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Abstract: The dimorphic, soil-dwelling fungus Coccidioidesis the causative agent of
coccidioidomycosis and is a reemerging pathogen of human health concern. Despite increasing
incidence and isolations of the organism outside of its theoretical environmental range, much
of Coccidioides epidemiology, including complete host range, remains unknown. Feral swine (Sus
scrofa) are an invasive species distributed throughout the United States that may play a role in fungal
ecology due to their behavioral associations with soil. To address this, we evaluated seven feral
swine for susceptibility to Coccidioides. After intranasal inoculation with 1062 arthroconidia of C.
posadasii, no pigs displayed signs of clinical disease, nor did any exhibit antibodies by AGID testing.
Histopathologic evaluation did not reveal the presence granulomatous lesions, and fungal
spherules or endospores were not observed in any of the tissue sections examined, although
individuals had significant comorbidities, most notably Metastrongylus nematodes in the lungs.
Despite the absence of lesions and organisms histologically, C. posadasii was isolated by culture from
the lung and mediastinal lymph node of two pigs, indicating active infection. These results suggest
that feral swine are mildly susceptible to acute Coccidioides infection and may aid in fungal dispersal
due to the presence of spherules in tissues post-mortem.

Keywords: Coccidioides; coccidioidomycosis; Valley Fever; feral swine; Sus scrofa; experimental
inoculation; fungal ecology

1. Introduction

Coccidioides immitis and posadasii are largely indistinguishable pathogenic fungi and are the
causative agents of coccidioidomycosis, or Valley Fever, a potentially deadly disease in humans [1].
Coccidioides spp. primarily rest in soil profiles, with fungal spores or arthroconidia infecting hosts
chiefly through the respiratory route. This mode of transmission is thought to be driven primarily by
soil disruption and aerosolization of infectious arthroconidia, with large-scale fungal dissemination
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mediated by extreme weather events like dust storms [2]. Based on the seminal work performed by
Edwards and Palmer in the 1950s [3,4], it’s believed that in the United States, Coccidioides is endemic
to the Central Valley of California, southern Arizona, and western Texas, and that desert rodents and
armadillos likely play a role in fungal ecology by providing organic materials within their burrows,
as well as being incidental hosts themselves [5,-8].

Reports and isolations of Coccidioides have been made outside of the defined endemic region
within the last decade, suggesting that the organism is expanding geographically, yet despite this, an
animal reservoir has not been definitively identified [3,9,10]. Ongoing study of Coccidioides
distribution and ecology has proven difficult, as distribution within soil profiles is not homogenous
even in large regions considered disease “hot spots” based on human incidence, and
coccidioidomycosis is not a reportable disease in all states [9,11,12]. Furthermore, although attempts
have been made to better define environmental suitability, resulting evidence has been inconclusive,
and reliable isolation of Coccidioides from the environment remains a challenge [9,12-14].

Besides humans, Coccidioides appears able to infect most vertebrates with varying levels of
disease [15]. Experimental infection studies in wild rodents including Merriam’s kangaroo rat
(Dipodomys merriami) and the desert pocket mouse (Chaetodipus penicillatus) have revealed they may
be infected but rarely die from coccidioidomycosis, and serological studies have detected antibodies
in the serum of kangaroo rats, desert woodrats (Neotoma lepida) and deer mice (Peromyscus
maniculatus), suggesting many desert rodents are potential reservoirs or incidental hosts [3,6]. It has
thus been broadly hypothesized that burrowing mammals play a role in fungal ecology due to their
association and close interactions with soils that may be contaminated with fungal hyphae [5,6,9,13].
Similarly, infection in domestic dogs is thought to be more prevalent than in humans because of their
behavioral tendency to disrupt soil [16,17].

