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Abstract: Twelve wild North American porcupines (Erethizon dorsatum) out of a total of 44 of this
species examined in an 8-year period were diagnosed with dermatopathies while being cared for at
two wildlife rehabilitation clinics. Biopsy and necropsy were performed on seven and five animals,
respectively. Atypical dermatophytosis was diagnosed in all cases. Lesions consisted of diffuse
severe epidermal hyperkeratosis and mild hyperplasia with mild lymphoplasmacytic dermatitis
and no folliculitis. Dermatophytes were noted histologically as hyphae and spores in hair shafts,
and follicular and epidermal keratin. Trichophyton sp. was grown in 5/6 animals where culture
was performed, with a molecular diagnosis of Arthroderma benhamiae/Trichophyton mentagrophytes in
these five cases. Metagenomic analysis of formalin-fixed paraffin-embedded tissue samples from
three cases identified fungi from 17 orders in phyla Basidiomycota and Ascomycota. Alteration of
therapy from ketaconazole, which was unsuccessful in four out of five early cases, to terbinafine or
nitraconazole led to the resolution of disease and recovery to release in four subsequent animals.
In all, six animals were euthanized or died due to dermatopathy, no cases resolved spontaneously,
and six cases were resolved with therapy. The work we present demonstrates an atypical lesion and
anatomical distribution due to dermatophytosis in a series of free-ranging wild porcupines and the
successful development of novel techniques for extracting and sequencing nucleic acids from fungus
in archival formalin-fixed paraffin-embedded animal tissue.
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1. Introduction

The North American porcupine (Erethizon dorsatum) is the second largest rodent in North America,
inhabiting forested lands of the continent whose name it bears from Mexico to Canada, reaching past
the tree line in Canada and far into Alaska [1]. The North American porcupine (NAP) has a lasting effect
on the timber of their home range as routine annual feeding on the bark of the crown of a tree during
a potentially decades-long life results in short, stocky trees with irregular low crowns and clumped
young shoots emanating at odd angles. The collection of such “witch trees” and the poaching of fruit
from orchards was in part the impetus for the systematic hunting of porcupines including bounties
that continued well into the second half of the 20th century in some states [1]. Though slow-moving,
near-sighted, and not particularly nimble, the prodigious physical barrier of porcupines wards off
most predators, save mountain lions (Puma concolor) and fishers (Martes pennanti) [1]. The survival and
prevalence of this animal is all the more impressive when their poor vision and slow pace are combined
with their penchant for falling from trees while foraging and sustaining significant musculoskeletal
injuries [1].

Aside from trauma, previously described diseases of porcupines include papillomaviral cutaneous
papillomas, fatal toxoplasmosis, portal and hepatic schistosomiasis due to Schistosomatium douthitti,
Frenkelia sp. encephalitis, hepatic Capillaria hepatica infection, orchitis with intralesional Histoplasma-like
organisms, hepatic lipidosis, encephalitis from Baylisascaris procyonis, and quill dissemination and
sepsis due to fetal death with a concurrent choriocarcinoma [2-12]. There is also a report of a family of
NAP housed in a zoological collection in Japan with Arthroderma benhamiae infection as well as a recent
description of diagnosis and successful medical treatment of Microsporum gypseum infection in a single
zoo-housed NAP in Kansas [13,14]. While these two reports demonstrate the possibility of NAP in zoos
having dermatophyte infections, to our knowledge, there has been no report of such infections in wild
NAPs. The purpose of this study was to describe a novel presentation of dermatophytosis in twelve
wild NAPs from Massachusetts and Maine occurring from 2010-2017. In addition to fungal culture,
the initial development of clinical fungal metagenomic sequencing of the fixed samples is presented to
facilitate further characterization of archived cases for future epidemiologic and clinical investigations.

2. Materials and Methods

Cases: No experimental animals were used in this study. The twelve cases included in this
report were among 44 NAPs submitted to the New Hampshire Veterinary Diagnostic Laboratory
(NHVDL) from 2010-2017 for routine clinical diagnosis. Eleven animals were presented to the Center
for Wildlife (Cape Neddick, ME, USA) and one animal was presented to the wildlife clinic at the
Cummings School for Veterinary Medicine at Tufts University (North Grafton, MA, USA). Clinical
signs at admission included dermatopathy that was considered consistent with mange. Formalin-fixed
tissue sections were sent to the biopsy service at the NHVDL in all cases, with plucked hairs submitted
to the microbiology section at the NHVDL for culture in six cases.

Histopathology: Tissues were received fixed in 10% neutral buffered formalin, and then trimmed,
processed, embedded in paraffin, sectioned at 5 um thicknesses, mounted on charged slides, and stained
routinely with hematoxylin and eosin. Serial sections were stained routinely with periodic acid-Schiff,
or Gomori methenamine silver staining to highlight fungal organisms.

Gross pathology: Five animals (1, 2, 3, 6, and 8) were submitted for full necropsy. Animals were
routinely dissected and representative tissue sections were fixed in 10% neutral buffered formalin and
processed as described for histopathology. Additional tissue samples were frozen fresh at —20 °C.
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Culture: Tissue was submitted to the microbiology section at the New Hampshire Veterinary
Diagnostic Laboratory for culture in six cases (3, 8, 9, 10, 11, and 12). Samples included quills, hair,
and small skin biopsies. Samples were set up for standard fungal cultures using Sabouraud Dextrose
Agar (Northeast Laboratory Services, Winslow, ME, USA) and Dermatophyte Test Media (DTM,
Zoetis Diagnostics, Parsippany, NJ, USA). Macroscopic and microscopic assessments were made for a
minimum of two weeks. Microscopic preparations were stained using Lacto Phenol Cotton Blue.

