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ABSTRACT 

Coccidioides posadasii and Coccidioides immitus are both dimorphic fungal 

species responsible for the disease coccidioidomycosis known as Valley Fever. Located 

in the arid southwestern part of the United States, Coccidioides’ environmental form is 

found in the soil. When the soil is aerosolized, arthroconidia, the spores produced in the 

saprophytic phase (environmental form) are released and inhaled by the host. Once 

arthroconidia are inhaled, cells undergo a lifecycle change called the parasitic phase also 

known as the spherule/endospore phase. The spherules are round cells that grow and 

produce endospores. When spherules rupture, they release endospores in the host and 

each endospore can grow into a new spherule, continuing the cycle in the host. Despite 

previously published investigations regarding the stimuli needed to induce the parasitic 

lifecycle and understanding the pathogenesis of the spherule/endospore phase, not much 

is known about the surface proteins that play a role in dissemination, host-evasion, and 

other virulence factors. My dissertation research has focused on characterizing the 

parasitic lifecycle of Coccidioides posadasii by investigating the secreted extracellular 

proteome of the parasitic lifecycle, characterizing the growth and morphology of a strain 

that remains in the spherule/endospore phase, and developing the foundational research 

for the development of a noninvasive diagnostic platform. 

Based on our lab’s previous experience characterizing the surface proteome of 

Cryptococcus neoformans, characterization of the secreted surface proteome of 

spherules from Coccidioides was warranted. Using a trypsin-shaving approach, we were 

able to cleave off spherule surface proteins, identify them via mass spectrometry, and 
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identified catalytic pathways potentially involved in virulence. Additionally, we were able 

to characterize the growth dynamics of a strain of C. posadasii that remains in the 

spherule/endospore phase in various in vivo- like media. We were able to use this strain 

to perform immunofluorescence to develop a noninvasive diagnostic platform for the 

identification of fungal nodules in the lung caused by coccidioidomycosis. Taken together, 

these studies contribute a foundational understanding of potential mechanisms involved 

in virulence, a model organism for the study of the parasitic lifecycle, and the basis for a 

novel diagnostic for the Coccidioides research community.  
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CHAPTER 1: 

INTRODUCTION 

Coccidioides lifecycle 

The two main species of Coccidioides are C. immitus and C. posadasii, both 

responsible for the disease coccdioidomycosis or Valley Fever. Coccidioides is a 

dimorphic, soil dwelling fungi found in dry environments. In the environmental or saprobic 

lifecycle, Coccidioides exists as hyphae where the infectious arthroconidia are inhaled 

and undergo a morphological change into the parasitic lifecycle or spherule/endospore 

phase (Figure 1) [1]. 

Impact and Innovation 

 As a soil-dwelling organism, Coccidioides poses a significant danger of infection 

to vulnerable populations. Coccidioides is endemic to the San Joaquin Central Valley 

where UC Davis is located making the study of coccidioidomycosis more pressing. 

Coccidioides spp. is sensitive to environmental factors such as drought, rainfall, and 

temperature. Changes in these factors have resulted in increased spore dispersal and 

consequently an increase in coccidioidomycosis incidents [1, 2]. Coopersmith et al (2017) 

found a positive correlation between soil moisture levels based on atypical changes in 

weather patterns and higher number of coccidioidomycosis cases [3]. An abundance of 

moisture is prohibitive for Coccidioides spp. growth as it is hypothesized that it facilitates 

the growth of competitors while periods of low precipitation, high temperature, and/or 

drought might decimate less-tolerant soil organisms that act as competitors [2, 4]. Periods 

of no to low precipitation promote desiccation and maturation of arthroconidia in the soil 
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and can explain the increased rate of coccidioidomycosis infections during drier months 

of the year [5-7]. California’s San Joaquin Valley is one nation’s predominant agricultural 

region producing 96% of the nation’s canned tomatoes, 96% of its broccoli, and 99% of 

its almonds [7]. California has endured a five-year drought period and, with limited water 

supply available in the Central Valley, increases the chances of coccidioidomycosis 

infection. This suggests that changing climate patterns can change the environment 

where Coccidioides spp. thrives and consequently adversely affect the health of humans 

inhabiting the endemic areas. This makes coccidioidomycosis a pressing issue 

particularly for low-income individuals working in agriculture and may not have adequate 

healthcare access. Research in the Coccidioides spp. field has been severely lacking 

despite the increasing number of cases reported every year. This is because Coccidioides 

spp. requires category level 3 biosafety laboratory (BSL3) conditions and, up until 2013, 

was categorized as a select agent. UC Davis is the prime location to study Coccidioides 

spp. due to the location, numerous state-of-the-art facilities, experts in the field, and BSL3 

laboratory space. The study will open new lines of research aimed at resolving the 

molecular mechanisms of Coccidioides pathogenesis while improving the currently 

technology to increase patient health.  
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FIGURES 

 
Figure 1. Lifecycle of Coccidioides. Arthroconidia form in the environmental or saprobic 

lifecycle. When inhaled, arthroconidia form into spherules that produce endospores 

inside. Mature spherules burst and release endospores that grow into more spherules or 

mycelia. (Image adapted from Lewis et al [1]) 
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OVERVIEW OF THE EXPERIMENTAL RESULTS CHAPTERS  

This dissertation is focused on the three experimental chapters that include characterizing 

the growth/morphology of Coccidioides as model organism and characterizing the 

extracellular proteome of this strain. In the last experimental chapter, we developed the 

foundational work for the development of non-invasive diagnostic platform of fungal 

nodules in the lung.  

 

CHAPTER 2:  

MORPHOLOGY AND GROWTH PHYSIOLOGY IN SPHERULE/ENDOSPORE-

INDUCING MEDIA 

The dimorphic lifecycle of Coccidioides has been studied through different methods 

including transcriptomics and proteomics. Additionally, studies involving the different 

media to induce morphological changes have been used to stimulate a more in vivo 

environment. This chapter explores the morphological changes in a Coccidioides 

posadasii strain that remains in the spherule/endospore phase in Converse media but 

changes to mycelial growth in RPMI with serum, a phenomenon not observed and 

reported in other strains of Coccidioides.  

 

CHAPTER 3:  

CHARACTERIZING THE EXTRACELLULAR PROTEOME 

Previous studies in Coccidioides have focused on annotating global protein expression 

and identification. We sought out to identify the exposed extracellular proteome as these 
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proteins might serve as effector proteins involved in dissemination, cell adhesion, and cell 

damage. In this chapter, we developed the protocols and tools necessary to characterize 

the extracellular proteome using two approaches: trypsin-shaving and surface 

biotinylation. Data sets were analyzed with bioinformatic software to determine gene 

ontology and cellular localization. 

 

Chapter 4:  

DEVELOPING A NON-INVASIVE DETECTION PLATFORM OF COCCIDIOIDES 

USING A MONOCLONAL ANTIBODY 

Complications due to chronic infection can be partly attributed to the limited diagnostics 

and treatments available. In this chapter, we developed the foundation for a non-invasive 

diagnostic platform for detecting fungal nodules in the lung using a monoclonal antibody.  

 

 

 

 

 

 



 

 7 

CHAPTER 2:  
 
Characterization of the growth and morphology of a Coccidioides posadasii strain 

that remains in the parasitic lifecycle  

 

ABSTRACT 
  
Coccidioides is a dimorphic fungus responsible for Valley Fever, natively found in the 

southwestern United States and the cause of severe morbidity and mortality. Although 

there is some insight into the genes, pathways, and growth media involved in the 

saprophytic and parasitic lifecycles, the exact determinants that govern the transition are 

largely unknown. We characterized the growth and morphology of C. posadasii S/E 

(spherule/endospore), a strain that quickly and efficiently produces spherules and 

endospores and remains in this parasitic stage. We demonstrated that C. posadasii S/E 

remains virulent in vivo; however, it’s morphology in spherule-inducing media produces a 

completely hyphal culture, an unexpected result in an in vivo-like media, RPMI-sph. 

Differential interference contrast microscopy and transmission electron microscopy 

revealed unexpected cellular changes in this strain, including cell wall rearrangement, 

differences in organelle positioning, and formation of septal pores with Woronin bodies. 

This study suggests that the C. posadasii S/E strain provides a useful model for studying 

molecular and cellular factors that are active during the parasitic stage and may influence 

switching to another life stage.   

 
  



 

 8 

INTRODUCTION 

Dimorphic fungi are major causes of fungal disease particularly due to their 

adapted lifecycles in the environment and the hosts. Coccidioides is a major cause of 

pulmonary disease in the arid southwestern United States where the disease manifests 

in lung and can disseminate into the skin, bones, and central nervous system [8]. Infection 

begins when arthroconidia are inhaled through exposure sites in endemic areas like the 

southwestern United States. Although Coccidioides’ parasitic lifecycle has been largely 

characterized by the spherule/endospore phase in the host, much less is known about 

the hyphal morphologies of Coccidioides in the host.  

Coccidioides posadasii and C. immitus both are responsible for causing 

coccidioidomycosis, causing a significant amount of morbidity and mortality in endemic 

areas. Although located in the southwestern part of the United States, determining the 

exact distribution of Coccidioides in soil is inaccurate even in endemic areas [9]. 

Furthermore, the exact factors that favor growth in the environment and host remain 

largely unknown. Increasing concentrations of greenhouse gases and rising temperatures 

allow for increased probability for Coccidioides growth in the environment and 

thermotolerance, a suitable environment to adapt to host grown [9, 10]. 