Observational studies in several livestock species suggest that clinical infection is rare in horses,
cattle, sheep, and swine. Coccidioides-associated lesions, when observed, are incidentally detected
during slaughter or meat processing, and likely do not reflect true incidence [17-20]. Limited reports
for domestic swine indicate that they are susceptible to Coccidioides, but rarely develop clinical signs
or succumb to disseminated disease, and past serological surveys have suggested that at least 12% of
domestic swine in some endemic regions can be positive for Coccidioides antibodies [17,18]. Like
canids, pigs have behavioral tendencies to disrupt soil, such as rooting for food or wallowing for
thermoregulation [21]. Despite this, susceptibility and transmission dynamics in pigs have yet to be
fully elucidated.

Feral swine (Sus scrofa) are a proliferative invasive species with widespread distribution across
the United States and are known for their disruption of soil through rooting and wallowing [22,23].
Taxonomically identical to domestic swine, feral swine have yet to be considered for their potential
role in Coccidioides ecology and epidemiology, despite population overlap with regions exhibiting
high and low incidence of Valley Fever [24,25]. We thus evaluated a group of feral swine for
susceptibility to C. posadasii and documented clinical signs, serological response, and fungal presence
in tissues after intranasal exposure.

2. Materials and Methods

2.1. Animals

Seven wild-caught juvenile feral swine of mixed-sex were evaluated for susceptibility to C.
posadasii. Feral swine sounders were trapped by the United States Department of Agriculture, Animal
and Plant Health Inspection Service, Wildlife Services (USDA) personnel in Burnet County, Texas
using baited corral traps from April 25-27, 2021. Juvenile swine were preferentially selected from
sounders to minimize the chance of previous fungal exposure and were defined as less than 2 months
of age, where age was estimated based on the absence of incisors and permanent canines on the lower
jaw [26]. Upon capture, seven individuals were selected based on these criteria and transported
overnight to Fort Collins, Colorado. Animals were then group-housed in an Animal Biosafety Level
3 (ABSL-3) facility at Colorado State University, in one room (12 ft. x 18 ft) with natural lighting and
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controlled climate. Once in the ABSL-3, swine had access to food and water ad libitum throughout
the study period.

Animals were allowed to acclimate for six days before being given a thorough physical
examination, where an initial blood sample was taken, and individuals screened externally for
ectoparasites, sexed, and implanted with thermally sensitive microchips (Lifechips, Destron-Fearing)
for identification and temperature measurement. Due to significant numbers of ectoparasites
observed on arrival, a thin application of deltamethrin insecticide (Delta Dust, Bayer) was also
applied to the coat of each pig during the initial exam. All procedures and use of animals were
performed with the approval of Colorado State University’s Institutional Animal Care and Use
Committee (Protocol #1360).

2.2. Fungal Challenge

Prior to inoculation, baseline body temperatures were recorded for all individuals (day 0). Wild-
type C. posadasii strain Silveira spores diluted in phosphate-buffered saline (PBS) were then
administered into the nares of six individuals using a pipette (500ul per nare) under manual restraint.
One individual was not inoculated and left as a contact control. Immediately following animal
challenge, back titration was performed on 1 X GYE medium (1% glucose, 0.5% yeast extract, and
1.5% agar) and confirmed that animals received 1062 arthroconidia of C. posadasii.

2.3. Clinical Observations

All animals were observed daily and included an assessment of temperament and the presence
or absence of clinical signs of disease, including but not limited to ocular and nasal discharge,
ptyalism, coughing/sneezing, dyspnea, diarrhea, lethargy, anorexia, and moribund status. Body
temperature was recorded starting the day prior to challenge and continued to seven days post-
inoculation (DPI); after day seven temperature was measured again at 14, 28 and 42 DPL In addition
to monitoring for overt clinical signs, we also monitored behavior by observing animals behind
double-paned glass, assessed food intake as well as response to provided enrichment, including
playing with toys and consuming treats.

