pathogens and the immune genes they directly interact with (Chapman et al. 

2016, 2019; Halldórsdóttir and Árnason 2015; Cagliani et al. 2008). Maintenance of 

divergent alleles within a population can serve as a defense mechanism for a population 

by providing a heterozygote advantage and/or provide a reservoir of alleles that may be 

useful in specific conditions/environments or against particular pathogens (Chapman et 

al. 2019). Interestingly, high levels of non-synonymous variation have been previously 

identified within S100A AMP genes of taurine cattle and yak, suggesting a similar 

scenario of divergent haplotypes as observed in cats (Luo et al. 2018). 

We identified the divergent S100A9 case and control alleles not only in domestic 

cats but also in an Asiatic wildcat (Felis silvestris ornata) from Tajikistan. Further, the 

case allele is similar to the sand cat (Felis margarita) allele, and together these alleles 

cluster much closer to the root of Felidae than expected. These findings indicate either 

introgression of the case allele into Felis species after an ancient hybridization event, 

long-term balancing selection, or a combination of the two (selection acting upon 

introgressed variation). We speculate that the haplotypes clustering in the clade with the 
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sand cat and Persian case haplotypes may have been adaptive in the arid desert 

environments inhabited by the sand cat and many of the Felis silvestris subspecies 

thought to be the predecessors of modern domestic cats (Yamaguchi et al. 2004). Arid 

regions are home to a different assortment of pathogens, and studies have shown that 

dermatophytes are more prevalent in warm, humid environments rather than arid 

conditions (Hamm et al. 2020; Wisal and Salim 2010; Gnat et al. 2020). In modern long-

haired Persian cats that are not confined to the desert, however, the divergent S100A9 

allele may be maladaptive. Further tests to assess effectiveness of the divergent 

calprotectin protein against other common feline pathogens should be undertaken to 

clarify any potential benefit of this allele. Additional work should be done to 

characterize the frequency and severity of dermatophytosis in other cat breeds that carry 

the case haplotype. 

The phenotype assessed in this study was that of chronic and extensive 

dermatophytosis in Persian cats despite appropriate veterinary-directed treatment. Due to 

small sample size, we were unable to specifically assess the phenotype of dermatophytic 

pseudomycetoma—a particular form of deep dermatophytosis that is also reported in 

humans (Berg et al. 2007; Castro-Echeverry et al. 2017). Only two Persian cat cases 

included in this study had concurrent pseudomycetoma. These cats were homozygous 

for the case haplotype, but a larger sample size is needed. The clinical and histologic 

appearance of pseudomycetoma is quite different from that of superficial 

dermatophytosis, and the immune genes and pathways involved may be different as 

well. Additional genotyping for pseudomycetoma cases is needed to determine if the 
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S100A9 case haplotype or closely-related haplotypes are associated with this specific 

phenotype. 

Numerous AMPs are currently in clinical trials for treatment of disease in 

humans (Lazzaro et al. 2020; Mookherjee et al. 2020; Browne et al. 2020). There is 

burgeoning interest in engineering these peptides to increase specificity against 

particular pathogens, and they are expected to have less trouble with development of 

antimicrobial resistance (Souza et al. 2020). It would be interesting to investigate 

whether certain forms of calprotectin could be applied as a topical treatment for 

dermatophytosis. 

In summary, a divergent haplotype on chromosome F1 containing S100A AMP 

genes is associated with development of severe dermatophytosis in Persian cats. If this 

haplotype is not found to confer any significant benefit against other pathogens, a 

genetic test could be easily created to identify cats with the case haplotype and to help 

adjust breeding programs. These findings open the door for future investigation into 

AMPs as treatment options for dermatophytosis in humans and animals. Alternate 

treatments are becoming more important as incidence of dermatophytosis continues to 

rise (Gnat et al. 2020). 