The factors that dictate the dimorphic lifecycle have been implicated with RNA-seq 

and proteomics [11]. Previous studies used global transcriptomics to understand the 

differentially expressed genes in the saprophytic (hyphal) and parasitic 

(spherule/endospore) lifecycle [12]. However, the exact mechanisms that dictate the 

exact morphology remain elusive. 
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Here we characterize the growth dynamics, morphology, and ultrastructures of a 

strain of Coccidioides posadasii that remains in the parasitic lifecycle but changes to 

hyphal morphology in media used to mimic a more in vivo-like environment, a 

phenomenon not expected based on previous reports [13]. This characterization provides 

the Coccidioides research community with a model organism useful for studying the 

environmental and molecular switches that cause changes in the lifecycle, potentially 

impacting the pathogenicity of the organism.  

METHODS 

Strains and growth conditions:  

A Silveira strain of Coccidioides posadasii was maintained in the 

spherule/endospore phase (parasitic phase) and approved by Biological Use 

Authorization for Biosafety Level 2 use. C. posadasii spherules stored at -80 C in 15% 

glycerol were inoculated into 150 ml of chemically-defined Converse media. Converse 

media was prepared as previously described containing potassium phosphate 

monobasic, zinc sulfate, calcium chloride dihydrate, sodium chloride, sodium 

bicarbonate, magnesium sulfate heptahydrate, ammonium acetate, dextrose, Tamol, and 

potassium phosphate dibasic trihydrate, and filter-sterilized with 0.22 µM Stericup 

(Millipore) and stored at room temperature as previously described [14].  

Cultures were grown in vented flasks, incubated at 37°C at atmospheric CO2 and 

O2, and shaken at 160 rpm for up to 7 days as previously described [15]. The initial 

inoculated Converse medium was sub-cultured into the respective test media by adding 

100 ul into 150 ml of the respective media.  Converse was prepared as described above. 
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Roswell Park Memorial Institute-1640 (RPMI-1640) media (10.2 g/l) was supplemented 

with 10% heat-inactivated fetal bovine serum (FBS) (Life Technologies) and 0.08% 

Tamolâ and filter-sterilized with 0.22 µM Stericup (Millipore) to create RPMI-sph media 

and stored at 4°C previously reported for the continuous production of spherules and 

physiologically-relevant media for co-cultures with mammalian cell lines [13, 16]. RPMI-

tamol media contains only RPMI-1640 (10.2 g/l) and 0.08% Tamol with no added FBS. 

Galleria mellonella killing assay  

The G. mellonella killing assays were carried out as previously described but 

modified for Coccidioides [17, 18].  Briefly, G. mellonella wax moth caterpillars (or larvae) 

(Vanderhorst, Inc., St. Marys, Ohio) that were in the final instar stage were housed in the 

dark and used within 14 days from the day of shipment. Fourteen caterpillars of the 

desired weight (~245 mg +/- 25mg) were used for all assays. The inocula were prepared 

as follows: C. posadasii S/E was grown for approximately 144 hours in 100 ml of 

Converse media. The culture was centrifuged at 2000 rpm for 2 minutes and washed with 

1X PBS three times. Cultures were visually inspected by light microscopy to ensure no 

contamination was present. Spherules were resuspended in 1X PBS and lightly mixed to 

break cluster of spherules up to accurately determine inoculum size, measured with a 

hemocytometer (Bright-Line™ Hemacytometer, Sigma-Aldrich). Final concentrations of 

1.25×103 and 1.25×105 cells/μl was achieved for injection. Before injection, the Hamilton 

syringe was cleaned sequentially with 10% bleach, 70% ethanol, and 1X PBS. Larvae 

were injected with 8 μl aliquots of the respective inoculum (104 and 106 total spherules 

per larvae) in the last left proleg (hemocoel) with the syringe. Injection area was cleaned 



 

 11 

with an ethanol swab and ampicillin (20 mg of ampicillin/kg of body weight) was co-

administered to prevent contamination from native bacteria. Control larvae were injected 

with 8 μl of 1X PBS or heat-killed spherules of the same concentration. Spherules were 

inactivated by a modifying a previous described procedure [19]. Briefly, aliquots were 

boiled in 100ºC water bath for 30 minutes and verified inactivation using 0.4% trypan blue 

solution (Millipore Sigma). Larvae were incubated in 37ºC after injections and monitored 

daily for survival. Graphs and statistical analysis were done using GraphPad Prism 5.0 

statistical software (GraphPad, San Diego, CA). Differences in survival (log rank and 

Wilcoxon tests) were analyzed by the Kaplan-Meier method. P values of <0.05 were 

considered significant [18]. 

Leica DIC DMRE imaging 

Cultures were grown in different media for 7 days in 37°C shaking incubator as previous 

described. Cultures were washed with 1X PBS and fixed for one hour in 4% 

paraformaldehyde. Spherules were rinsed off with 1X PBS and mounted on a coverslip. 

Differential Interference Contrast (DIC) images were taken on a Leica DMRE microscope 

running MetaMorph v7.1. Images were processed on ImageJ [20]. DIC images taken 

were also used to quantitatively compare spherule diameter in Converse and RMPI-tamol 

media. For the quantification of spherule diameter, ImageJ was calibrated with a 

micrometer (Reichert-Jung, Leica) and values were recorded for each media condition. 

Sample size for each group was 30 spherules. Graphs and statistical analysis were done 

using GraphPad Prism statistical software using an unpaired t-test with Welch’s correction 

(GraphPad, San Diego, CA). P values of <0.05 were considered significant.  
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Transmission electron microscopy 

Cultures were grown in Converse, RPMI-tamol, and RPMI-sph media for 7 days in 37°C 

shaking incubator as previous described. Cultures were washed three times with 1X PBS 

and fixed in modified Karnovsky's fixative (2.5% glutaraldehyde, 2% paraformaldehyde in 

0.1M sodium phosphate buffer) overnight. Samples were submitted to the Biological 

Electron Microscopy Facility at University of California, Davis for TEM sample 

preparation. Briefly, cells fixed overnight were centrifuged (2000 rpm for 3 min) to remove 

the fixative and rinsed in 0.1 M sodium phosphate buffer. Cells were then fixed in 1% 

osmium tetroxide/1.5% potassium ferrocyanide for 1 hour and rinsed with cold water. 

Cells were dehydrated with 30%, 50%, 70%, 95%, and 100% (3 times) ethanol for 10 

minutes each (7 total). Resin (Dodecenyl Succinic Anhydride, Araldite 6005, Epon 812, 

Dibutyl Phthalate, Benzyldimethylamine) was added and allowed to infiltrate cells 

overnight at room temperature. Fresh resin was added the next day and set to polymerize 

at 70°C overnight. Polymerized blocks were sectioned on a Leica EM UC6 ultramicrotome 

at approximately 100 nm and collected on a copper grid. Grids were dried in 60°C oven 

for 30 min and stained with 4% aqueous uranyl acetate and 0.4% lead citrate in 0.1N 

NaOH. Sections were imaged with a TEM microscope (FEI Talos L120C TEM 80kv) and 

images processed on ImageJ [20]. 

In vitro growth kinetics  

 Briefly as previously described in the strains and growth conditions section, fresh 

150 ml of media (Converse, RPMI-tamol, RPMI-sph) was inoculated with 100 μl of a 7 

day S/E culture grown in Converse media. Cultures were visually inspected using light 
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microscopy to ensure no contamination was present. Growth rates were determined by 

measuring OD600 and blanking the spectrophotometer with the respective media. Cultures 

were mixed prior to sampling to ensure settled cultures were homogenous. 

Measurements were taken in triplicate every 24 hours for a period of 17 days starting at 

time zero. Light microscopy images were taken at the end of the 17 day incubation period 

to show a representation of culture’s morphology.   

RESULTS:  

C. posadasii S/E reverts to mycelial form in spherule-producing media, RMPI-sph  

We initially started to grow C. posadasii S/E in RPMI-sph based on previously 

published studies showing that Coccidioides continuously produces spherules in media 

more closely resembling in vivo parameters [13, 16]. C. posadasii S/E has the unique 

ability to produce spherules and endospores continuously and rapidly in Converse media 

without the need to grow from arthroconidia at ambient CO2/O2. Much to our surprise, C. 

posadasii S/E reverted to a nearly 100% mycelial culture without any observable 

arthroconidia formation when grown in RPMI-sph media after seven days with few 

spherules present, likely from initial inoculation (Figure 1A). To identify which media 

component may play a part in changing the lifecycle from the parasitic lifecycle 

(spherule/endospore) to saprobic (environmental form) lifecycle, we removed FBS from 

RPMI-sph media to create RPMI-tamol. When C. posadasii S/E was grown in RPMI-

tamol, a mix of both mature spherules and mycelia was observed under Differential 

Inference Contrast (DIC) microscopy. In addition, spherules are heterogenous in size with 

larger spherules observed in RPMI-tamol media compared to spherules grown in 
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Converse media. The diameter of 30 spherules was measured for each treatment and we 

found a statistically significant difference (P = 0.001). Spherules grown in Converse media 

are more consistent in size whereas spherules grown in RMPI-tamol are larger and more 

varied in size (Figure 1B).  

C. posadasii S/E growth rates change with different media 

 During growth in Converse, RPMI-sph, and RPMI-tamol media, we observed 

different growth rates for C. posadasii S/E visually. To quantitatively determine the growth 

rates, we performed a growth kinetics curve based on optical density (Figure 2). 