2.4. Sampling

We evaluated feral swine for acute pathologic changes, fungal dissemination in tissues, and
serological immune response after Coccidioides exposure. Blood samples (3-5 ml into serum separator
tubes) were collected from all individuals on 14-, 28-, and 42-DPI. At each timepoint two animals
were also euthanized and tissues harvested for fungal culture and formalin fixation. The exception
to this process was 42 DPI, where three individuals were euthanized; this included the last two
inoculated pigs as well as the uninoculated contact control. Blood was collected from the anterior
vena cava vein under manual restraint, and animals that were euthanized were sedated with 1-2
mg/kg xylazine and 15-20 mg/kg ketamine before being removed from the room and euthanized by
captive bolt. During necropsy, approximately 100 mg samples of lung, liver, spleen, and mediastinal
lymph node tissue were collected in 1 ml of PBS with two stainless steel balls for fungal culture.
Approximately 1-5 g of the same tissues, in addition to kidney, pancreas, small intestine, and heart
were collected in 10% neutral-buffered formalin for histopathology.

2.5. Serology

Serum was extracted from all blood samples within two hours of collection and passed through
a 0.22 um filter before being taken out of the ABSL-3 and stored at -80°C. Sera were shipped to the
Veterinary Medical Diagnostic Laboratory in Missouri, where they were evaluated for the presence
of Coccidioides antibodies by porcine agar gel immunodiffusion assay (AGID).
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2.6. Fungal Culture

All manipulations of viable cultures and tissue specimens were performed within the ABSL-3.
Tissues collected for culture were homogenized using a Qiagen Tissuelyser at 25 cps for 5 minutes
and 100ul of homogenate was plated onto 1 X GYE medium supplemented with selective fungicide
and antibiotics (1% glucose, 0.5% yeast extract, 1.5% agar, and 50ug/ml each of cycloheximide,
chloramphenicol, and streptomycin). Plates were allowed to incubate for a maximum of 1 week at
37°C before any suspicious fungal growths were harvested into 1 ml of PBS and stored at -80°C
pending DNA extraction and PCR.

2.7. DNA Extraction

DNA extraction was achieved by placing approximately 1cm? of mycelia in a 2 ml screw-cap
tube containing 0.5 mm diameter acid-washed glass beads (Fisher Scientific, #501461310) and 1 ml of
lysis buffer (50 mM Tris-HCl [pH 7.5], 100 mM EDTA [pH 8.0], 100 mM NaCl, 0.5% sodium dodecyl
sulfate, and 50 mM dithiothreitol) and subjected to mechanical disruption by vortexing on a Qiagen
Tissuelyser at 25 cps for 5 minutes. Samples were then incubated at 65°C for a minimum of 30 minutes
before being centrifuged at 10,000 rpm for 2 minutes. Nucleic acids were extracted from the
supernatant with buffered phenol:chloroform:isoamyl alcohol pH 8.0 (25:24:1) and again with
cholorform:isoamyl (24:1) and precipitated from the aqueous layer with 0.1 volume of 0.2 mM NaCl
and 0.1 volume of ethanol. The resulting suspension was then centrifuged at 14,000 rpm for 10
minutes, washed again with ethanol, re-suspended in 300 puL of TE buffer (10 mM Tris-HCl [pH 7.6],
1mM EDTA [pH 8]), with 100ug/mL RNAse A (Thermo Fisher, #EN0531), and incubated at 37°C for
30 minutes to degrade extraneous RNA. DNA of interest was then precipitated out with the addition
of 300ul of 5M LiCl followed by a 10-minute incubation on ice, before being centrifuged for 14,000
rpm for 10 minutes. Supernatants were then transferred to 1.2 ml of ethanol and incubated on ice for
an additional 10 minutes and centrifuged one final time at 14,000 rpm for 10 minutes. The resulting
pellet was then washed with 70% ethanol and allowed to air dry before being suspended in 100ul of
TE buffer. Final suspensions were stored at -20°C until analysis by PCR.

2.8. PCR

All suspicious fungal growths isolated from tissues collected at necropsy were confirmed by
conventional PCR, using primers targeting the ITS region of Coccidioides described previously [27].
Singleplex PCR was performed using Invitrogen PCR Supermix (Cat. #10572014), according to the
manufacturer’s instructions. Briefly, 50ul reactions consisting of 0.2uM of the ITS primer set and 1pl
template DNA was used. The PCR program consisted of initial denaturation at 94°C for 2 minutes,
followed by 35 cycles each of denaturation at 94°C for 1 minute, annealing at 53°C for 1 minute,
extension at 72°C for 1 minute, and one cycle of final extension at 72°C for 7 minutes. Amplification
products as well as 1-kilobase ladder (Invitrogen, #10787018) were then loaded onto a 1% agarose
stained with ethidium bromide and electrophoresed for 1 hour at 100 V. Band presence at 223 bp was
considered positive for C. posadasii when viewed under UV light.