Molecular testing: Culture slants from cases 3 and 8-12 and scrolls of formalin-fixed
paraffin-embedded tissue (FFPE) from cases 5-7 were submitted to the Cornell Animal Health
Diagnostic Center for genetic analysis. Samples were extracted using the DNeasy Plant Mini kit for
cultures (Qiagen, Germantown, MD, USA) or the Recover All kit for FFPE (Thermo Fisher Scientific,
Waltham, MA, USA). The D1-D2 region of the large subunit RNA gene was amplified by PCR,
purified, and sequenced for speciation. Primers NL1 (5’-GCATATCAATAAGCGGAGGAAAAG-3')
and NL4 (5'-GGTCCGTGTTTCAAGACGG-3’) were used for amplification [15]. An additional primer
(Seq-NL1-ATCAATAAGCGGAGGAAAAG) was used for Sanger sequencing in cases 6 and 8-12,
which was performed at the Cornell University Genomics Facility. Metagenomic sequencing using the
same amplicons was performed on cases 5-7, 10, and 12. ITS metagenomic sequencing was additionally
performed using primers CTTGGTCATTTAGAGGAAGTAA and GCTGCGTTC TTCATCGATGC
on FFPE samples from cases 1 and 7 and cultures from cases 9 and 11. Library preparations for
metagenomic sequencing were performed using the Nextera XT library preparation kit and sequenced
using MiSeq 2 x 250 bp chemistry (Illumina, San Diego, CA, USA).

Bioinformatics analyses: Reads from the Sanger sequencing were quality trimmed and blasted
against the nt database using BLASTn [16] to obtain the top three blast hits at an e-value of < le-6.
Reads from MiSeq sequencing were demultiplexed into individual libraries for each case. Subsequently,

adapter, barcode, and amplification primers (NL1 and NL4) were trimmed from each library along
with low quality sequences using cutadapt (v. 1.15) under default settings for filtering and trimming
with the exception that the —O overlap setting was adjusted to (-O 5) so that any read with a match to
the adapter sequences that had a match of 5 or more bp was trimmed [17]. After adapter trimming,
each library was separately assembled with the program SPAdes (v. 3.11.1) using the options for
assembling paired end libraries [18]. As a quality control step, we then mapped the input reads from
the SPAdes assembly to the SPAdes contigs using the program RSEM (v. 1.2.29) [19], which utilized
Bowtie2 (v. 2.3.4) [20] as a short read mapper. We retained all contigs that had 15 or more reads from
this analysis and that were between 400 and 700 bp (the expected amplicon size was approximately
600 bp) to remove possible bioinformatic artifacts and contaminating sequences. All contigs that met
these criteria were then blasted as described above for Sanger sequences [16]. Any contigs that had hits
to a fungal species were retained and the number of reads from the RSEM output for retained contigs
were recorded and summed with the number of reads from all contigs that hit identical fungal species
to get a proxy for the prevalence of each fungal species in the sample (i.e., a higher read abundance
indicates more copies of DNA of the species in the sample, which indicates higher prevalence). The data
from the metagenomic sequencing are available at the National Center for Biotechnology Information
(NCBI, https://www.ncbi.nlm.nih.gov/) BioProject: PRINA556991.

3. Results

Table 1 summarizes the origin of the animals, signalment, clinical treatment, and case outcome for
each animal. Table 2 summarizes the culture, molecular diagnostic, and other pathological findings
(when applicable) for each of the 12 porcupines in this study.


https://www.ncbi.nlm.nih.gov/

Pathogens 2019, 8,171 40f 13
Table 1. Case descriptions.
. Location . Outcome
Animal # Year Found/Origin Signalment Treatments (Died/Euth/Released)
Ketaconazole 20 mg/kg SID 19
days; Baytril 5 mg/kg BID 3 day;
1 2010 Kittery Point, ME Juv M Gentak ointment BID-TID 21 days; Died
Vetropolycin BID 3 days;
Optimmune ointment SID 1 day;
Ketaconazole 20 mg/kg & 30
mg/kg SID (dosage was increased); .
2 2010 Kennebunk, ME Juv M Sulfatrim 30 mg/kg BID 10 days; Euthanized
Gentacin ointment SID 7 days
3 2011 Eliot, ME AdM Ketaconazole 20 mg/kg at least 4 Died
weeks
4 2012 Deerfield, NH <lyF data not available Euthanized
2013  Huntington, MA AdF Ketaconazole 15 mg/kg SID Released
Rockingham Ketaconazole 30 mg/kg SID; .
6 2015 County, NH JurM Ivermectin 0.2 mg/kg SQ Euthanized
7 2016 Barrington, NH M data not available Released
2017  North Berwick, ME AdM data not available Euthanized
9 2017 Wells, ME AdM data not available Released
. ivermectin SQ); terbinafine 125
10 2017  Sandbornville, NH AdF mg/mL; 30 mg/kg Released
11 2017 Turner, ME AdM data not available Released
nitraconazole 200 mg BID 14 d;
12 2017 York, ME AdM Terbinafine 100 mg SID 32 d Released
Abbreviations: ~Ad—adult; Juv—juvenile; F—female; M-—male; SID—once a day; BID—twice a

day; SQ—subcutaneous.
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Table 2. Summary of diagnostic testing performed.