Surprisingly, robust growth was observed in RMPI-sph media relative to growth both 

Converse and RPMI-tamol media reaching an OD600 of approximately 0.8553 at day three 

despite a lack of endosporulation. Interestingly despite different growth rates amongst the 

media treatments, growth reaches a stationary phase after 6-8 days. Increases in OD can 

potentially be attributed to evaporation and nutrient shifting.  

C. posadasii S/E remains virulent in the in vivo Galleria mellonella infection model 

 To determine the virulence of C. posadasii S/E, we used the wax moth larvae, 

Galleria mellonella, in vivo model of infection. Considering that C. posadasii S/E has been 

subcultured multiple times in Converse media, we wanted to evaluate the feasibility of 

using Galleria mellonella as an inexpensive in vivo model of infection while 

simultaneously investigating the degree of virulence using spherules. Most in vivo studies 

utilize arthroconidia as the starting point for infections [21]. To date, there are no published 

studies using Galleria mellonella as a system to determine virulence in Coccidioides, 

particularly for the parasitic lifecycle. Our results demonstrate no effect in lethality when 
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treating each larva with 104 spherules (P = 0.7786); however, we observed a statistically 

significant decrease in percent survival when treating each larva with 106 live spherules 

compared to equal amounts of heat-killed spherules (P = <0.0001) and PBS-only control 

groups (P = <0.0001) (Figure 3). Larvae treated with live spherules succumbed on day 

four of the eight days monitored. The improvement in the survival of larvae inoculated 

with heat-killed C. posadasii S/E suggested that the mechanism(s) of virulence was 

proteinaceous-based. 

C. posadasii S/E produces optimal amounts of endospores in Converse media and largely 

absent in RPMI-sph media  

 After observing the morphological changes of C. posadasii S/E, we wanted to 

observe any cellular changes in response to various media conditions. Transmission 

electron microscopy (TEM) revealed enhanced endospore production in Converse media 

(Figure 4A, 4B) and RMPI-tamol media (Figure 4C, 4D) and very little in RPMI-sph (Figure 

4E, 4F) consistent with the parasitic lifecycle. Mycelial cultures grown in RMPI-sph were 

largely devoid of endospores despite having a growth advantage over cultures grown in 

Converse and RPMI-tamol (Figure 2, 4C, 4D). As expected, heterogenous morphology in 

RPMI-tamol media contained both mycelia and spherules/endospores where mycelia 

contained less endospores than spherules (Figure 4D). Areas of endospore productions 

are highlighted with white arrows.    

Outer wall glycoprotein shedding is more prominent in the parasitic phase than in mycelia 

 After observing differential production of endospores in different media conditions, 

we observed changes in the outer wall glycoprotein composition. TEM micrographs show 
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spherules grown in both Converse and RMPI-tamol to have loose outer membranes that 

readily shed (Figure 5). However, micrographs of mycelia grown in RMPI-sph (Figure 5) 

and RMPI-tamol (Figure 4) show consistently smoother outer cell wall composition with 

minimal shedding than spherules.  

C. posadasii S/E has an irregular cell wall with prominent organelle changes in different 

spherule-inducing media 

In conjunction with outer wall shedding, we observed that spherules grown in 

RPMI-tamol were larger (Figure 1A; 1B) and had ruffled cell walls (Figure 6) making 

irregularly shaped spherules compared to round spherules found in Converse media. 

Organelles resembling nuclei were abundant in both spherules grown in RPMI-sph and 

RMPI-tamol. Interestingly, organelles seem to cluster on one side of mature spherules 

potentially indicating a rupturing spherule (Figure 4B; 5; 6). Organelles in hypha grown in 

RMPI-sph are dispersed throughout the cell suggesting a defect in spherule formation 

and endosporulation in the presence of FBS. Furthermore, we observed that the shape 

of the organelles resembling nuclei in hypha grown in RMPI-sph are irregularly shaped 

(Figure 7).  

Woronin bodies found in mycelia but not in spherules  

 Lastly, we observed that mycelia grown in RPMI-containing media had visible 

invaginations at the septum creating a structure resembling a septal pore. In addition, we 

observed similarly sized organelles near the septal pores where we concluded the 

structures are Woronin bodies, small organelles used by filamentous ascomycetes to plug 

septal pores after injury (Figure 8) [22].  
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DISCUSSION:   

 In this study, we aimed to understand the growth characteristics of Coccidioides 

posadasii S/E that readily produces spherules in physiologically relevant media. Our aim 

was to grow this strain in a more in vivo-like media, RMPI-sph, to study the effects of 

secreted proteins on the surface of spherules (Chapter 3) and use C. posadasii S/E as a 

BSL-2 model of Coccidioides. Remarkably, C. posadasii S/E grew as mycelia rather than 

continuing in the spherule/endospore phase in RMPI-sph. 

 Previous studies have utilized RPMI-containing media for co-cultivation of both 

spherules and mammalian cell lines as well as the conversion of arthroconidia to 

spherules. A large body of literature has focused on the media composition that stimulates 

growth from the saprobic lifecycle to the parasitic lifecycle [13, 14, 16, 23-32]. The most 

recent publication by Mead et al. characterized spherule density, size, oxygen 

concentration on various Coccidioides strains in RMPI-sph media where there was 

significant difference between strains and conditions. Our results differ from those 

previously reported by Mead et al. as we did not observe new spherule formation when 

growing C. posadasii S/E in RMPI-sph even after 17 day incubation (Figure 1A) [13]. We 

did observe some spherules in the RMPI-sph culture, but they were likely due to the initial 

inoculation with spherules grown in Converse media. When we compared our results with 

those of Mead et al. and Petkus et al. in RPMI-sph media, mycelia can still be found in 

some strains [13, 16]. Petkus et al. was able develop a pure spherule culture by filtering 

out mycelia until a pure culture was achieved in RPMI-sph [16]. Mead et al. observed that 

different strains behave differently in RMPI-sph, namely C. posadasii C735, C. posadasii 
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C735 Δcts2/Δard1/Δcts3, and C. immitus RMSCC 2006 produce mycelia in later stage 

culture (days 7-10); however, there was still observable spherule formation during 

incubation period [13]. As mentioned above, we did not observe any spherules in RPMI-

sph cultures; however, we found that spherules from RPMI-tamol media were significantly 

larger than spherules grown in Converse media after 7 days of incubation (Figure 1B). 

This finding was similar to the Mead et al., study where wildtype spherule size increases 

when grown in RPMI-tamol compared to spherules grown in Converse media. This 

suggests that C. posadasii S/E behaves like a wildtype strain in the presence of RPMI 

and tamol [13].  

 Growth rates varied in different media, particularly due to the fast growth observed 

in RMPI-sph. Cultivation of Coccidioides typically requires long periods of incubation 

typically taking 3-5 days to grow on plates, 6 weeks to harvest arthroconidia, and another 

3-7 days to harvest spherules [12, 33]. On day 3, Coccidioides in RPMI-sph media 

reached an OD600 of 0.8553, whereas the same strain reached a similar OD600 on day 6 

in Converse media and day 15-16 in RMPI-tamol. This effect could be potentially 

attributed to the additional amount of carbon source and nutrients from the fetal bovine 

serum. We found that the growth curve for C. posadasii S/E was atypical and 

characterized by fast changes in optical density potentially linked to nutrient exhaustion 

and nutrient shifting. It has been noted that growth curves of several filamentous 

ascomycetes like Penicillium ochrochloron, Trichoderma harzianium, Aspergillus niger, 

and Aspergillus nidulans have similar growth curves that do not follow the classical 

logarithmic growth followed by a stationary phase [34]. On average, the cultures continue 
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increasing in optical density; however, some increases could be potentially due to 

evaporation of media due to long incubation (17 days) in 37ºC. Further investigation on 

nutrient shifting and reutilization of metabolic products is warranted to understand the 

physiology and various pathways involved in growth as these studies may help to develop 

novel therapeutic inhibitors.  

 A study using Candida albicans compared the effects of fetal bovine serum (FPS) 

on hyphal morphology and demonstrated that FBS stimulated optimal hyphal growth at 

37ºC. FBS downregulated a major regulator of hyphal morphogenesis, Ras1, suggesting 

the Ras1-Cyr-PKA pathway might play a role in dictating lifecycles in dimorphic fungi [35, 

36]. Furthermore, the Ras1-Cyr-PKA pathway plays a role in activating the transcription 

factors Cph1 and Efg1, both of which are important for hyphal formation and for activation 

of other hyphal molecular switches in C. albicans [37]. Further investigation on the 

regulators that stimulate hyphal growth are warranted as factors that regulate growth and 

morphology can play a significant role in virulence [38].  

 Spherule-inducing conditions using RMPI-sph required 5-10% CO2; however, C. 

posadasii S/E is able to readily produce pure cultures containing spherules and 

endospore with no hyphae directly from glycerol stocks containing spherules [13, 16]. 

Additionally, this strain does not require arthroconidia as the starting material and can be 

grown at ambient CO2 and O2 conditions. Unexpectedly, we found that C. posadasii S/E 

reverted to hyphal morphology in RPMI-sph media. Yet, a body of literature has 

documented the rare mycelial parasitic morphology of Coccidioides in many patients that 

present mycelial forms in specific tissues [39-52]. It is conceivable that mycelial forms in 
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the host could potentially be due to localized microenvironments potentially created by 

low CO2 conditions, cell-specific stimuli, or varying degrees of immunocompetence of the 

host [46, 51]. This remains a problem as histopathological evaluation of tissues might be 

misdiagnosed as another filamentous fungal disease as serological tests might not detect 

infects [47, 48]. C. posadasii S/E can potentially be used as a model for atypical 

morphology in in vitro experiments.   