2.9. Histopathology

Tissues collected for histopathology were fixed in 10% neutral-buffered formalin for 15 days
before being transferred to 70% ethanol. Tissues were then processed for paraffin embedding and
sectioned for staining with hematoxylin and eosin. All slides were interpreted by a veterinary
pathologist blinded to animal treatments and history.

3. Results

None of the feral swine exhibited outward clinical signs of disease and maintained stable body
temperatures throughout the study period. None of the animals displayed abnormal behavior
compared to the acclimation period. Furthermore, AGID testing of sera collected prior to inoculation,
as well as on 14, 28, and 42 DPI revealed that none of the pigs were positive for Coccidioides antibodies
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prior to inoculation, nor did any seroconvert after experiencing either a primary or (regarding the
contact control) secondary exposure event.

Animal demographics, day of termination, and the results of culture and subsequent colony
PCR, as well as a summary of histologic findings are depicted in Table 1. During necropsy, four pigs
(#3916, 7639, 7652, and 7670) displayed grossly noticeable congestion in the lungs, with three of four
animals exhibiting regions of congestion diffusely across all lung lobes, and one (#7670) with
congestion localized only to the lower respiratory tract in both caudal lobes. No additional gross
lesions were observed in any other tissues. Culture of tissue homogenates resulted in four suspect
colonies being harvested from the right middle lung lobe of one pig (#7639) and two colonies each
from the mediastinal lymph node of two additional pigs (#7670 and 7648). Analysis by PCR however
revealed that only those colonies harvested from pigs 7648 and 7639 were Coccidioides.
Histopathology did not reveal the presence of fungal spherules or endospores in any tissues, yet
inflammatory processes were observed in most tissue types for all animals (Table 1). Most commonly,
interstitial pneumonia, lympho-histiocytic inflammation, lympholysis, and alveolar edema were
observed in the lungs. Notably, Metastrongylus nematodes were also detected in the lung sections of
three individuals (#3916, 7648, and 7670). Due to inadequate sample collection at necropsy, lung
tissue was only cultured and not examined by histopathology for pig 7632 (Table 1).

Table 1. Results of fungal culture, colony PCR, and summary of histologic findings for feral swine
inoculated with C. posadasii.

Necropsy Fungal Culture
Animal Sex  Treatmentl Day (Number of Colony Histologic Findings
ID Colonies/100mg of PCR (+/-)?
(DPI) .
Tissue Type)?
7652 F Infected 14 - NA Interstitial and perivascular
lympho-histiocytic
inflammation in lungs.
Perivascular lympho-
histiocytic inflammation in
heart and liver. Lympholysis
in spleen.
7670 F Infected 14 2/Medjiastinal Lymph - Metastrongylus nematodes in
Node lungs. Alveolar edema,

interstitial pneumonia,
bronchitis, and BALT
hyperplasia with lympholysis
in lungs. Mild hyperplastic
arteriosclerosis and scattered
individual hepatocellular
necrosis in heart.
7620 M Infected 28 - NA Interstitial and perivascular
lympho-histiocytic
inflammation in lungs, liver,
and heart. Lympholysis in
spleen and lymph node.
Granulomatous lymphoid
hyperplasia in lymph node.
7632 M Infected 28 - NA Lungs not examined.
Lympbholysis and resorbed
neutrophils, and mild edema
in lymph node. Lympholysis
in spleen. Interstitial edema in
heart.
3916 F Uninfected 42 - NA Metastrongylus nematodes in
lungs. Interstitial pneumonia,
lympho-histiocytic
inflammation, alveolar and
interstitial hemorrhage and
edema in lungs. Lympho-