Molecular Diagnostics

Animal # Tests Performed Culture Findings (Specimen Tested—Result) Additional Necropsy Findings
(1) Fibrinonecrotizing neutrophilic
pneumonia; (2) Chronic
Necropsy; FFPE Culture not FFPE—primarily Arthroderma .cerebrocortlcal necrosts (suspected
! metagenomics erformed benhamiae infarct); (3) Hepatic and esophageal
& P subacute fibrinoid phlebitis; (4)
Marked intestinal cestodiasis; (5)
Marked colonic nematodiasis
(1) Subacute lymphohistiocytic
Necropsy; FFPE Culture not FFPE—poor DNA yield/ no m.terstlt}a.l myocarditis; (2)
2 metagenomics erformed amplification Eosinophilic and neutrophilic
g p p bronchopneumonia; (3) Marked
intestinal cestodiasis
(1) Incisor overgrowth & marked
molar wear; (2) Skeletal myofiber
Necropsy; Fungal atrophy; (3) Rib fractures; (4) Marked
3 culture; D1-D2 large Trichophuton s culture—Arthroderma intestinal cestodiasis; (5) Moderate
subunit RNA PCR and Py P benhamiae colonic nematodiasis; (6) Subacute
sequencing lymphohistiocytic myocarditis; (7)
Thalamic gliosis and sclerosis with
minimal encephalitis
Biopsy; FFPE Culture not FFPE—poor DNA yield/ no i
4 metagenomics performed amplification n/a—biopsy only
Biopsy; FFPE Culture not FFPE—primarily Resinicium .
> metagenomics performed furfuraceum n/a—biopsy only
(1) Granulomatous peritonitis with
abdominal perforation, intestinal
entrapment and rupture (presumptive
Necropsy; trauma); (2) Moderate intestinal
6 dermatophyte test DTM + FFPE—primarily Puccinia cestodiasis; (3) Moderate colonic
media culture (DTM); coronate nematodiasis; (4) Chronic
FFPE metagenomics cerebrocortical astrogliosis and
microgliosis; (5) Subacute
hepatocellular necrosis (presumptive
larval migration)
Biopsy; FFPE Culture not FFPE—primarily Trichophyton )
7 metagenomics erformed sp- (285), n/a—biopsy only
& P Arthroderma benhamiae (ITS)
Necropsy; culture; (1) Chronic granulomatous and
8 D1-D2 large subunit Trichophuton s culture—Arthroderma eosinophilic capsular splenitis; (2)
RNA PCR and pry P- benhamiae Marked intestinal cestodiasis; (3)
sequencing Marked colonic nematodiasis
Biopsy; culture; D1-D2
large subunit RNA; . culture—Arthroderma .
9 metagenomics on Trichophyton sp. benhamiae n/a—biopsy & culture only
culture
Biopsy; culture; D1-D2
10 large subumt. RNA; Mixed culture—rrluxe‘dpnm'arlly n/a—biopsy & culture only
metagenomics on Scopulariopsis candida
culture
Biopsy; culture; D1-D2
large subunit RNA; . culture—Arthroderma .
11 metagenomics on Trichophyton sp. benhamiae n/a—biopsy & culture only
culture
Biopsy; culture; D1-D2
large subunit RNA; . culture—Arthroderma .
12 metagenomics on Trichophyton sp. benhamiae n/a—biopsy & culture only
culture

Abbreviations: FFPE—formalin-fixed, paraffin-embedded tissue; n/fa—not applicable.

Cases: All twelve animals were wild, with seven collected in Maine, four from New Hampshire,
and one from Massachusetts (Figure 1; Table 1). As could be best surmised by the rehabilitation
facility staff, six animals were juveniles and six were adults; nine were male, two were female, and one

had no sex indicated. All cases had clinically evident, gross lesions of hyperkeratosis that was
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suspected to be mange at initial presentation to the rehabilitation clinic. The clinically described lesions
were highlighted by hyperkeratosis and had a wide anatomic distribution. Initial treatment varied
depending on clinical diagnosis (prior to culture and biopsy) and is summarized in Table 1.

Figure 1. Geographic distribution of cases of dermatophytosis in the 12 wild NAPs in New England.
Numbers correspond to case numbers assigned in Table 1.

Gross pathology: The most striking finding in all animals was marked, multifocal (animals 5, 7,
9-12) to diffuse (animals 14, 6, and 8), hyperkeratosis and crusting of quilled skin on the dorsum,
extending from the face to the tail and onto the proximal aspect of the limbs (Figure 2). Hyperkeratotic
crusts were up to 5 mm thick in many regions (Figure 2). There was also patchy hair loss on the
ventrum, with mild, patchy, yellow crusting of the skin surface.

Figure 2. Dermatophytosis in a NAP, animal 8. Gross lesions characterized by severe hyperkeratosis
that was readily visible covering the skin on its natural surface and appeared as thick white flaking
crusts (top); in the cut section the hyperkeratosis was arranged in a thick, diffuse mat of overlapping
sheets, measuring up to 5 mm thick (bottom).
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Aside from the lesions of dermatophytosis, marked intestinal cestodiasis was noted in 5/5 animals
that underwent necropsy; colonic nematodiasis was noted in 4/5; chronic dental malocclusion in 2/5;
and chronic rib fractures in 1/5 animals (Table 2).

Histopathology: Initial diagnosis was made on biopsies submitted to the New Hampshire
Veterinary Diagnostic Laboratory for 11/12 animals in the series, with the twelfth animal submitted
for necropsy without prior biopsy. The common features of the lesions include a minimal
lymphoplasmacytic infiltrate around the superficial dermal vasculature, moderate to occasionally
severe epidermal and follicular epithelial hyperplasia, and moderate to severe epidermal and follicular
orthokeratotic hyperkeratosis (Figure 3). The epidermal hyperplasia consisted of acanthosis and
variable hypergranulosis. There were few to myriad round to oval, 2-6 um diameter fungal arthrospores
colonizing superficial and intrafollicular keratin, the cortices of hair shafts, and in some animals, quills
(Figure 3). There were also small to moderate numbers of slender (4-7 pm diameter), undulating,
frequently septate, and rarely branching hyphae and arthrospores surrounding some of the affected
follicles and invading the cortices of some hair shafts. The fungal organisms were highlighted by
periodic acid-Schiff (Figure 3) and Gomori methenamine silver staining. There were few occasions of
pigmentary incontinence.
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Figure 3. Dermatophytosis in a NAP, animal 8; hematoxylin and eosin. Marked hyperkeratosis
extended from the epidermal surface outward, with moderate underlying epidermal hyperplasia.
The inset shows minimal/negligible inflammation in the dermis.