 Our in vivo experiments using the insect model of infection, Galleria mellonella, 

showed that C. posadasii S/E is virulent. Using this model is a big advantage due to its 

cost-effectiveness, ease of handling and assessing viability [53]. Currently there are no 

published studies that use G. mellonella as model of infection for Coccidioides, 

particularly using spherules as the inoculum. We did not see a significant effect when we 

infected with a starting inoculum of 104 spherules per larvae, a comparable inoculum size 

to that used in Cryptococcus neoformans-G. mellonella experiments. However, 

increasing the dosage to 106 spherules per larvae, resulted in 100% death. Consistent 

with the literature, it was noted that spherule/endospore phase is less virulent than 

arthroconidia in murine models of infection [21]. One study infected mice using only 30 

arthroconidia - both injected intravenously and intrathecally resuled in death; however, 

when 106 endospores were injected intraperitoneally, circling ataxia increased without 

meningitis [54]. Additionally, the mode of administration plays an important role in how 

Coccidioides disseminates and causes death. This study demonstrated the difficulty in 

standardizing inoculum sizes to standardize infection; there can be great variation in 

response in animal models despite standardizing strains and inoculum size [54].  
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One limitation we encountered was performing the G. mellonella studies with only 

the C. posadasii S/E strain. As a BSL-2 strain, we had the ability to perform these 

experiments under BSL-2 conditions, making experiments easier to conduct. Due to 

limitations that prevented us from utilizing BSL-3 facilities, we did not have the ability to 

work with wildtype laboratory strains as they are classified BSL-3 pathogens [33, 55]. 

Future experiments should include comparing the spherule pathogenicity of C. posadasii 

S/E with other well-studied and commonly used laboratory strains like the parent strain 

C. posadasii Silveira, C. posadasii C735, C. immitus RS, and C. immitus 2006 [33]. 

Another BSL-2 strain that warrants further comparison is the C. posadasii 

Δcts2/Δard1/Δcts3 strain. C. posadasii Δcts2/Δard1/Δcts3 is a mutant with the C. 

posadasii C735 background and produces sterile spherules incapable of endosporulation 

in the parasitic phase and is avirulent in mice [56]. Future experiments utilizing the 

spherules of the various laboratory strains of Coccidioides will need to be tested in G. 

mellonella to evaluate the degree of pathogenicity. Additionally, similar experiments 

utilizing mycelia from C. posadasii S/E grown in RPMI-sph will need to be evaluated to 

determine if preconditioning C. posadasii S/E in RMPI-sph has a significant effect in 

pathogenicity. To understand the different regulators that play a part in the conversion of 

spherules to hyphae in the presence of fetal bovine serum, additional transcriptomic and 

proteomic experiments will need to be done to understand the lifecycle heterogeneity 

between strains of Coccidioides.  

 As hyphae, we observed that the S/E strain produced little to no endospores in the 

culture (Figure 4; 5; 7; 8). Some hyphae appear to grow as a pseudohyphae in RPMI-
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containing media while some hyphae do form septa (Figure 4; 7; 8). Most of the septa we 

were able to image did not have septal pores; however, we were the first to image and 

document septal pores in the Coccidioides saprophytic phase (Figure 8). Septal pores 

allow the movement of organelles from cell to cell [57]. When cells detect cellular damage, 

Woronin bodies block the septal to prevent the loss of organelles, cytoplasm, or any other 

material crucial for survival [58, 59]. It has been documented through electron microscopy 

that Coccidioides has Woronin-like bodies near the septum [60]. We were able to 

visualize Woronin-like bodies near the septal pore (Figure 8). Interestingly, our data 

corroborates with the study by Whiston el al. where they compared the differentially 

expressed genes between the saprophytic and parasitic lifecycles and found that Hex1, 

a gene responsible for the formation of Woronin bodies, was upregulated in mycelia [12]. 

Several studies have shown that Hex1-homolog mutants in other filamentous fungi like 

Aspergillus fumigatus, Arthrobotrys oligospora, Metarhizium robertsii, and Verticillium 

dahlia have reduced virulence in their respective host [61-65]. Deactivating the Woronin-

body stress response to injury can potentially be used as an anti-virulence mechanism to 

treat infections caused by mycelial forms in the host.  

 We observed that spherules grown in either Converse or RPMI-tamol media have 

a constant shedding of the outer wall of spherules previously observed in wildtype 

Coccidioides C375 strain suggesting that C. posadasii S/E behaves like wildtype when 

producing spherules (Figure 5) [66, 67]. However, when mycelia formed in RMPI-

containing media, the outer wall remained intact with minimal shedding. This finding was 

similar to the study by Mead et al where they found C. posadasii C735 △cts2/△ard1/△cts3 
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spherules had thick and intact cell walls [66]. Since we observed similar finding with 

mycelia, we predict that the pathway involving cts2/ard1/cst3 is downregulated and crucial 

for cell wall remodeling. 

 Another observation we noticed was that the organelles in spherules tend to cluster 

at the periphery of the spherule. Reports have shown difference in mitochondria structure 

in the different lifecycles; however, we did not observe these changes [68]. However, we 

did notice a change in nucleus shape in hyphal cultures potentially due to active cellular 

and nuclear division as seen in the conidia of Neurospora crassa (Figure 7)[69]  

 Morphology of cultures grown in RMPI-tamol show a heterogenous mixture of 

irregularly shaped spherules and morphology suggesting that this media is useful for the 

study the molecular changes that dictate changes in lifecycle due to changes to 

environment and nutrient availability. The strain readily produces pure cultures of 

spherules and endospores without the need for arthroconidia as the starting material in 

Converse media. Mycelial parasitic cultures are rare; however, it has been well 

documented that mycelial morphology in patients can occur. In conclusion, our study 

shows a novel strain of Coccidioides posadasii (S/E) that is a useful model for studying 

the complex molecular changes involved in lifecycle change in response to specific 

stimuli.  
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Figure 1. Differential Inference Contrast (DIC) microscope images show C. posadasii S/E 

morphology and size in different types of media. A: Spherule and endospore production 

is optimal in Converse media, a mixture of spherule/endospores and hyphal morphologies 

in RPMI-tamol media, and complete hyphal morphology in RPMI-sph media. Images 

taken in triplicate on 60x magnification with Leica DMRE microscope. Scalebar 

represents 10 μm. B: Spherules grown in RMPI-tamol are more varied and larger on 

average than spherules grown in Converse media. Graphs and statistical analysis were 

done using GraphPad Prism statistical software using an unpaired t-test with Welch’s 

correction (P = 0.001).  



 

  

 
Figure 2. Growth kinetics of C. posadasii S/E in RPMI-sph, Converse, and RPMI-tamol media over a period of 17 days. 

Absorbance (OD600) was measured every 24 hours and samples were blanked with their respective media. Compound 

microscope images at the end of each curve represent the morphology during and end of the growth period. Timepoints 

represents mean of three measures a day with standard deviation. It is noted that after 6-8 days, volume decreases and 

may account for increases in OD.  
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Figure 3. The C. posadasii S/E strain is virulent in an insect model of infection. Larvae of Galleria mellonella inoculated with 

104 spherules were not affected (A), whereas inoculation of 106 spherules resulted in 100% death of larvae within 4 days 

(B). Heat-inactivation of the C. posadasii strain prior to inoculation improved survival significantly suggested that the 

mechanism of virulence is proteinaceous-based. PBS controls show no difference in survival. Statistical analysis was 

performed using GraphPad Prism software by estimating differences in survival (log rank and Wilcoxon tests) using the 

Kaplan-Meier method.  
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Figure 4. Spherule and endospore production in C. posadasii S/E is optimized in 

Converse medium and RPMI-tamol compared to other spherule/endospore-inducing 

media. Transmission electron microscopy images of C. posadasii S/E grown in Converse 

(A-B), RPMI-tamol (C-D), or RPMI-sph (E-F) media were taken after 168 hour growth in 

vitro. White arrows indicate areas of endospore production and localization. C. posadasii 

S/E morphology is consistent with DIC images where spherule and endospore production 

is optimal in Converse media (A-B), a mixture of spherule/endospores and hyphal 

morphologies in RPMI-tamol media (C-D), and complete hyphal morphology in RPMI-sph 

media with few areas of endospore production (E-F). Spherule size is more uniform in 

Converse media (A) than in RPMI-tamol (C). 
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Figure 5. Outer wall glycoprotein shedding off is more prominent in mature spherules than in hyphal form. Transmission 

electron microscopy images of C. posadasii S/E grown in Converse, RPMI-tamol, or RPMI-sph media were taken after 168 

hour growth in vitro. Red arrows show increased sloughing glycoprotein when grown in Converse media and RPMI-tamol 

media on spherules but not in mycelia when grown in RPMI-sph media. Images are consistent with endospore production 

in Converse and RPMI-tamol media but not in RPMI-sph media.  
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Figure 6. Organelle formation is prominent in S/E phase and cell wall is rounder in 

spherules grown in Converse media and irregular in RPMI-tamol media. Transmission 

electron microscopy images of C. posadasii S/E grown in Converse or RPMI-tamol media 

were taken after 168 hour growth in vitro. Consistent with other TEM images, spherules 

grown in Converse media are rounder, smaller, and sized uniformly. Morphology in RMPI-

tamol media is mixed with differently sized spherules, mycelia, and irregularly shaped cell 

walls.  
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Figure 7. C. posadasii S/E nuclei in RPMI-sph media are irregular is shape. Transmission 

electron microscopy image of C. posadasii S/E grown in RPMI-sph media was taken after 

168 hour growth in vitro. Red arrows show kidney-shaped organelles resembling nuclei.  
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Figure 8. Structures resembling septal pores and Woronin bodies are present in mycelia 

grown in RPMI-containing media. Transmission electron microscopy images of C. 

posadasii S/E grown in RPMI-tamol or RPMI-sph media were taken after 168 hour growth 

in vitro. Red arrow points to dense structure resembling Woronin body near septal pore. 