histiocytic inflammation in
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kidney and spleen.
Myocardial interstitial edema
in heart.
7648 F Infected 42 2/Medjiastinal Lymph + Metastrongylus nematodes in
Node lungs. Interstitial pneumonia

and bronchitis and alveolar
edema in lungs. Lympho-
histiocytic inflammation in
lung and liver. Lympholysis
in spleen and kidney.
7639 M Infected 42 4/Right Middle Lung + Interstitial pneumonia,
alveolar edema, and lympho-

histiocytic inflammation in
lungs. Lympholysis in spleen.
Interstitial edema in heart.

“Uninfected” denotes contact-control. 2 Fungal culture results are expressed as number of colonies harvested
per 100 mg of tissue type indicated; “--" denotes no colonies observed in any tissues examined. 3 A positive (+)
colony PCR indicates confirmation of colonies as C. posadasii by conventional PCR; NA: Not Applicable.

4. Discussion

After intranasal exposure with 1062 arthroconidia of C. posadasii, feral swine, as suggested for
their domestic relatives, appear resistant to developing and succumbing to acute coccidioidomycosis
[17,18]. Despite lack of overt clinical signs and the absence of significant lesions at necropsy, C.
posadasii was cultured from tissues of two pigs, indicating that active infection was achieved. That
infection was only detected in two exposed animals, however, was somewhat surprising given the
substantial dose of the inoculum. This low infection rate may be due to the route of inoculation used;
by nature of instilling PBS-suspended spores into the nasal cavity, some inoculum could have passed
into the oropharynx and been swallowed rather than inhaled into the respiratory tract. Alternatively,
it is possible that infection was simply missed by sampling insufficiency, as only a small amount of
tissue was cultured, and the organism is not always easy to detect nor evenly distributed in organs
[5,28]. The route of inoculation likely mimics a natural exposure event from feral swine rooting within
contaminated soil and inadvertently inhaling infectious materials [29]. We additionally examined the
likelihood of animal-to-animal transmission by leaving one individual uninoculated, but group-
housed with exposed animals, as swine are very gregarious, often making nose-to-nose contact with
littermates or other members of their sounder [21]. Despite regular nose-to-nose contact between our
animals throughout the study period, we did not detect any signs of Coccidioides infection in the
contact control, suggesting animal-to animal transmission after intranasal exposure is unlikely in
feral swine. This is unsurprising given that coccidioidomycosis is not considered contagious, and
transmission events between vertebrates are extremely rare [18,30,31].

Interestingly, none of the pigs developed antibodies to Coccidioides as assayed by AGID
following inoculation. Lack of seroconversion in animals without associated active infection is not
altogether surprising, however no marked change in the serology of the two culture positive pigs
through 42 DPI is somewhat puzzling. These results, however, may be explained by the challenges
associated with Coccidioides serology. While AGID is highly specific and remains the gold standard
serological test for both humans and animals [17,32], its relatively low sensitivity can be problematic
when testing the serum from individuals with self-limiting infections or those who are
immunocompromised [33-35]. Indeed, as seen with many canine coccidioidomycosis cases, dogs with
regular or chronic clinical symptoms can be serologically negative by AGID [33,36]. Given that all
study pigs displayed general inflammation across organ systems, seroconversion as well as
subsequent serology may have been confounded to some degree by the occurrence of coinfection in
some or all of the pigs, particularly those coinfected with detectable parasites [37-39]. Alternatively,
the lack of seroconversion as well as fungal bodies in tissues examined histologically may be due in
part to the relatively short duration of our study. Primary pulmonary infections in humans are
typically symptomatic between one and four weeks after exposure, while disseminated disease can
occur months or years later [18]. While the timeline for pathogenesis in pigs may not be the same,
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follow-up studies will be required to further assess the susceptibility and transmission potential of
feral swine experiencing chronic infection with Coccidioides, or results of infection past the 42-day
period examined here.