Additional findings in histopathology included chronic cerebrocortical necrosis in 3/5 animals
undergoing necropsy; pneumonia in 2/5 porcupines; and subacute to chronic lymphohistiocytic
myocarditis in 2/5. Single instances of fibrinonecrotizing phlebitis of liver and esophagus, necrotizing
granulomatous peritonitis and cellulitis with intestinal incarceration, hepatitis (presumptive larval),
and chronic granulomatous eosinophilic capsular splenitis were also noted.

Culture: Insix (3, 6, 8,9, 11, 12) of the seven (3, 6, 8-12) specimens submitted for culture, there was
growth with a positive color change on dermatophyte test medium (DTM) where these cultures grew
white molds that were macroscopically consistent with a dermatophyte (Figure 4). In five of these cases
(3, 8,9, 11, and 12), pure cultures were grown with microscopic morphology that included microconidia
and macroconidia consistent with the Trichophyton species (Figure 5 and Table 1). The microscopic
diagnostic data from case 6 were not recoverable from the case records. The culture in case 10 was
mixed and pure subcultures could not be attained.
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Figure 4. Dermatophytosis in a NAP, animal 8, HE left (larger) image and periodic acid-Schiff
highlighting the fungal organisms in both of the inset images on the right. The dermatophyte herein
was characterized by round to oval, 2-6 um diameter fungal arthrospores colonizing the cortices of
hair shafts notable in HE staining (large figure, left side). The two smaller figures show bright pink
periodic acid-Schiff (PAS) staining of the arthrospores (top right) as well as slender, 4-7 um diameter,
undulating, frequently septate, and rarely branching hyphae in the follicular keratin (bottom right).

Figure 5. Dermatophytosis in a NAP, five cultures in dermatophyte test medium. From left to right

are cases 8-12, respectively. The medium contained a phenol red pH indicator for species producing
alkaline metabolites (Epidermophyton, Microsporum, and Trichophyton spp.). Cultures from cases 8, 9,
11, and 12 were characterized by white fungal colonies with powdery surfaces. Case 10 (central) was
mixed and characterized by heavy grey-green mold.

Molecular analyses: Sanger sequencing of pure cultures obtained from cases 3, 8, 9, 11, and 12 all
had Trichophyton spp. and/or Arthroderma benhamiae as the top three significant hits. The mixed culture
from case 10 had a Sanger sequencing result of Microascus manginii/Scopulariopsis candida. Sanger
sequencing was attempted on the FFPE from case 6, which was of poor quality but yielded significant
results for Alternaria sp.

Metagenomic sequencing was attempted for the cultures from cases 9-12 and the FFPE from
cases 1, 5, 6, and 7. Overall, the FFPE samples analyzed by 28S had varying proportions of sequences
from the phyla Ascomycota and Basidiomycota (Figure 6A). The class distribution within those
orders is shown in Figure 6B. All 285 fungal reads from the pure culture from case 12 belonged to
Trichophyton/Arthroderma benhamiae. Ninety-five percent of the fungal reads from the mixed culture
(case 10) were identified as Scopulariopsis candida. The other 5% belonged to Vishniacozyma victoriae.
The FFPE biopsy of case 7 had equal proportions (37% each) of the fungal sequences assigned as
Trichophyton benhamiae and Trichophyton mentagrophytes.
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Figure 6. Fungal composition based on phyla (A) and class (B). Taxonomic assignments from 28S
metagenomic sequencing of mixed or pure cultures were compared with direct sequencing from
formalin fixed paraffin-embedded tissues (FFPE).

Based on ITS metagenomic sequencing, the cultures from cases 9 and 11 both had 51% of fungal
sequences identified as Arthroderma benhamiae. The FFPE biopsies from cases 1 and 7 had 56% and 46%
of fungal sequences also identified as A. benhamiae, respectively. Case 7 additionally had 3% of fungal
reads assigned to Trichophyton eriotrephon.

4. Discussion

Of the 44 wild or captive porcupine biopsy or necropsy submissions to the NHVDL from 2010-2017,
28 had significant dermatopathy; 12 of these had dermatophyte infection and made up the animals
in our report. The primary clinical differential diagnosis was mange, which is commonly reported
due to Sarcoptes scabeie in NAP, and may also be due to Notoedres douglasi [1,21]. With both etiologies,
the infection is progressive and often fatal. The degree of hyperkeratosis in the cases we reported was
comparable to what was noted in the five cases of mange diagnosed in all 44 porcupines submitted to
the NHVDL, however the paws and face tended to be more dramatically affected in cases of mange as
compared to the main body mass in dermatophytosis. There were no animals wherein both mange
and dermatophytosis were identified.