In general, small dense structures are found around septal pores.  OW- outer wall, SP- 

septal pore, WB- woronin body, M- mitochondria 
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CHAPTER 3:  

Complete surface proteome topology of Coccidioides posadasii reveals secreted 
enzymes with potential virulence roles during parasitic lifecycle 
 

ABSTRACT  

Coccidioidomycosis or “Valley Fever” is a potentially fatal fungal infection caused by 

inhalation of Coccidioides spores with increasing case numbers reported every year. 

Spores circulate in the air after contaminated soil is disturbed making individuals in 

endemic areas highly susceptible. After spores enter the lungs, the spores grow into 

spherules. When spherules enlarge, they release endospores which grow into more 

spherules and disseminate. Surface-exposed proteins are first to contact host cells to 

mediate tissue invasion and dissemination. Trypsin-shaving and biotinylation coupled 

with mass spectrometry provide complimenting identification of surface-associated 

proteins. Briefly, Coccidioides posadasii Silveira was maintained in the 

spherule/endospore phase (parasitic phase) found in the host in Converse media. We 

identified 87 proteins solely found in trypsin-treated cells using LC-MS/MS. Using gene 

ontology to determine molecular function, we showed that the majority of these proteins 

belonged to functional categories involving catalytic, peptidase, and hydrolase activity 

consistence with virulence factors secreted in other fungal pathogens. Signal localization 

(SignalP-5.0) further identified proteins with canonical secretion signals including an 

aspartyl protease, beta-hexosaminidase, and an uncharacterized protein with 

carbohydrate-binding potential. Our dataset is the first to characterize the surface 

proteome in Coccidioides and identify potential virulence factors involved in Coccidioides 
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pathogenesis. Our dataset provides a comprehensive list of potential therapeutic targets, 

biomarkers, and immune-evasion proteins involved associated with the Coccidioides 

parasitic lifecycle. 
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INTRODUCTION 

Coccidioidomycosis or “Valley Fever” is a potentially fatal fungal infection caused 

by the inhalation of the soil-dwelling Coccidioides arthroconidia and considered to be an 

emergent mycotic disease. Reported coccidioidomycosis incidents in the United States 

have increased since 1998 [1, 2]. Coccidioides arthroconidia spores can circulate in the 

air after contaminated soil and dust are disturbed by humans, animals, or the weather. 

When people breathe in the spores, they are at risk for developing Valley fever. After the 

spores enter the lungs, the spores undergo morphological changes and grow into 

spherules. When the spherules get large enough, they break open and releases 

endospores which can spread within the lungs and disseminate into other organs and the 

central nervous system causing coccidioidal meningitis [3, 4].  

 Despite the alarming rise in cases, no studies have investigated the mediators that 

promote entry and infection in pulmonary and disseminated disease. Fungal proteins 

exposed on the surface likely serve as the first step in establishing infections through 

immune evasion, cellular adhesion, and cellular entry. Previous studies have investigated 

immunoreactive spherule proteins as vaccine candidates and whole spherule lysate [5-

9]. Trypsin-shaving has been used extensively to study the surface-exposed proteo-

topology of other fungal pathogens including Aspergillus fumigatus, Candida albicans, 

and Cryptococcus neoformans to study potential virulence factors [10-12]. In this study, 

we employed trypsin-shaving and surface biotinylation to understand the proteomic 

topology of Coccidioides in the parasitic phase (spherule/endospore phase). Supernatant 

of trypsin-treated Coccidioides cells were ran on SDS-PAGE and protein bands were 
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compared to mock trials. Global proteomic identification was used to identify a large set 

of trypsinized proteins as well. LC-MS/MS and bioinformatic software revealed several 

proteins likely involved in virulence. Our study is the first to study the surface-exposed 

proteins in Coccidioides which can serve as potential biomarkers, vaccine candidates, or 

therapeutic targets.  

METHODS 

Strains and growth conditions 

A Silveira strain of Coccidioides posadasii was maintained in the 

spherule/endospore phase (parasitic phase) approved by Biological Use Authorization for 

Biosafety Level 2 use. In brief, C. posadasii spherules stored in 15% glycerol were 

inoculated into 150 ml of Converse media as previously described [13]. Cultures were 

incubated at 37�C and 160 rpm for up to 7 days.  

Enzymatic release of extracellular proteins from S/E phase Coccidioides 

Spherules were harvested after 144 - 168 hours and washed with phosphate 

buffered saline (PBS). Spherule surface proteins were released in a 15‐mL tube in 

triplicate by treating intact spherules with 3 ml of 0.25% trypsin/EDTA solution (Corning) 

for 4 hours or 14 hours at 37 ºC and room temperature, respectively, on a rotating mixer. 

Following the trypsin treatment, the spherules were examined by compound light 

microscopy to ensure that the spherules remained intact. Peptides resulting from the 

trypsin treatment were concentrated using 3 kDa cutoff filter (Amicon) and separated on 

an SDS-PAGE gel and visualized with Coomassie blue stain. For comprehensive trypsin 

digests, complete, concentrated samples were sequenced by LC-MS/MS. 
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SDS-PAGE gel 

Concentrated supernatants were denatured and reduced at 100°C for 5 min with 

4X Laemmli sample buffer (Bio-Rad, Hercules, CA). Samples were subjected to 10% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis using Bio-Rad Mini-Protean 

Tetra system at 90 V for 2 hours. Gels were fixed and strained with 0.1% Coomassie 

Brilliant Blue overnight. Gels were de-stained and resulting bands were identified.  

Mass Spectrometry Sequencing  

Supernatent from trypsinize cells and proteins bands of interest were excised from 

polyacrylamide gels and submitted to the UC Davis Proteomic Core. Scaffold (Proteome 

Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein 

identifications. 

Biotinylation of spherules 

 Briefly, spherules were grow in Converse media at 37ºC, 160 rpm for 7 days as 

previous described in Chapter 2 [14]. Coccidioides cultures were harvested and passed 

through a 70 µm filter to remove any large clumps of growth and increase the surface 

area of each spherule [33]. Spherules were then washed in 50 ml of ice cold PBS 3 times 

at 3500 rpm for 2 minutes. Viability was checked with trypan blue. Cell surface proteins 

were biotinylated according to manufacturer's instructions with slight modification (Pierce 

Cell Surface Protein Isolation Kit; Pierce Biotechnology, Rockford, IL, USA). Spherules 

were normalized to 107 spherules per reaction. Each experiment had 4 replicate reactions 

(10 ml each) containing 0.25 mg/ml of sulfo-NHS-SS-biotin. Mock treatment included 



 

 44 

treating spherules in PBS. Spherules were incubated at 4°C for 1 hour on a rotating 

incubator and quenched for 30 minutes Samples were washed in PBS 4 times at 3500 

rpm for 5 minutes. Spherules were used for immunofluorescence.  

Immunofluorescence and imaging of biotinylated spherules 

To visualize biotinylated Coccidioides spherules, cells were prepared for 

immunofluorescence as previous described for Aspergillus [70]. Briefly, the cells were 

centrifuged at 3,500 rpm for 2 minutes to collect cells and wash twice with 3 ml of 1X 

PBS. For blocking, spherules were resuspended in 1% bovine serum albumin (BSA) in 

tris-buffered saline (TBS) and incubated for 1 hour at room temperature. Cells were 

pelleted at 4000 rpm for 2 minutes and resuspended in 1% BSA in TBS with Alexa Fluor 

635-conjugated streptavidin (Thermo Fisher Scientific, catalog no. S32364) at a 1:100 

dilution and incubated at room temperature for 1 hour. Cells were spun down and washed 

4 times with TBS by centrifuging at 4000 rpm for 3 minutes. Twenty microliters of the cell 

suspension were spread on a clean glass slide. Ten microliters of aqueous mounting 

medium (Vector Laboratories) was added, sealed with glass coverslips, and imaged on a 

Leica TCS SP8 STED 3X confocal microscope (UC Davis Veterinary Medicine Advance 

Imaging Facility).  

Bioinformatic analysis of extracellular prediction and functional gene ontology 

 Comprehensive list of trypsinized proteins were analyzed for their canonical 

eukaryotic secretion signal to predict their secretion status through the SignalP-5.0 server 

using cutoff of >0.50 likelihood [71]. For functional annotation of enriched protein sets, 
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ShinyGO v0.61 was used to predict gene ontology [72]. An FDR P-value cutoff of 0.05 

was used for statistical purposes.  

RESULTS 

Tryptic release of surface-exposed Coccidioides proteins 

Our workflow is described in Figure 1. We found that a longer trypsin-treatment at 

room temperature resulted in distinct polypeptide bands that were unique to trypsin-

treated spherules compared to a 4-hour incubation at 37� C (Figure 2).  These bands 

were not detected in mock spherule treatments with phosphate-buffered saline. A 

predominant band at 40 kDa were isolated and sequenced by LC-MS/MS. Cells were 

examined pre- and post-treatment with light microscopy and remained intact after 

treatments. 