 

3.4. Materials and Methods 

3.4.1. Sample collection and whole-genome sequencing 

An animal use protocol (IACUC 2018-0256 CA) was approved by the Texas 

A&M University Institutional Animal Care and Use Committee to enroll clinical cases 
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for this study. Study participants consisted of 26 adult Persian cats divided into 10 cases 

of severe dermatophytosis and 16 controls. Severe dermatophytosis was diagnosed by a 

veterinarian in all cases and was defined as chronic/recurrent infection covering a 

significant area of the body. In addition, two cases also had biopsy-confirmed 

dermatophytic pseudomycetoma, an uncommon form of deep dermatophytosis seen 

almost exclusively in Persian cats. Eight out of 10 cases had recurrence or continuation 

of infection despite receiving appropriate veterinarian-directed treatment; the remaining 

two cats could not be confirmed to have received appropriate treatment. Regarding the 

control cats, 8/16 cats had documented past exposure to dermatophytes (>6 months prior 

to sample collection) but no history of severe or chronic infection. The remaining control 

cats had no history of dermatophytosis, but exposure status was unknown. 

Two buccal swabs (CytoSoft Cytology Brush, Medical Packaging Corporation, 

Camarillo, CA) were collected from each cat. DNA was extracted from buccal swabs 

within 1 week of sample collection using the salting out method and Gentra Puregene 

reagents (Qiagen, Hilden, Germany). Standard barcoded Illumina libraries were prepared 

for each cat using the NEBNext Ultra II FS DNA Library Prep Kit for Illumina and 

NEBNext Multiplex Oligos for Illumina (New England Biolabs, Ipswich, MA). Libraries 

were sequenced to an average of 14X depth on the Illumina NovaSeq platform (Illumina, 

Inc., San Diego, CA). 

 

  



 

67 

 

3.4.2. Variant calling and genome-wide association study 

Data processing involved the following steps: 1) Quality and adapter trimming of 

raw reads with Cutadapt v1.18 (Martin 2011), 2) alignment of reads to the feline 

reference genome (felCat9) using BWA-mem v0.7.17 (Li 2013), and 3) variant calling 

with GATK v4.1.0.0 following the Broad Institute’s best practices guidelines with the 

exception that hard filtering was performed rather than variant quality score recalibration 

(Poplin et al. 2018). Only biallelic SNPs were retained. SNPs with any missing 

genotypes or MAF ≤5% were removed, producing a final set of approximately 15.1 

million SNPs. 

To correct for cryptic population structure and relatedness, a linear mixed model 

approach, EMMAX (Kang et al. 2010), was used for the GWAS in the Golden Helix 

software package (Golden Helix, Bozeman, MT). We used a Bonferroni-corrected 

genome-wide significance threshold of 3.30 x 10-9 based on the number of variants 

called in our data set. Population stratification was characterized with a QQ plot. The 

PROVEAN v1.1.3 web-based tool was used to classify the effect of variants on protein 

function (score <-2.5 indicates deleterious effect) (Choi and Chan 2015). Outside of the 

disease-associated locus, genes known to be involved in fungal immune pathways or 

skin barrier function were examined manually in IGV (Robinson et al. 2017) for large 

deletions or other forms of copy number variation. 
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3.4.3. Population genetics and evolutionary comparisons 

First, steps were taken to eliminate copy number variation and genome assembly 

errors as a cause of increased non-synonymous variation at the disease-associated locus. 

Raw Illumina reads for a case and control cat were aligned to a new, single-haplotype 

Felis catus genome assembly (BioProject ID PRJNA670214) (Bredemeyer et al. 2020) 

in order to rule out felCat9 assembly errors (such as collapse of repetitive or highly 

divergent sequence) in the region of the disease-associated haplotype. Additionally, 

CNVnator (Abyzov et al. 2011) was run for chromosome F1 to determine if sequence 

duplication could be contributing to increased sequence variation.  

The sequence of S100A9 was investigated among the general cat population 

using publicly available variant data for 195 domestic cats of various breeds and 

backgrounds. S100A9 haplotypes were identified from this data via manual investigation 

of variant maps using Golden Helix (Golden Helix, Bozeman, MT). Haplotype 

frequencies were calculated overall and by breed.  