In recent years, cutaneous fungi have become some of the most impactful pathogens of wildlife,
with white nose syndrome caused by Pseudogymnoascus destructans and chytrid fungus infection
(Batrachochytrium dendrobatidis) decimating bat and frog populations [22,23]. There is evidence that
rampant population-level infection with fungi that infect the skin and associated structures are
also having significant impacts on human health, with an epidemic of dermatophytosis attributed
to members of the same genus (Trichophyton) as in our porcupines having spread throughout the
subcontinent of India [24]. Dermatophytes are well described in people and animals, although increased
globalization has made certain species of these keratinaophilic fungi emergent or re-emergent in certain
locals [25]. Dermatophyte hyphae in domesticated animals are morphologically similar to those noted in
our NAP, with fungal hyphae in hair and keratin progressing from septation to form arthrospores [26,27].
The predominant fungal isolate in the cultured cases (8-12) was the dermatophyte Arthroderma benhamiae,
which is the teleomorph of Trichophyton mentagrophytes, an obligate parasitic (zoophilic) dermatophyte
species [26,28,29]. Trichophyton sp. cannot be identified via Wood's (ultraviolet) lamp, as the fungus
does not fluoresce [27]. Trichophyton sp. can be identified from culture by white mold on DTM culture,
with the production of relatively elongate, blunt-ended macroconidia that have nearly parallel walls
as well as numerous microconidia; this was the morphology observed in cases 3, 8, 9, 11, and 12
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(Figure 5). The arthrospore is produced in tissue to the exclusion of conidia and is thought to be the
mode of inter-animal transmission [27]. Trichophyton infections are reported most often in guinea pigs,
and is common in dogs and cats, with other affected animal species including rabbits, hamsters, rats,
chinchillas, and hedgehogs [28,30-32]. Trichophyton mentagrophytes, which commonly infects animals
can be broken down into three varieties: T. mentagrophytes var. mentagrophytes, which infects rodents,
dogs, horses, guinea pigs, throughout the world [27,33]; T. mentagrophytes var. erinacei, which infects
European hedgehogs, dogs, and people in Europe, New Zealand, Chile, and elsewhere [27,34-36];
and T. mentagrophytes var. quinckeanumi, which infects mice, and rarely people in North America,
Europe, and Australia [37,38]. With increased genomic data from routine diagnostic cases, outbreaks,
and research being constantly compiled, there appears to be increasing complexity and granularity
to the differentiation of T. mentagrophytes and associated species, and our understanding of this
phylogenetic relatedness remains a work in progress [24,30].

In those cases wherein culture was not performed, next generation sequencing was attempted
on genetic material extracted from formalin fixed, paraffin embedded skin samples. This provided a
picture of the main fungal species prevalent within the sample as determined by read abundance and
gave a picture of the species that co-occurred either as part of the infection or the microbiome of the
host. The data generated indicated the presence of DNA from a diverse mixture of fungal species in the
phyla Ascomycota (which includes Trichophyton) and Basidiomycota. Taken together, the diverse array of
classes represented likely indicates that the novel method application we describe is highly sensitive.
As the D1-D2 28S subunit traditionally used for fungal culture identification is a large amplicon that is
not ideal for the analysis of FFPE specimens, species classification based on ITS sequences provided
additional resolution to obtain species-level taxonomic assignments. It is worth noting that in two of
the four FFPE samples with sufficient DNA quantity and quality, metagenomics identified Trichophyton
sp. or A. benhamiae. Thus, we have shown that by applying the techniques we outlined, nucleic acids
of an infected host tissue extracted from an archived FFPE sample can be used to accurately identify
the etiologic agent to the species level. Deterioration of the DNA, for example, due to prolonged
incubation in formalin, or tissue autolysis prior to fixation are a potential limitation. Further validation
of this approach on representative sets of clinical and normal specimens for different animal species
is needed.

The genomic material from the fungi identified with the metagenomic techniques probably
represent commensal organisms/members of the cutaneous microbiome of the animals as well as
potentially organisms found in its immediate environment that were present during tissue fixation.
Amongst the varied classes represented, Eurotiomycetes is of particular importance as it includes
Trichophyton amongst its many genera of pathogens. There is a prior report of A. benhamiae or
T. mentagrophytes in a family of NAP in a Japanese zoo, and T. mentagrophytes was isolated from a
South African porcupine, though it is important to note that the South African porcupine is not a
closely related species to NAP [32,39]. There is a single case report outlining cutaneous mycosis in
an individual NAP due to infection with the yeast-like Aureobasidium pullulans [40]. A very recent
paper reports a more limited infection with the geophilic (soil-associated) dermatophyte Microsporum
gypseum in a zoo-housed porcupine [14].

In contrast to the isolated lesion from the single case of dermatophytosis in a zoo-housed NAP
caused by the geophilic M. gypseum case, our 12 cases of wild NAP with T. mentagrophytes had diffuse
distribution [14]. In addition, the mild inflammatory reaction, dramatic hyperkeratosis, and lack
of folliculitis in this case are atypical for dermatophytosis in other mammals [41]. The common
lesions of dermatophytosis in domestic animals are well-circumscribed and alopecic with variable
scaling; histopathology reveals pyogranulomatous folliculitis and furunculosis with occasional kerion
formation [26]. The lack of a significant inflammatory response in our cases, and the disseminated and
hyperkeratotic lesions could be speculated to be related, in that poor inflammation may have allowed
the spread of the infection over wide areas, with the noted hyperkeratosis the hosts” defensive response
to the fungus in lieu of an effective immune response. Susceptibility and severity of dermatophytosis
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is thought to depend on the pathogenicity and species of the fungus in combination with host factors
including keratin composition, health status, and immune response of the host [42]. In particular,
the degree of the cell-mediated immune response has alleged import: more host-adapted fungal strains
may elicit relatively mild cell-mediated reactions in their primary host [42].

Transmission of zoophilic strains of dermatophytes occurs through direct contact between animals
or with environments contaminated by infected crusts or hairs. Our 12 animals were free-ranging
and admitted to wildlife rehabilitation facilities with/due to skin disease and debilitation; infections
were not acquired in captivity. NAP are largely solitary animals, and the frequency of contact
between animals would generally not be high; however, communal denning behavior as a matter of
necessity/desperation is reported in winter months, and seen in increasing incidence with decreasing
availability of suitable den sites [1,43]. In a study of nests of T. mentagrophytes var. erinacei in European
hedgehogs, six infected nests were found to be inhabited by infected animals, while four uninfected
nests had uninfected inhabitants [35]. Furthermore, this study found that (a) the fungus was stable in
dry nest material in the laboratory for at least a year, but stable for less than a week in wet material;
and (b) that four summer nests that were occupied only transiently were not infected [35]. It is our
speculation that transmission occurs during winter communal denning in NAP, as is likely in European
hedgehogs, and as is speculated to be the case with Sarcoptes scabiei transmission in NAP [1]. Even if
this were true it is still remarkable that the numerous animals were infected by such genetically similar
fungi, suggesting a potential species-wide immunologic susceptibility for this particular pathogen,
as in scabies. It is possible that just as with white nose syndrome and chytrid fungus, dermatophytosis
in NAP may be an emerging infectious disease with potential ties to climate change and anthropogenic
effects. Based on the 12 cases we described here, dermatophytosis should be a differential diagnosis for
hyperkeratosis and disseminated dermatopathy in wild as well as captive NAP. Our experiences with
these cases also suggest that terbinafine or nitraconazole are the most effective treatment options.