Identification of surface-exposed proteins from SDS-PAGE 

A total of 12 proteins were identified in the excised band found in the trypsin-treated 

spherule lane (Figure 2). Four of these hits were predicted to be extracellular due to 

previous reports of these proteins (Table 1). Eight of the hits were previously associated 

with normal cellular function and have not been previously reported (Table 2).  

Identification of surface-exposed proteins from comprehensive trypsin digest 

Protein sets exclusively found in trypsin-treatment were used for bioinformatic 

analysis (Figure 3). On the extracellular prediction, we found a higher percentage of 

proteins with a canonical secretion signal than the other protein sets that include shared 

proteins and PBS only treatment.  

Biotinylation of spherules shows surface-bound fluorescence 
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Spherules were successfully biotinylated by localizing exclusively on the surface 

of the spherule with no intracellular leakage (Figure 4). PBS-treated spherules showed 

no fluorescence suggesting no innate expression of biotin.   

Biotinylation of spherules shows surface-bound fluorescence 

Spherules were successfully biotinylated by localizing exclusively on the surface 

of the spherule with no intracellular leakage (Figure 4). PBS-treated spherules showed 

no fluorescence suggesting no innate expression of biotin.   

DISCUSSION  

 Surface proteome studies in pathogenic fungi have revealed proteins that function 

as immune stimulants, virulence factors, or biomarkers for improved detection of infection 

[18]. This study found 12 proteins associated with the surface of spherules, the parasitic 

life stage found inside the host. This study found 4 previously identified immunoreactive 

proteins consistent with the notion that they are found extracellularly (Table 1) and 8 

proteins with predicted cytosolic functions (Table 2). Grys et al previously identified 

proteins associated with whole spherule lysate from C. posadasii st. Silveira  [5]. Champer 

et al. identified the surface proteome of C. posadasii in the hyphal stage [19]. Our study 

also identified glucose-6-phosphate 3-isopropylmalate dehydrogenase A, two proteins 

found in high abundance in spherule lysate.   

 The functions of the identified proteins are still currently unknown. However, gene 

ontology showed that (Tables 4&5) that many of the gene sets belong to categories 

involved catalysis, hydrolysis, and peptidase activity. These activities involving these 

proteins are potentially involved in host damage as virulence factors. Of the 
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immunoreactive proteins identified, the copper/zinc superoxide dismutase and aspartyl 

protease have a likely role in pathogenesis. Copper/zinc superoxide dismutase has been 

identified as a virulence factor in Cryptococcus neoformans, Candida albicans, and 

Histoplasma capsulatum which functions to protect again superoxide anion insult from 

macrophages [20-22]. Aspartyl proteases are known virulence factors in fungal 

pathogens and have generated interest as vaccine candidates due to their immune-

protective effects in animal models, including protection from pulmonary 

coccidioidomycosis in mice [23-26].  

 Interestingly, severally surface proteomic studies have identified such proteins as 

moonlighting proteins. Moonlighting proteins are multifunctional and can have diverse 

functions unrelated to their structure based on homology to other proteins [27]. It has 

been well documented that moonlighting proteins can play important roles in regulating 

virulence in fungi, protozoa, multicellular parasites, and bacteria [28, 29] and 

independently serve as virulence factors as well [30]. The role of cytosolic proteins with 

moonlighting functions have not been described in Coccidioides. Serine 

hydroxymethyltransferase has been described as a moonlighting protein involved in RNA-

binding in mammalian cells [31] and involved in bacterial virulence networks like Vibrio 

cholerae [32]. Glucose-6-phosphate isomerase has also been previous identified as 

moonlighting protein in mammalian cells [29] and identified as a regulator of known 

virulence factors, melanin and capsule, in Cryptococcus neoformans [33]. It is unknown 

if these moonlighting play similar roles in Coccidioides. A limitation of this approach is 

lack of data sets that investigate the surface topology of Coccidioides. Future plans for 
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this include using biotinylating labeled Coccidioides to compare surface exposed proteins 

and validate predicted moonlighting proteins as having multiple functions.  

In conclusion our study demonstrates that trypsin shaving of intact spherules is a powerful 

method for identifying the outer wall proteome of Coccidioides spherules. This approach 

simplified the workflow since the strain used here remained in the spherule/endospore 

phase and allowed for the enrichment of spherules. We anticipate that spherule surface 

proteins identified will likely have a role in Coccidioides pathogenesis and will be 

complimented with proteins identified in biotinylation studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 49 

ACKNOWLEDGEMENTS 

We are grateful to the members of the Gelli Lab for their technical assistance. We thank 

the UC Davis Proteomics core facility staff for the processing of proteomic samples. We 

thank the UC Davis Center for Valley Fever for sharing reagents, equipment, and 

assistance. JA Garcia was supported by the NIH T32 HL007013 Training in Comparative 

Lung Biology and Medicine. 

 

 

 

  



 

 50 

FIGURES 
 
A 

 
B.  

 
Figure 1. Flowchart of the C. posadasii trypsin-treatment and processing of proteins. 

Mature spherules were treated with trypsin or mock-treated with PBS. Supernatants 

containing cleaved proteins were concentrated and ran on SDS-PAGE (A). Bands were 

excised and sent for LC-MS/MS sequencing. Comprehensive profiling of trypsinized 

proteins were concentrated in Amicon filters and sequenced using LC-MS/MS.  
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Figure 2. SDS-PAGE of collected supernatant from trypsin-treated S/E phase 

Coccidioides. The red box indicates the spot that was sequenced using mass 

spectrometry. The numbers to the left of the gel indicate the molecular weight (kDa) of 

the Precision Plus protein standard (BioRad). 
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Figure 3. Diagram of the C. posadasii protein lists. Several protein sets were identified for 

both PBS treatment and trypsin treatment. For bioinformatic analysis, only proteins 

exclusively found in the trypsin-treatment were used for analysis.  
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Figure 4. Biotin labeling of spherules. Successful biotinylation show exclusive localization 

on the surface making biotin labeling a suitable choice for complimenting trypsin shaving 

studies. 

  



 

 54 

 

Table 1: Immunoreactive Extracellular Proteins identified by trypsin-shaving S/E phase 

Coccidioides 

 

 

 

 

 

 

 

 

 

 

 

Immunoreactive proteins identified 
Protein/Predicted 
function 

Accession 
number 

Alternate ID Molecular 
weight 
(kDa) 

Previous 
reports 

Copper, zinc 
superoxide 

dismutase (SOD) 

C5P5N2_COCP7 CPC735_033580 26 [8] 

DOMON-like 
type 9 

carbohydrate 
binding module 

C5PIH6_COCP7 CPC735_056990 26 [7] 

Aspartyl 
protease 

C5P9L1_COCP7 CPC735_005950 44 [6, 25] 

Mannosyl-
oligosaccharide 

alpha-1,2-
mannosidase 

precursor 

C5PAF0_COCP7 CPC735_008870 57 [9] 
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Putative moonlighting proteins identified 
Protein/Predicted function Accession 

number 
Alternate ID Molecular 

weight 
(kDa)  

Lactonase, 7-bladed beta-
propeller 

C5P0B1_COCP7 CPC735_068010 43 

Aminotransferase, class V 
family 

C5P5Y1_COCP7 CPC735_034570 41 

prephenate dehydratase C5P7Z3_COCP7 CPC735_028790 37 
N-acetyl-beta-

glucosaminidase 
C5P0L7_COCP7 CPC735_069070 68 

glucose-6-phosphate 
isomerase 

C5PAT7_COCP7 CPC735_041650 61 

3-isopropylmalate 
dehydrogenase A 

C5P893_COCP7 CPC735_010410 39 

isovaleryl-CoA 
dehydrogenase 

C5P541_COCP7 CPC735_031670 47 

serine 
hydroxymethyltransferase 

C5PFC8_COCP7 CPC735_046260 52 

 
Table 2: Proteins with potential moonlighting functions identified by trypsin-shaving S/E 

phase Coccidioides 
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Table 3: Comprehensive protein list identified solely in trypsin treatment 

 
 