Domestic cat S100A9 haplotypes were compared with S100A9 sequences of 22 

wild felids. Illumina sequence data from each of the 22 wild felids was trimmed and 

aligned to the domestic cat reference genome (felCat9) using BWA-mem. The resulting 

BAM files were examined in IGV. For each felid, a fasta file of the full S100A9 

nucleotide sequence was extracted using ANGSD v0.925 (Korneliussen et al. 2014), and 

manual phasing was applied for those felids that had single nucleotide polymorphisms 

within this gene identified in IGV. Minimal phasing was needed as the majority of felids 

were homozygous or nearly homozygous for variants in this region. The phased wild 
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felid and domestic cat haplotypes were aligned and a maximum likelihood tree was 

constructed using IQ-TREE v1.6.12 (-m GTR+I+G -b 500) (Minh et al. 2020). An 

approximately unbiased (AU) test was also performed using IQ-TREE to determine if 

the S100A9 gene tree was significantly different from the Felidae species-tree topology 

as inferred from low-recombining regions of the X-chromosome by Li et al. (2019).  

To examine forces of natural selection acting upon S100A9, we evaluated Weir 

and Cockerham’s Fst and Tajima’s D for the Persian cats included in this study using 

VCFtools v0.1.16. We evaluated Tajima’s D in 100 kb windows and Fst in 100 kb 

sliding windows across chromosome F1. We additionally calculated the beta statistic (β), 

designed to detect ancient balancing selection using BetaScan (default settings with the 

addition of -w 6000 and -fold options) (Siewart and Voight 2017). Repetitive regions 

and regions exhibiting copy number duplication, as identified by WindowMasker and 

CNVnator respectively, were masked for this analysis (Morgulis et al. 2006; Abyzov et 

al. 2011). 

 

3.4.4. Immunohistochemistry 

In order to assess and localize S100A8/S100A9 (calprotectin) expression in 

normal and affected feline skin, immunohistochemistry (IHC) was performed on 

archived FFPE cat skin using an antibody to human calprotectin that has been used 

extensively in various species including cats (Marsilio et al. 2014; Kipar et al. 2006). 

IHC was performed on skin from 5 healthy domestic shorthair cats, 5 domestic shorthair 

cats with dermatophytosis, and 5 Persian cats with dermatophytosis. Attempts were 
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made to extract DNA from these FFPE skin samples for PCR-based genotyping of the 

S100A9 region; however, these samples did not yield enough quality DNA for accurate 

genotyping. 

FFPE sections of feline skin were cut at 4 µm and mounted on charged slides. 

The sections were deparaffinized in xylene and rehydrated through graded alcohols. 

Antigen retrieval was performed by immersing the slides in a citrate buffer and heating 

them in a pressure cooker (Decloaking Chamber, Biocare Medical, Pacheco, CA). After 

retrieval, the slides were washed with tris buffer prior to beginning the immunostaining 

procedure. The immunohistochemical procedure was run on an automated platform 

(intelliPATH FLX, Biocare Medical). All incubations were run at room temperature. 

Endogenous peroxide activity was blocked by incubating the slides with hydrogen 

peroxide for 10 minutes. The sections were then incubated with the primary antibody 

(mouse anti-human Myeloid/Histiocyte Antigen, clone MAC 387, dilution 1:200, 

Agilent Technologies, Santa Clara, CA) for 30 minutes. Next, the slides were incubated 

with a polymer detection reagent (Mouse-on-Canine HRP Polymer, Biocare Medical) for 

40 minutes. Sites of antibody-antigen interaction were visualized with a DAB 

chromogen (ImmPACT DAB Substrate kit, peroxidase, Vector Laboratories, 

Burlingame, CA). The sections were then counterstained with Mayer’s hematoxylin. A 

negative control reagent (Universal Negative Control Serum, Biocare Medical) was 

substituted for the primary antibody for the negative control tissues. Each sample was 

assessed for intensity and distribution of keratinocyte staining.
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4. CONCLUSIONS 

 

This dissertation research attempted to identify reasons for the increased severity 

of dermatophytosis in Persian cats using a combination of genomic and metagenomic 

approaches. We hoped that this work would further elucidate the still poorly understood 

pathogenesis of dermatophytosis and potentially provide targets for genetic testing or 

new therapies in both animals and humans. We are able to draw two overarching 

conclusions from this work: 1) Alterations to the Persian cat microbiota do not play an 

overt role in defense against dermatophyte infection, and 2) a host genetic region 

containing divergent AMP genes is significantly associated with infection, and our 

results suggests this alternate AMP allows Microsporum canis to establish chronic and 

extensive infections.  