Author Contributions: Conceptualization, D.B.N., R.G., B.A.S,,J.C.E,, and L.B.G.; Data curation, N.A.H., N.J.M.,
D.R,, and L.B.G.; Formal analysis, N.A.H., N.J.M., and D.R.; Funding acquisition, L.B.G.; Investigation, D.B.N.,
R.G,LES,NJM, DR,B]JS, B.AS.,S.S., MM, and L.B.G.; Methodology, D.B.N., R.G., N.J M., D.R., A].T.,, and
B.J.S.; Project administration, D.B.N. and L.B.G.; Resources, D.B.N.,R.G., AJ.T,, S.S., M.M., and L.B.G.; Supervision,
AJ.T. and L.B.G.; Validation, R.G., N.J.M., D.R,, and L.B.G.; Visualization, D.B.N., R.G., N.A.H., L.ES., and N.J.M,;
Writing—original draft, D.B.N. and L.B.G.; Writing—review & editing, R.G., N.A.H,, ILES,, N.J M, DR, AJ.T,
BJ.S., B.AS. J.CE.,SS., and M.M.

Funding: Sequencing capacity for this project was funded (FOA PA-13-244) by the Food and Drug Administration’s
Veterinary Laboratory Investigation and Response Network (FDA Vet-LIRN) under Grant No. 1U18FD005144-03
to LBG.

Acknowledgments: We thank Renee Anderson and Brittany Chilson for their technical support for the molecular
characterization, Lindsay March for the medical record review and data compilation, and Sonja E. Ahlberg for
case confirmation and clinical follow-up.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Roze, U. The North American porcupine, 2nd ed.; Comstock Pub. Associates/Cornell University Press: Ithaca,
NY, USA, 2009; ISBN 0801446465.

2. Rector, A.; Tachezy, R.; van Doorslaer, K.; MacNamara, T.; Burk, R.D.; Sundberg, J.P,; van Ranst, M. Isolation
and cloning of a papillomavirus from a North American porcupine by using multiply primed rolling-circle
amplification: The Erethizon dorsatum papillomavirus type 1. Virology 2005, 331, 449-456. [CrossRef]
[PubMed]

3.  Fayyad, A.; Kummerfeld, M.; Davina, I.; Wohlsein, P.; Beineke, A.; Baumgértner, W.; Puff, C. Fatal systemic
Toxoplasma gondii infection in a red squirrel (Sciurus vulgaris), a Swinhoe’s striped squirrel (Tamiops swinhoei)
and a New World porcupine (Erethizontidae sp.). ]. Comp. Pathol. 2016, 154, 263-267. [CrossRef] [PubMed]

4. Cushing, A.C;; Noonan, B.; Gutman, M.R.; Pillai, S.P.S. Intraeuterine fetal death with subsequent quill
exfoliation and dissemination in a North American porcupine (Erethizon dorsatumy). J. Zoo Wildl. Med. 2013,
44,1102-1106. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.virol.2004.10.033
http://www.ncbi.nlm.nih.gov/pubmed/15629787
http://dx.doi.org/10.1016/j.jcpa.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/26987509
http://dx.doi.org/10.1638/2013-0028R3.1
http://www.ncbi.nlm.nih.gov/pubmed/24450079

Pathogens 2019, 8,171 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Choquette, L.P; Broughton, E.; Gibson, G.G. Schistosomatium douthitti (Cort, 1914) Price, 1929 in a porcupine
(Erethizon dorsatum) in eastern Ontario, Canada. Can. J. Zool. 1973, 51, 1317. [CrossRef] [PubMed]
Kennedy, M.].; Frelier, P.F. Frenkelia sp. from the brain of a porcupine (Erethizon dorsatum) from Alberta,
Canada. J. Wildl. Dis. 1986, 22, 112-114. [CrossRef] [PubMed]

Hamir, A.N.; Rupprecht, C.E. Hepatic capillariasis (Capillaria hepatica) in porcupines (Erethizon dorsatum) in
Pennsylvania. J. Vet. Diagn. Investig. 2000, 12, 463—465. [CrossRef]

Hamir, A.N.; Olsen, S.; Rupprecht, C.E. Granulomatous orchitis associated with Histoplasma-like organisms
in porcupines (Erethizon dorsatum). Vet. Rec. 2002, 150, 251-252. [CrossRef]

Barigye, R.; Schamber, E.; Newell, T.K.; Dyer, N.W. Hepatic lipidosis and other test findings in two captive
adult porcupines (Erethizon dorsatum) dying from a “sudden death syndrome”. J. Vet. Diagn. Investig. 2007,
19, 712-716. [CrossRef]

de Bosschere, H.; Roels, S.; Vanopdenbosch, E. Hepatic lipidosis in a captive North American porcupine
(Erethizon dorsatum). Vet. Res. Commun. 2006, 30, 907-910. [CrossRef]

Thompson, A.B.; Glover, G.J.; Postey, R.C.; Sexsmith, ].L.; Hutchison, T.W.S.; Kazacos, K.R. Baylisascaris
procyonis encephalitis in Patagonian conures (Cyanoliseus patagonus), crested screamers (Chauna torquata),
and a western Canadian porcupine (Erethizon dorsatum epixanthus) in a Manitoba zoo. Can. Vet. J. 2008, 49,
885-888.