Protein Accession number Molecular weight Extracellular 
Beta-hexosaminidase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_069070 PE=3 SV=1 CPC735_069070 68 kDa YES
Beta-glucosidase 5 OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_063050 PE=4 SV=1 CPC735_063050 57 kDa YES
1,3-beta-glucanosyltransferase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_022810 PE=3 SV=1 CPC735_022810 52 kDa YES
Mannose-1-phosphate guanyltransferase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_051060 PE=4 SV=1 CPC735_051060 49 kDa NO
Acetyl-CoA carboxylase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_054820 PE=4 SV=1 CPC735_054820 255 kDa NO
Legume-like lectin family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_065530 PE=4 SV=1 CPC735_065530 38 kDa YES
Glycosidase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_072270 PE=3 SV=1 CPC735_072270 47 kDa YES
Uncharacterized protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_041100 PE=4 SV=1 CPC735_041100 23 kDa YES
Extracellular serine-threonine rich protein, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_007620 PE=4 SV=1 CPC735_007620 71 kDa YES
Uncharacterized protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_056990 PE=4 SV=1 CPC735_056990 26 kDa YES
Carboxypeptidase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_026300 PE=3 SV=1 CPC735_026300 73 kDa NO
Cyclopropane-fatty-acyl-phospholipid synthase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_043780 PE=4 SV=1 CPC735_043780 59 kDa NO
Importin-beta N-terminal domain containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_021870 PE=4 SV=1 CPC735_021870 109 kDa NO
Uncharacterized protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_057210 PE=4 SV=1 CPC735_057210 11 kDa YES
Long-chain-fatty-acid-CoA ligase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_041850 PE=4 SV=1 CPC735_041850 76 kDa NO
Vacuolar protein sorting/targeting protein 10 OS=Coccidioides posadasii (strain C735) OX=222929 GN=VPS10 PE=3 SV=2 CPC735_039630 167 kDa YES
Valyl-tRNA synthetase, mitochondrial, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_038390 PE=3 SV=1 CPC735_038390 118 kDa NO
L-ornithine 5-monooxygenase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_050030 PE=4 SV=1 CPC735_050030 54 kDa NO
Septin 3, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_035230 PE=3 SV=1 CPC735_035230 39 kDa NO
Common central domain of tyrosinase family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_043510 PE=4 SV=1 CPC735_043510 74 kDa YES
Acyl-CoA desaturase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_021820 PE=3 SV=1 CPC735_021820 52 kDa NO
Peptide synthetase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_054060 PE=4 SV=1 CPC735_054060 554 kDa NO
HEAT repeat containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_017600 PE=4 SV=1 CPC735_017600 145 kDa NO
Multidrug resistance ABC transporter, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_050140 PE=3 SV=1 CPC735_050140 170 kDa NO
Importin-beta N-terminal domain containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_073210 PE=4 SV=1 CPC735_073210 118 kDa NO
Lon protease homolog, mitochondrial OS=Coccidioides posadasii (strain C735) OX=222929 GN=PIM1 PE=3 SV=1 CPC735_021750 117 kDa NO
Importin alpha re-exporter, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_013120 PE=4 SV=1 CPC735_013120 109 kDa NO
KH domain containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_051570 PE=4 SV=1 CPC735_051570 143 kDa NO
Vacuolar protein sorting-associated protein 35 OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_006730 PE=3 SV=1 CPC735_006730 99 kDa NO
AMP-binding enzyme, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_054160 PE=4 SV=1 CPC735_054160 76 kDa NO
Rhamnolipids biosynthesis 3-oxoacyl-[acyl-carrier-protein] reductase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_045400 PE=4 SV=1 CPC735_045400 28 kDa NO
Carboxypeptidase Y homolog A OS=Coccidioides posadasii (strain C735) OX=222929 GN=cpyA PE=3 SV=1 CPC735_036210 60 kDa YES
Uncharacterized protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_073330 PE=4 SV=1 CPC735_073330 56 kDa NO
Aspartyl proteinase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_005950 PE=3 SV=1 CPC735_005950 44 kDa YES
Endonuclease OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_054880 PE=3 SV=1 CPC735_054880 37 kDa NO
C-14 sterol reductase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_004500 PE=4 SV=1 CPC735_004500 55 kDa NO
Actin-related protein 2/3 complex subunit 5 OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_005540 PE=3 SV=1 CPC735_005540 21 kDa NO
SGS domain containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_031040 PE=4 SV=1 CPC735_031040 51 kDa NO
Chitin synthase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_067630 PE=3 SV=1 CPC735_067630 101 kDa NO
Uncharacterized protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_038790 PE=4 SV=1 CPC735_038790 22 kDa YES
ABC-2 type transporter family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_020470 PE=4 SV=1 CPC735_020470 122 kDa YES
PKD_channel domain-containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_060250 PE=4 SV=1 CPC735_060250 74 kDa NO
Prefoldin subunit 4 OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_009500 PE=3 SV=1 CPC735_009500 16 kDa NO
Small nuclear ribonucleoprotein G OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_074220 PE=3 SV=1 CPC735_074220 8 kDa NO
Eukaryotic translation initiation factor, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_029420 PE=4 SV=1 CPC735_029420 45 kDa NO
Clustered mitochondria protein homolog OS=Coccidioides posadasii (strain C735) OX=222929 GN=CLU1 PE=3 SV=1 CPC735_005450 143 kDa NO
FAD-binding PCMH-type domain-containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_013260 PE=4 SV=1 CPC735_013260 76 kDa NO
CRAL/TRIO domain containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_030470 PE=4 SV=1 CPC735_030470 50 kDa NO
HEAT repeat containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_003670 PE=4 SV=1 CPC735_003670 122 kDa NO
Class V chitin synthase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_068710 PE=4 SV=1 CPC735_068710 198 kDa NO
Mitochondrial protein import protein MAS5, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_069840 PE=3 SV=1 CPC735_069840 45 kDa NO
Multidrug resistance ABC transporter, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_057020 PE=3 SV=1 CPC735_057020 168 kDa NO
Coatomer subunit beta' OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_019830 PE=3 SV=1 CPC735_019830 95 kDa NO
Protein transport protein SEC61 alpha subunit, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_027390 PE=3 SV=1 CPC735_027390 52 kDa NO
Sugar transporter family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_006310 PE=3 SV=1 CPC735_006310 66 kDa NO
DnaK family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_009390 PE=4 SV=1 CPC735_009390 111 kDa NO
Septin, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_029910 PE=3 SV=1 CPC735_029910 44 kDa NO
Dipeptidyl-peptidase V, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_032100 PE=4 SV=1 CPC735_032100 80 kDa YES
Ubiquitin carboxyl-terminal hydrolase family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_030100 PE=3 SV=1 CPC735_030100 131 kDa NO
Ribonucleoside-diphosphate reductase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_003070 PE=3 SV=1 CPC735_003070 98 kDa NO
Isoleucyl-tRNA synthetase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_008180 PE=3 SV=1 CPC735_008180 124 kDa NO
Mitochondrial carrier protein YHM1/SHM1, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_038070 PE=3 SV=1 CPC735_038070 33 kDa NO
Vacuolar membrane protease OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_004820 PE=3 SV=1 CPC735_004820 112 kDa NO
Farnesyl-diphosphate farnesyltransferase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_021300 PE=4 SV=1 CPC735_021300 55 kDa NO
40S ribosomal protein S20, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_066520 PE=3 SV=1 CPC735_066520 13 kDa NO
Dihydroorotate dehydrogenase family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_020000 PE=4 SV=1 CPC735_020000 57 kDa NO
26S protease regulatory subunit 6A, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_007130 PE=3 SV=1 CPC735_007130 52 kDa NO
Signal recognition particle subunit SRP72 OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_040380 PE=3 SV=1 CPC735_040380 72 kDa NO
PX domain containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_066260 PE=4 SV=1 CPC735_066260 70 kDa NO
Glycyl-tRNA synthetase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_027610 PE=4 SV=1 CPC735_027610 79 kDa NO
Homogentisate 1,2-dioxygenase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_050990 PE=4 SV=1 CPC735_050990 50 kDa NO
Amine oxidase OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_023840 PE=3 SV=1 CPC735_023840 77 kDa NO
Alkaline phosphatase family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_059490 PE=4 SV=1 CPC735_059490 72 kDa NO
Uncharacterized protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_016900 PE=4 SV=1 CPC735_016900 186 kDa NO
Zinc knuckle domain containing protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_005410 PE=4 SV=1 CPC735_005410 61 kDa NO
Sec23/Sec24 family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_047710 PE=4 SV=1 CPC735_047710 101 kDa NO
3-oxo-5-alpha-steroid 4-dehydrogenase family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_049630 PE=4 SV=1 CPC735_049630 36 kDa NO
Uncharacterized protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_048720 PE=4 SV=1 CPC735_048720 53 kDa NO
Major Facilitator Superfamily protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_041550 PE=4 SV=1 CPC735_041550 65 kDa NO
Hsp20/alpha crystallin family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_005720 PE=3 SV=1 CPC735_005720 27 kDa NO
SCO1/SenC family protein OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_001290 PE=4 SV=1 CPC735_001290 34 kDa NO
Putative dipeptidase CPC735_015490 OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_015490 PE=3 SV=1 CPC735_015490 49 kDa NO
Opsin 1 OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_021210 PE=4 SV=1 CPC735_021210 32 kDa NO
Cysteine desulfurase, mitochondrial, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_060130 PE=3 SV=1 CPC735_060130 56 kDa NO
Imidazoleglycerol-phosphate dehydratase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_036350 PE=3 SV=1 CPC735_036350 26 kDa NO
C-4 methylsterol oxidase, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_061710 PE=3 SV=1 CPC735_061710 35 kDa NO
Rho2 protein, putative OS=Coccidioides posadasii (strain C735) OX=222929 GN=CPC735_006750 PE=4 SV=1 CPC735_006750 22 kDa NO
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Table 4: Gene ontology predicting molecular function of protein list found exclusively in 

trypsin treatment 

 
 
 
 
 
 
 
 
 
 
 

 
 