 

4.1. Limited Involvement of the Microbiota 

In the microbiota study, we determined that Persian cat cases exhibited a higher 

absolute abundance of fungal DNA on the skin than Persian controls, and this correlated 

with a high relative abundance of M. canis, as expected during dermatophyte infection. 

No other significant alterations were detected between cases and controls or between 

Persian and non-Persian cats to suggest that other fungal taxa influenced pathogenesis. It 

is also important to note that M. canis was not part of the normal Persian cat microbiota. 

One shortcoming of this study is that we were not able to fully assess the bacterial 

microbiota, including staphylococcal species, due to the technical issues described in 
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section 2.2.3. The study was also not designed to detect differences in metabolites 

produced by the microbiota. For these reasons, we cannot completely exclude the 

possibility that the microbiome may play a role in the development of dermatophytosis. 

Further study of the Persian cat cutaneous microbiome and metabolome, with a 

particular focus on the bacterial microbiota, is warranted. 

 

4.2. Identification of a Disease-associated Region 

After examining the Persian cat microbiota, we performed whole-genome 

sequencing of Persian cat cases and controls. GWAS performed using the whole-genome 

data yielded a single locus significantly associated with severe dermatophytosis. This ~1 

Mb haplotype contained many genes, but we narrowed our focus to the S100A family 

region as many of these genes are skin expressed with known antimicrobial properties. 

In particular, S100A9 contained an anomalously high number of amino acid substitutions 

between the case and control haplotypes. S100A8/S100A9 dimerize to form the AMP 

known as calprotectin, found in immune cells throughout the body as well as within 

epithelial cells. We further demonstrated that calprotectin is strongly upregulated in the 

skin during dermatophyte infection thus providing indirect evidence of its involvement 

in dermatophyte defense. A small number of previous studies have shown a connection 

between AMPs and dermatophytosis. Jaradat et al. (2015) demonstrated association 

between susceptibility to typical dermatophytosis and low gene copy number of a skin 

AMP known as beta-defensin 2 (hBD-2) in humans. Skin AMPs known as cathelicidins 

showed in vitro antifungal activity against dermatophytes and upregulated expression 
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during infection (Lopez-Garcia et al. 2006). The AMP S100A7 (also known as 

psoriasin) also exhibited strong in vitro antifungal activity against M. canis in another 

study, although hBD2 was shown to have no effect on M. canis growth (Fritz et al. 

2012). The results of an RNA-seq study showed that, among other genes, S100A8 and 

S100A9 expression were upregulated in the skin of rabbits with dermatophytosis caused 

by Trichophyton mentagrophytes (Xiao et al 2018). While it is accepted in the literature 

that AMPs play a role in dermatophyte defense, calprotectin has not been specifically 

implicated or investigated outside of the Xiao et al. (2018) study where upregulated 

expression was discovered. Further work will be needed to clearly define the signaling 

pathways in play during infection from the time dermatophytes are sensed by 

keratinocyte pathogen recognition receptors (PRRs) to upregulation of calprotectin 

expression.  

 

4.3. S100A9 Evolving Under Balancing Selection 

Rather than simply reporting the association identified by GWAS, we sought to 

investigate this interesting region further—how could there be such impressive 

divergence in this gene within the Persian breed? By searching for signatures of 

selection and comparing the sequences of domestic cats and wild felids, we were able to 

conclude that multiple S100A9 alleles have been maintained in the domestic cat 

population, an example of balancing selection akin to what is observed with major 

histocompatibility complex (MHC) alleles and some AMP alleles in various other 

species. Interestingly, several domestic cat alleles, including the case allele, clustered 
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most closely with the sand cat, Felis margarita, in a highly divergent lineage that 

branched early in felid evolution. We suspect that this may be the result of ancient 

hybridization between an unknown, perhaps extinct, wild felid and the ancestor of this 

sand cat/domestic cat clade. This region may have been introgressed and then 

maintained via balancing selection, perhaps because certain alleles are better suited to 

particular pathogens and environments (e.g., arid vs. humid) or because heterozygotes 

have an advantage against pathogens as they can produce both versions of calprotectin. 