Roug, A.; Clancy, C.S.; Detterich, C.; van Wettere, A.]. Cerebral larva migrans caused by Baylisascaris spp. in
a free-ranging North American porcupine (Erethizon dorsatum). J. Wildl. Dis. 2016, 52, 763-765. [CrossRef]
[PubMed]

Takahashi, H.; Takahashi-kyuhachi, H.; Takahashi, Y.; Yarita, K.; Takayama, A.; Inomata, T.; Sano, A.;
Nishimura, K.; Kamei, K. An intrafamilial transmission of Arthroderma benhamiae in Canadian porcupines
(Erethizon dorsatum) in a Japanese zoo. Med. Mycol. 2008, 46, 465-473. [CrossRef] [PubMed]

Hackworth, C.E.; Eshar, D.; Nau, M.; Bagladi-Swanson, M.; Andrews, G.A.; Carpenter, ].W. Diagnosis
and successful treatment of a potentially zoonotic dermatophytosis caused by microsporum gypseum in a
z0o-housed North American porcupine (Erethizon dorsatum). |. Zoo Wildl. Med. 2017, 48, 549-553. [CrossRef]
Kurtzman, C.P; Robnett, C.J. Identification of clinically important ascomycetous yeasts based on nucleotide
divergence in the 5" end of the large-subunit (26S) ribosomal DNA gene. J. Clin. Microbiol. 1997, 35, 1216-1223.
[PubMed]

Altschul, S.F,; Gish, W.; Miller, W.; Myers, EW.; Lipman, D.]. Basic local alignment search tool. J. Mol. Biol.
1990, 215, 403-410. [CrossRef]

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. |. 2011,
17,10-12. [CrossRef]

Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.;
Pham, S.; Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell
sequencing. J. Comput. Biol. 2012, 19, 455-477. [CrossRef] [PubMed]

Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference
genome. In Bioinformatics: The Impact of Accurate Quantification on Proteomic and Genetic Analysis and Research;
Apple Academic Press: Oakville, ON, Canada, 2014; ISBN 9781482246629.

Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357-359.
[CrossRef]

Snyder, D.E.; Hamir, A.N.; Hanlon, C.A.; Rupprecht, C.E. Notoedric acariasis in the porcupine (Erethizon
dorsatum). J. Wildl. Dis. 1991, 27, 723-726. [CrossRef]

Campana, M.G.; Kurata, N.P; Foster, ].T.; Helgen, L.E.; Reeder, D.M.; Fleischer, R.C.; Helgen, K.M. White-nose
syndrome fungus in a 1918 bat specimen from France. Emerg. Infect. Dis. 2017, 23, 1611-1612. [CrossRef]
Rodriguez-Brenes, S.; Rodriguez, D.; Ibafiez, R.; Ryan, M.]. Spread of amphibian chytrid fungus across
lowland populations of tungara frogs in Panama. PLoS ONE 2016, 11, e0155745. [CrossRef] [PubMed]
Nenoff, P.; Verma, S.B.; Uhrlaf3, S.; Burmester, A.; Gréser, Y. A clarion call for preventing taxonomical errors of
dermatophytes using the example of the novel Trichophyton mentagrophytes genotype VIII uniformly isolated
in the Indian epidemic of superficial dermatophytosis. Mycoses 2019, 62, 6-10. [CrossRef] [PubMed]
Farina, C.; Fazii, P; Imberti, G.; Lombardi, G.; Passera, M.; Andreoni, S.; Italian Association of Clinical
Microbiology (AMCLI) Dermatophytes’ Study Group; AMCLI Dermatophytes’ Study Group. Trichphyton
violaceum and T. soudanese: Re-emerging pathogens in Italy, 2005-2013. New Microbiol. 2015, 38, 409-415.


http://dx.doi.org/10.1139/z73-188
http://www.ncbi.nlm.nih.gov/pubmed/4782273
http://dx.doi.org/10.7589/0090-3558-22.1.112
http://www.ncbi.nlm.nih.gov/pubmed/3951044
http://dx.doi.org/10.1177/104063870001200514
http://dx.doi.org/10.1136/vr.150.8.251
http://dx.doi.org/10.1177/104063870701900618
http://dx.doi.org/10.1007/s11259-006-3395-0
http://dx.doi.org/10.7589/2015-11-316
http://www.ncbi.nlm.nih.gov/pubmed/27314480
http://dx.doi.org/10.1080/13693780801938996
http://www.ncbi.nlm.nih.gov/pubmed/18608939
http://dx.doi.org/10.1638/2016-0097R1.1
http://www.ncbi.nlm.nih.gov/pubmed/9114410
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.14806/ej.17.1.200
http://dx.doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.7589/0090-3558-27.4.723
http://dx.doi.org/10.3201/eid2309.170875
http://dx.doi.org/10.1371/journal.pone.0155745
http://www.ncbi.nlm.nih.gov/pubmed/27176629
http://dx.doi.org/10.1111/myc.12848
http://www.ncbi.nlm.nih.gov/pubmed/30187579

Pathogens 2019, 8,171 13 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Mauldin, E.A.; Peters-Kennedy, J. Dermatophytosis. In Jubb, Kennedy and Palmer’s Pathology of Doemstic
Animals; Maxie, M.G., Ed.; Elsevier: St. Louis, MO, USA, 2016; pp. 649-653. ISBN 978-0-7020-5322-1.
Markey, B.; Leonard, F; Archambault, M.; Cullinane, A.; Maguire, D. Mycology. In Clinical Veterinary
Microbiology; Mosby, Elsevier: New York, NY, USA, 2013; pp. 450-480. ISBN 9780723432371.