We inoculated all study pigs with wild-type C. posadasii spores, despite C. immitis also known to
be present in regions of the United States. It's currently thought that the largest difference between
the two species is their relative geographical distribution, with C. immitis primarily occurring in
Central and Southern California, and C. posadasii in the desert regions of Nevada, Arizona, New
Mexico, and West Texas [13]. Otherwise, C. immitis and C. posadasii are morphologically identical,
and no clinical differences have been identified between species to date; however, no investigations
have assessed phenotypic variation in the context of pathogenicity [13,16]. Additional experiments
will therefore be necessary to determine if any differences exist in infectivity and transmission
dynamics in suspected reservoir species.

Lastly, all individuals appeared to have considerable comorbidities; notably, half of inoculated
individuals possessed nematodes within the bronchioles of the lungs, and all animals exhibited
generalized inflammation within most tissues. While nematodes were not detected in the tissue
sections of all animals, the systemic inflammation observed in others is more likely indicative of a
parasitic infection, rather than disseminated coccidioidomycosis [5,40-43]. The fact that all animals
also exhibited similar pathology may be due to pigs used here originating from the same geographic
area, and thus experiencing similar environmental exposures, or direct transmission from infected
individuals, either while grouped together while in transportation to Fort Collins or while being
group-housed for the duration of the study [44,45].

While it is largely accepted that burrowing mammals contribute to Coccidioides ecology because
of their interactions with soils that may contain fungal hyphae, the role that additional species play
in fungal persistence and spread is underexplored. Moreover, increases in both human
coccidioidomycosis cases and isolation of Coccidioides spp. from soils outside of historically defined
endemic regions have implied that the metrics used to determine endemicity and environmental
suitability are outdated [9,46]. Feral swine, like desert rodents, are behaviorally drawn to soil and are
additionally known for their opportunistic interactions with humans, domestic animals, and native
wildlife, which in some instances can have implications for the transmission of pathogens and disease
[23,45]. In the case of Coccidioides, we postulate that feral swine, like rodents and armadillos, may be
reservoirs and disseminators of the fungus on the landscape, particularly if they experience infection
and expire with viable spherules within their tissues. This mode of fungal dissemination could prove
significant, as others have proposed that animal carcasses can serve as mediums for the growth of
Coccidioides mycelia in the soil [47-50]. Based on viable Coccidioides being cultured from the tissues of
two study pigs post-mortem, feral swine carcasses may therefore pose a risk to human health,
particularly for wildlife managers removing feral swine for invasive species management and
hunters, who may regularly manipulate feral swine carcasses [51,52]. This risk could also extend to
other wildlife or domestic animals who may scavenge or inspect infected carcasses and come into
direct contact with infectious material [47].

Coccidioidomycosis is a potentially severe disease and its causative agent an understudied
pathogen [53]. Knowledge gaps concerning Coccidioides environmental requirements, host range, and
epidemiology currently make mediation of human infection difficult. Additionally, it is likely that
changing climates, increased urbanization, and spread of invasive species may be modifying
Coccidioides epidemiological patterns and increasing the risk of human disease [5,11]. The expansion
of invasive species susceptible to and capable of disseminating Coccidioides post-mortem such as feral
swine may contribute to fungal ecology and should not be overlooked as potential sources for
environmental contamination of Coccidioides spp. in the United States, particularly in regions where
the pathogen is emerging.
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5. Conclusions

After intranasal exposure to 1062 arthroconidia C. posadasii, feral swine appear mildly susceptible
to infection, although resistant to acute disease, and could potentially serve as a reservoir species for
Coccidioides. Lack of overt clinical signs as well as gross lesions in internal tissues may allow active
Coccidioides infection to go unnoticed by wildlife managers or hunters that may be manipulating feral
swine carcasses in the field and could facilitate secondary human exposure. Furthermore, death of
feral swine with viable spherules or endospores present in tissues may also contribute to fungal
dissemination and establishment of Coccidioides spp. into novel environments by providing a starting
growth medium for fungal establishment into soils. Movement of feral swine from known endemic
to non-endemic Coccidioides environments could therefore pose a threat to more susceptible
vertebrate species, including humans.
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