 

4.4. Future Work 

Stepping forward from this work, deeper investigation of S100A9 haplotypes and 

their pathogen specificities is needed. It would be interesting to further sample wild felid 

populations and attempt to confirm that ancient hybridization and introgression of an 

S100A9 allele is the cause for domestic cat haplotypes H1, H3, H4, and H6 clustering 

with the sand cat in a divergent S100A lineage. This clade of S100A9 alleles appears 

ancient, and yet we see these haplotypes in modern wildcats and domestic cats. Where 

exactly did this allele come from and what particular pathogens shaped its evolution and 

encouraged its maintenance? We may need to look beyond cutaneous pathogens, as 

calprotectin can be found within immune cells (e.g., neutrophils and macrophages) and 

epithelial cells throughout the body (e.g., intestinal epithelium, epithelium in the lungs). 

Likewise, we cannot forget that bacteria, viruses, protozoa, and possibly helminths could 

play a role in shaping calprotectin evolution, as most of these pathogens have proven to 

be affected in some way by this bountiful antimicrobial protein. For example, if we 
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consider sand cats and their desert environment, perhaps a protozoal pathogen such as 

Leishmania, spread by sand flies, might place selective pressure on AMP genes. In one 

study, 4/10 wild-caught sand cats were found to have Leishmania amastigotes in the 

spleen and/or liver, confirming their status as incidental or reservoir hosts of this 

important zoonotic pathogen (Morsy et al. 1999). Assays could be designed to test the 

activity of AMPs translated from different haplotypes against a wide range of pathogens, 

including several species of dermatophytes, bacteria, and perhaps even viruses and 

protozoa such as Leishmania or Toxoplasma spp.  

Infectious disease pathogenesis necessarily involves both pathogen and host 

factors. While we focused on host factors for this dissertation research, one could turn to 

the dermatophyte itself, M. canis, for answers. It would be interesting to examine more 

deeply the population genetics of M. canis: How much variation exists within this 

species of fungus? Are particular strains more virulent? Are particular strains found 

more often on Persian cats? Are particular strains associated with deep infections 

(pseudomycetoma)? Overall, what role does fungal genetic variation play in feline 

infection, or is susceptibility and severity to infection more dependent on host factors 

such as S100A9 haplotype alone? Genome assemblies for many dermatophyte species 

including M. canis are publicly available, and these questions could be easily worked on 

in the future. 

Dermatophytic pseudomycetoma is a form of deep dermatophytosis which is 

essentially confined to the Persian breed, similar to the phenotype examined in this study 

of chronic, extensive dermatophytosis. It is caused by the same pathogen as chronic, 
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extensive dermatophytosis but has a different clinical and histologic phenotype. The two 

cats in this study that had pseudomycetomas (in addition to chronic extensive 

dermatophytosis) were homozygous for the case haplotype, but this sample size is too 

limited to determine if the case haplotype is also associated with pseudomycetoma 

formation. Additional work will be needed to determine if this specific phenotype is also 

associated with the S100A9 case haplotype, or if other genetic variants and other 

immune pathways are at work.   
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APPENDIX A 

SUPPLEMENTARY TABLES 

 
Table S1. Column definitions for Table S2. 