Nenoff, P; Uhrla8, S.; Kriiger, C.; Erhard, M.; Hipler, U.-C,; Seyfarth, F.; Herrmann, J.; Wetzig, T.; Schroedl, W.;
Griser, Y.; et al. Trichophyton species of Arthroderma benhamiae—A new infectious agent in dermatology.
J. Dtsch. Dermatol. Ges. 2014, 12, 571-581. [PubMed]

Nenoff, P.; Herrmann, J.; Gréser, Y. Trichophyton mentagrophytes sive interdigitale? A dermatophyte in the
course of time. . Ger. Soc. Dermatol. 2007, 5, 198-202. [CrossRef] [PubMed]

Mesquita, J.R.; Vasconcelos-Nobrega, C.; Oliveira, J.; Coelho, C.; Vala, H.; Fratti, M.; Arabatzis, M.;
Velegraki, A.; Michel, M. Epizootic and epidemic dermatophytose outbreaks caused by Trichophyton
mentagrophytes from rabbits in Portugal, 2015. Mycoses 2016, 59, 668-673. [CrossRef] [PubMed]

Moriello, K.A.; Coyner, K.; Paterson, S.; Mignon, B. Diagnosis and treatment of dermatophytosis in dogs and
cats. Vet. Dermatol. 2017, 28, 266-e68. [CrossRef] [PubMed]

Kim, J.; Tsuchihashi, H.; Hiruma, M.; Kano, R.; Ikeda, S. Tinea Corporis Due to Trichophyton erinacei Probably
Transmitted from a Hedgehog. Med Mycol J. 2018, 59, E77-E79. [CrossRef]

Constantin, M.; Dracea, O.N.; Marinescu, B.; Coman, C.; Codita, I. Dermatophytosis caused by Tricophyton
mentagrophytes-var. mentagrophytes in guinea pigs. Rev. Romdna Med. Vet. 2010, 20, 106-110.

Quaife, R.A. Human infection due to the hedgehog fungus, Trichophyton mentagrophytes var. erinacei. J. Clin.
Pathol. 1966, 19, 177-178. [CrossRef]

English, M.P,; Morris, P. Trichophyton mentagrophytes var. erinacei in hedgehog nests. Med. Mycol. 1969, 7,
118-121. [CrossRef]

Rhee, D.Y,; Kim, M.S.; Chang, S.E.; Lee, M.W.; Choi, ].H.; Moon, K.C.; Koh, ].K.; Choi, ].S. A case of tinea
manuum caused by Trichophyton mentagrophytes var. erinacei: The first isolation in Korea. Mycoses 2009, 52,
287-290. [CrossRef] [PubMed]

Bilek, J.; Baranova, Z.; Kozak, M.; Fialkovicova, M.; Weissova, T.; Sesztakova, E. Trichophyton mentagrophytes
var. quinckeanum as a cause of zoophilic dermatomycosis in a human family. Bratisl. Lek. Listy 2005, 106,
383-385. [PubMed]

Beguin, H.; Pyck, N.; Hendrickx, M.; Planard, C.; Stubbe, D.; Detandt, M. The taxonomic status of Trichophyton
quinckeanum and T. interdigitale revisited: A multigene phylogenetic approach. Med. Mycol. 2012, 50, 871-882.
[CrossRef] [PubMed]

Marais, V.; Olivier, D.L. Isolation of Trichophyton mentagrophytes from a porcupine. Sabouraudia 1965, 4, 49-52.
[CrossRef] [PubMed]

Salkin, LE; Gordon, M.A.; Stone, W.B. Cutaneous infection of a porcupine (Erethizon dorsatum) by
Aureobasidium pullulans. Sabouraudia 1976, 14, 47-49. [CrossRef] [PubMed]

Mauldin, E.A.; Peters-Kenedy, J. Fungal diseases of skin. In Jubb, Kennedy & Palmer’s Pathology of Domestic
Animals; Maxie, M.G., Ed.; Elsevier: St. Louis, MO, USA, 2016; pp. 649-653. ISBN 978-0-7020-5317-7.
Chermette, R.; Ferreiro, L.; Guillot, ]. Dermatophytoses in animals. Mycopathologia 2008, 166, 385—405.
[CrossRef] [PubMed]

Wilson, D.E.; Ruff, S. (Eds.) North American porcupine. In The Smithsonian Book of North American Mammals;
Smithsonian Institution Press: Washington, DC, USA, 1999; pp. 671-673. ISBN 1-56098-845-2.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/24981469
http://dx.doi.org/10.1111/j.1610-0387.2007.06180.x
http://www.ncbi.nlm.nih.gov/pubmed/17338794
http://dx.doi.org/10.1111/myc.12513
http://www.ncbi.nlm.nih.gov/pubmed/27292309
http://dx.doi.org/10.1111/vde.12440
http://www.ncbi.nlm.nih.gov/pubmed/28516493
http://dx.doi.org/10.3314/mmj.18-00006
http://dx.doi.org/10.1136/jcp.19.2.177
http://dx.doi.org/10.1080/00362177085190211
http://dx.doi.org/10.1111/j.1439-0507.2008.01556.x
http://www.ncbi.nlm.nih.gov/pubmed/18643919
http://www.ncbi.nlm.nih.gov/pubmed/16642661
http://dx.doi.org/10.3109/13693786.2012.684153
http://www.ncbi.nlm.nih.gov/pubmed/22587727
http://dx.doi.org/10.1080/00362176685190131
http://www.ncbi.nlm.nih.gov/pubmed/5896040
http://dx.doi.org/10.1080/00362177685190091
http://www.ncbi.nlm.nih.gov/pubmed/1265573
http://dx.doi.org/10.1007/s11046-008-9102-7
http://www.ncbi.nlm.nih.gov/pubmed/18478363
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