Table S2 metadata 
column name 

definition 

sample-id full sample ID 
sample-name brief sample name 
sample-VS-control true sample swab OR negative control swab 
swab-type type of swab  
case-VS-control general/lesion swab from affected cat OR general swab from control 

cat  
case-VS-control-groups general/lesion swab from affected cat OR general swab from various 

control cat groups 
lesion-VS-control lesion swab OR general swab from control cat 
lesion-VS-general lesion swab OR general swab from affected cat 
breed breed of cat 
cat-VS-environ sample collected from a cat OR collected from household 

environment 
environ-case-VS-
environ-control 

environmental sample from affected cat household OR environmental 
sample from control cat household 

household-id ID of household sample was collected from (no more than three cats 
were enrolled from one household) 

age age at time of sample collection 
sex sex 
geography-by-state geographical location of sample collection, by state 
geography-by-country geographical location of sample collection, by country 
collector-id ID of veterinarian collecting the sample  
pseudomycetoma history of dermatophytic pseudomycetoma 
1mo-steroids steroids administerd to patient within one month of sample collection 
1mo-antifungals antifungals administered to patient within one month of sample 

collection 
chronic-upper-resp patient diagnosed with chronic upper respiratory tract disease at time 

of sample collection 
  



 

93 

 

S2 Table. Sample metadata for the microbiota study, as needed for QIIME2 data 
analysis (Section 2). 

sample-id sample-
name 

sample-
VS-control 

swab-
type 

case-VS-
control 

case-VS-control-
groups 

lesion-VS-
control 

lesion-VS-
general 

Persian_G1_general_1G 1G sample general control control_naive control 
 

Persian_G1_general_2G 2G sample general control control_naive control 
 

Persian_G1_general_3G 3G sample general control control_naive control 
 

Persian_G1_general_4G 4G sample general control control_naive control 
 

Persian_G1_general_5G 5G sample general control control_naive control 
 

Persian_G1_general_6G 6G sample general control control_naive control 
 

Persian_G1_general_7G 7G sample general control control_naive control 
 

Persian_G1_general_8G 8G sample general control control_naive control 
 

Persian_G1_general_9G 9G sample general control control_naive control 
 

Persian_G1_general_10G 10G sample general control control_naive control 
 

Persian_G1_general_11G 11G sample general control control_naive control 
 

Persian_G2_general_12G 12G sample general control control_resistant control 
 

Persian_G2_general_13G 13G sample general control control_resistant control 
 

Persian_G2_general_14G 14G sample general control control_resistant control 
 

Persian_G2_general_15G 15G sample general control control_resistant control 
 

Persian_G2_general_16G 16G sample general control control_resistant control 
 

Persian_G2_general_17G 17G sample general control control_resistant control 
 

Persian_G2_general_18G 18G sample general control control_resistant control 
 

Persian_G2_general_19G 19G sample general control control_resistant control 
 

DLH_general_20G 20G sample general control DLH_control control 
 

DLH_general_21G 21G sample general control DLH_control control 
 

DLH_general_22G 22G sample general control DLH_control control 
 

DLH_general_23G 23G sample general control DLH_control control 
 

DLH_general_24G 24G sample general control DLH_control control 
 

DLH_general_25G 25G sample general control DLH_control control 
 

DLH_general_26G 26G sample general control DLH_control control 
 

DLH_general_27G 27G sample general control DLH_control control 
 

DLH_general_28G 28G sample general control DLH_control control 
 

DLH_general_29G 29G sample general control DLH_control control 
 

Persian_G3_general_30G 30G sample general case case 
 

general 
Persian_G3_general_31G 31G sample general case case 

 
general 

Persian_G3_lesion_32G 32G sample general case case 
 

general 
Persian_G3_general_33G 33G sample general case case 

 
general 

Persian_G3_general_34G 34G sample general case case 
 

general 
Persian_G3_general_35G 35G sample general case case 

 
general 

Persian_G3_general_36G 36G sample general case case 
 

general 
Persian_G3_lesion_30L 30L sample lesion case case lesion lesion 
Persian_G3_lesion_31L 31L sample lesion case case lesion lesion 
Persian_G3_general_32L 32L sample lesion case case lesion lesion 
Persian_G3_lesion_33L 33L sample lesion case case lesion lesion 
Persian_G3_lesion_34L 34L sample lesion case case lesion lesion 
Persian_G3_lesion_36L 36L sample lesion case case lesion lesion 
Persian_G1_environ_1E 1E sample environ 

    

Persian_G1_environ_2E 2E sample environ 
    

Persian_G1_environ_4E 4E sample environ 
    

Persian_G1_environ_6E 6E sample environ 
    

Persian_G1_environ_7E 7E sample environ 
    

Persian_G1_environ_8E 8E sample environ 
    

Persian_G1_environ_10E 10E sample environ 
    

Persian_G1_environ_11E 11E sample environ 
    

Persian_G2_environ_14E 14E sample environ 
    

Persian_G2_environ_18E 18E sample environ 
    

Persian_G2_environ_19E 19E sample environ 
    

Persian_G3_environ_30E 30E sample environ 
    

Persian_G3_environ_36E 36E sample environ 
    

Control_Reagent Reagent control 
     

Control_Swab Swab control 
     

 

  



 

94 

 

S2 Table. Continued. 
sample-id breed cat-VS-

environ 
environ-
case-VS-
environ-
control 

household-
id 

age sex geography-
by-state 

geography-
by-country 

Persian_G1_general_1G Persian cat 
 

1 1-5 M TX USA 
Persian_G1_general_2G Persian cat 

 
6 >10 F TX USA 

Persian_G1_general_3G Persian cat 
 

9 >10 F TX USA 
Persian_G1_general_4G Persian cat 

 
7 6-10 M TX USA 

Persian_G1_general_5G Persian cat 
 

10 1-5 M TX USA 
Persian_G1_general_6G Persian cat 

 
5 1-5 F TX USA 

Persian_G1_general_7G Persian cat 
 

8 >10 M TX USA 
Persian_G1_general_8G Persian cat 

 
3 >10 M TX USA 

Persian_G1_general_9G Persian cat 
 

11 1-5 M TX USA 
Persian_G1_general_10G Persian cat 

 
2 >10 F TX USA 

Persian_G1_general_11G Persian cat 
 

4 >10 F TX USA 
Persian_G2_general_12G Persian cat 

 
14 >10 M LA USA 

Persian_G2_general_13G Persian cat 
 

14 >10 M TX USA 
Persian_G2_general_14G Persian cat 

 
12 1-5 F TX USA 

Persian_G2_general_15G Persian cat 
 

15 6-10 M TX USA 
Persian_G2_general_16G Persian cat 

 
15 6-10 F TX USA 

Persian_G2_general_17G Persian cat 
 

34 6-10 F Oman Oman 
Persian_G2_general_18G Persian cat 

 
6 1-5 M TX USA 

Persian_G2_general_19G Persian cat 
 

13 6-10 M TX USA 
DLH_general_20G DLH cat 

 
24 1-5 F TX USA 

DLH_general_21G DLH cat 
 

25 1-5 F TX USA 
DLH_general_22G DLH cat 

 
26 6-10 M TX USA 

DLH_general_23G DLH cat 
 

27 >10 F TX USA 
DLH_general_24G DLH cat 

 
28 >10 F TX USA 

DLH_general_25G DLH cat 
 

29 1-5 M TX USA 
DLH_general_26G DLH cat 

 
30 1-5 M TX USA 

DLH_general_27G DLH cat 
 

31 6-10 M TX USA 
DLH_general_28G DLH cat 

 
32 >10 F TX USA 

DLH_general_29G DLH cat 
 

33 1-5 M TX USA 
Persian_G3_general_30G 

 
cat 

 
16 >10 M TX USA 

Persian_G3_general_31G 
 

cat 
 

15 6-10 F TX USA 
Persian_G3_lesion_32G 

 
cat 

 
20 1-5 F Italy Italy 

Persian_G3_general_33G 
 

cat 
 

21 6-10 F Italy Italy 
Persian_G3_general_34G 

 
cat 

 
22 6-10 M Italy Italy 

Persian_G3_general_35G 
 

cat 
 

23 1-5 F Estonia Estonia 
Persian_G3_general_36G 

 
cat 

 
19 6-10 M CT USA 

Persian_G3_lesion_30L 
 

cat 
 

16 >10 M TX USA 
Persian_G3_lesion_31L 

 
cat 

 
15 6-10 F TX USA 

Persian_G3_general_32L 
 

cat 
 

20 1-5 F Italy Italy 
Persian_G3_lesion_33L 

 
cat 

 
21 6-10 F Italy Italy 

Persian_G3_lesion_34L 
 

cat 
 

22 6-10 M Italy Italy 
Persian_G3_lesion_36L 

 
cat 

 
19 6-10 M CT USA 

Persian_G1_environ_1E 
 

environ env_control 1 1-5 M 
  

Persian_G1_environ_2E 
 

environ env_control 6 >10 F 
  

Persian_G1_environ_4E 
 

environ env_control 7 6-10 M 
  

Persian_G1_environ_6E 
 

environ env_control 5 1-5 F 
  

Persian_G1_environ_7E 
 

environ env_control 8 >10 M 
  

Persian_G1_environ_8E 
 

environ env_control 3 >10 M 
  

Persian_G1_environ_10E 
 

environ env_control 2 >10 F 
  

Persian_G1_environ_11E 
 

environ env_control 4 >10 F 
  

Persian_G2_environ_14E 
 

environ env_control 12 1-5 F 
  

Persian_G2_environ_18E 
 

environ env_control 6 1-5 M 
  

Persian_G2_environ_19E 
 

environ env_control 13 6-10 M 
  

Persian_G3_environ_30E 
 

environ env_case 16 >10 M 
  

Persian_G3_environ_36E 
 

environ env_case 19 6-10 M 
  

Control_Reagent 
        

Control_Swab 
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S2 Table. Continued. 
sample-id collector-id pseudomycetoma 1mo-steroids 1mo-antifungals chronic-upper-resp 
Persian_G1_general_1G D no no no yes 
Persian_G1_general_2G B no no no yes 
Persian_G1_general_3G I no yes no no 
Persian_G1_general_4G B no no no yes 
Persian_G1_general_5G A no no no no 
Persian_G1_general_6G B no no no no 
Persian_G1_general_7G B no no no yes 
Persian_G1_general_8G B no no no yes 
Persian_G1_general_9G B no no no no 
Persian_G1_general_10G B no no no no 
Persian_G1_general_11G B no no no no 
Persian_G2_general_12G A no no no yes 
Persian_G2_general_13G A no no no no 
Persian_G2_general_14G D no no no yes 
Persian_G2_general_15G B no no no no 
Persian_G2_general_16G B no no no no 
Persian_G2_general_17G H no no no no 
Persian_G2_general_18G B no no no no 
Persian_G2_general_19G B no no no yes 
DLH_general_20G A no no no no 
DLH_general_21G A no no no no 
DLH_general_22G A no no no no 
DLH_general_23G A no no no no 
DLH_general_24G A no no no no 
DLH_general_25G A no no no no 
DLH_general_26G A no no no no 
DLH_general_27G A no no no no 
DLH_general_28G A no no no no 
DLH_general_29G J no no no no 
Persian_G3_general_30G A no no no yes 
Persian_G3_general_31G B no no no no 
Persian_G3_lesion_32G E no no yes no 
Persian_G3_general_33G E no no no no 
Persian_G3_general_34G E yes no no no 
Persian_G3_general_35G G no no yes no 
Persian_G3_general_36G F yes no yes no 
Persian_G3_lesion_30L A no no no yes 
Persian_G3_lesion_31L B no no no no 
Persian_G3_general_32L E no no yes no 
Persian_G3_lesion_33L E no no no no 
Persian_G3_lesion_34L E yes no no no 
Persian_G3_lesion_36L F yes no yes no 
Persian_G1_environ_1E D no no no yes 
Persian_G1_environ_2E B no no no yes 
Persian_G1_environ_4E B no no no yes 
Persian_G1_environ_6E B no no no no 
Persian_G1_environ_7E B no no no yes 
Persian_G1_environ_8E B no no no yes 
Persian_G1_environ_10E B no no no no 
Persian_G1_environ_11E B no no no no 
Persian_G2_environ_14E D no no no yes 
Persian_G2_environ_18E B no no no no 
Persian_G2_environ_19E B no no no yes 
Persian_G3_environ_30E A no no no yes 
Persian_G3_environ_36E F yes no yes no 
Control_Reagent      
Control_Swab      

 