Table 5: Gene ontology predicting biological process of protein list found exclusively in 

trypsin treatment 

Enrichment FDR Genes in list Total genes Functional Category Genes
0.000477729 4 45 hydrolase activity CPC735_015490 CPC735_004820 CPC735_036210 CPC735_069070
0.000563593 4 62 molecular_function CPC735_015490 CPC735_004820 CPC735_036210 CPC735_069070
0.000563593 4 57 catalytic activity CPC735_015490 CPC735_004820 CPC735_036210 CPC735_069070
0.001427409 3 39 peptidase activity CPC735_015490 CPC735_004820 CPC735_036210
0.001427409 3 38 peptidase activity, acting on L-amino acid peptides CPC735_015490 CPC735_004820 CPC735_036210
0.001838681 2 11 exopeptidase activity CPC735_015490 CPC735_036210
0.004298281 2 18 metallopeptidase activity CPC735_015490 CPC735_004820
0.009188863 2 30 cation binding CPC735_015490 CPC735_004820
0.009188863 2 30 metal ion binding CPC735_015490 CPC735_004820
0.009376798 2 32 ion binding CPC735_015490 CPC735_004820
0.010706346 2 36 binding CPC735_015490 CPC735_004820

Enrichment FDR Genes in list Total genes Functional Category Genes
8.76E-05 5 69 biological_process CPC735_015490 CPC735_004820 CPC735_039630 CPC735_036210 CPC735_069070

0.000342959 4 66 metabolic process CPC735_015490 CPC735_004820 CPC735_036210 CPC735_069070
0.000342959 4 62 primary metabolic process CPC735_015490 CPC735_004820 CPC735_036210 CPC735_069070
0.000342959 4 64 organic substance metabolic process CPC735_015490 CPC735_004820 CPC735_036210 CPC735_069070
0.000978927 3 40 proteolysis CPC735_015490 CPC735_004820 CPC735_036210
0.001153425 3 45 protein metabolic process CPC735_015490 CPC735_004820 CPC735_036210
0.001423924 3 51 macromolecule metabolic process CPC735_015490 CPC735_004820 CPC735_036210
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CHAPTER 4:  
 
Development of monoclonal antibody detection platform to distinguish lung 
infections from lung cancer 

 
ABSTRACT 

 Coccidioidomycosis is a potentially fatal fungal infection with rising incidences of 

infections registered over the recent past. Coccidioidomycosis is caused by inhaling soil-

dwelling Coccidioides immitis and C. posadasii arthroconidia endemic in arid and semi-

arid climates. Infected soil poses a significant occupational health hazard to individuals 

exposed to frequent soil aerosolization, considering that the Coccidioides route of 

infection and primary colonization is the lungs. After resolution of infection, lung 

granulomas can form around the sites of infection where they can persist for years in the 

host and be misdiagnosed as tumors. Current diagnostics are not able to distinguish 

between fungal nodules and lung carcinomas. In this study, we tested the hypothesis that 

a newly found Coccidioides-specific surface antigen can serve as an in vivo target for the 

development of a Coccidioides-specific radiolabeled antibody to couple immunoPET 

(positron emission tomography) imaging to noninvasively distinguish fungal-pulmonary 

nodules from lung malignancies. In this study, we used a Coccidioides-specific 

monoclonal antibody for the detection of spherules chest and lung tissue with confirmed 

coccidioidomycosis using immunohistochemistry (IHC) along with immunofluorescence 

(IF) using thimerosal-inactivated spherules. To test for cross-reactivity using the 

monoclonal antibody, we used a panel of cancerous tissue to examine the feasibility of 

using the antibody for further developments. IHC and IF revealed specific targeting on the 
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surface of spherules. Additionally, little IHC cross-reactivity in cancerous tissues was 

observed with the exception of a adenocarcinoma sample. This project sets the 

foundation for further developing a novel diagnostic for the detection of a major problem 

for people with active or resolved coccidioidomycosis. 
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INTRODUCTION 

Coccidioidomycosis or “Valley Fever” is a potentially fatal fungal infection caused 

by inhalation of soil-dwelling Coccidioides spp. spores. It is an emergent mycotic disease 

due to rising incidences registered over the past few years [1, 2]. In 2016, a large increase 

in coccidioidomycosis cases over previous years was observed; most of these cases 

(2,238 cases) were from California’s Central Valley and Central Coast [3]. Coccidioides 

spores circulate in the air after contaminated soil and dust are disturbed by humans, 

animals, or the weather. After spores enter the lungs, the spores grow into spherules. 

When spherules enlarge, they release endospores which spread within the lungs and can 

potentially disseminate into other organs [4, 5]. Individuals living and working in endemic 

areas are highly susceptible to infection, which poses a significant occupational health 

hazard to people exposed to contaminated soil, particularly farmworkers and construction 

workers in California’s Central Valley [6, 7]. When susceptible hosts breath in the spores 

from the soil, 60% of individuals develop may develop an asymptomatic infection or a 

mild respiratory illness.  

A major complication of coccidioidomycosis is the development of fungal 

pulmonary nodules (masses) that are indistinguishable from lung carcinoma where 

approximately 75% of cases show some consolidation in the lungs [8]. Pneumonia 

caused by coccidioidomycosis scars lung tissue with pulmonary masses following 

resolution of the infection. Computerized tomography (CT) scans cannot differentiate lung 

masses caused by coccidioidomycosis and patients are frequently misdiagnosed with 

lung carcinomas, leading to surgical biopsies that expose patients to significant 
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complications, unnecessary treatments, and costly procedures [8-10]. Serologic testing 

of anticoccidioidal antibodies is not helpful because when infection has resolved, 

anticoccidioidal antibodies are undetectable. The diagnosis is established by direct 

visualization of mature spherules by using special stains or cultures from bio-logic 

specimens. Fungal nodules mimicking lung carcinomas is a significant problem for 

patients with resolved infections as the mechanisms that cause fungal nodules have not 

been investigated and diagnostic tools are severely lacking. This study aims to develop 

the foundation for a non-invasive detection platform to distinguish fungal-pulmonary 

nodules from lung carcinomas by investigating cross-reactivity of a Coccidioides 

monoclonal antibody against a panel of human tissues with various cancerous 

histopathologies.  

METHODS 

Cultures and strains: 

C. posadasii strain Silveira cultures were maintained in the spherule-endospore 

(S/E) phase approved by Biological Use Authorization for Biosafety Level 2 use as 

previously described. In brief, stock S/E cultures were stored in 15% glycerol in -80�C. 

Stock glycerol cultures were inoculated into 150 ml of Converse media. Converse media 

was prepared as previously described containing potassium phosphate monobasic, zinc 

sulfate, calcium chloride dihydrate, sodium chloride, sodium bicarbonate, magnesium 

sulfate heptahydrate, ammonium acetate, dextrose, Tamol, and potassium phosphate 

dibasic trihydrate and filter-sterilized. Cultures were incubated at 37°C, at atmospheric 

CO2, and 160 rpm, for up to 168 hours. Cultures were harvested by centrifugation at 2500 
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rpm for 5 minutes and washed in equal volumes of 1X phosphate-buffered saline (PBS). 

Spherules and endospores harvested were inactivated with thimerosal at a 1:10,000 final 

concentration and stored at 4°C in 1X PBS with thimerosal until use [11, 12]. 

Cryptococcus neoformans H99 and Aspergillus fumigatus ATCC 204305 were grown in 

yeast peptone dextrose (YPD) medium at 37 °C overnight. Fungal cells were washed with 

PBS and used for IF.  

Human tissue sectioning: 

Paraffin embedded blocks of lung and chest tissue with confirmed 

coccidioidomycosis were cut into 5-6 �m thick sections and mounted on charged glass 

slides by the UC Davis Research Histology Laboratory and stored at room temperature 

until use. Samples were deparaffinized through a series of xylene and graded ethanol 

washes. Frozen lung tumor and normal lung tissues were obtained through the UC Davis 

Comprehensive Cancer Center’s Pathology Biorepository. Frozen tissues were defrosted 

from 80°C to -20°C and embedded on OCT medium (Sakura Finetek, Tissue-Tek). 

Prepared tissue blocks were cut into 10 �m thick sections using a Leica CM1860 cryostat 

on charge slides and air-dried under airflow for 30 minutes. Sections were fixed in a 4% 

paraformaldehyde solution for 15 minutes at room temperature and rinsed with 1X PBS 

four times. Antigen retrieval for both paraffin and fresh tissue samples was performed by 

incubating fixed tissue in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, 

pH 6.0) at 60°C overnight and rinsed with cold water three times. Prepared slides were 

used immediately for immunohistochemistry.  
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Immunohistochemistry of paraffin embedded and cryopreserved tissue and confocal 

microscopy:  

After overnight incubation in sodium citrate, slides were washed with TBS + 

0.025% Triton X-100 and blocked in TBS + 10% normal goat serum + 1% BSA for 2 hours 

at room temperature. Primary monoclonal antibodies specific for Coccidioides and 

Aspergillus made in rabbit gifted by IMMY diagnostics (Oklahoma, US) were used at 25-

50 µg/ml final concentration diluted in TBS 1% BSA overnight at 4°C. Secondary-only 

antibody controls were incubated with TBS 1% BSA with no antibody. After overnight 

incubation, slides were washed with TBS + 0.025% Triton X-100 and 1:500 dilution of the 

secondary goat anti-rabbit antibody conjugated with Alexa Fluor® 568 dye (Goat Anti-

Rabbit IgG H&L Alexa Fluor® 568 ab175471; Abcam Inc., Cambridge, MA, USA) was 

applied at a final concentration of 8 µg/ml. For fresh tissue samples, DAPI staining 

solution (1:5000 in TBS with 1% BSA) was added for 2 minutes. Slides were washed with 

TBS, dried, mounted using aqueous mounting medium (Vector Laboratories), sealed 

glass coverslips wail nail polish, and imaged on a Leica TCS SP8 STED 3X confocal 

microscope (UC Davis Veterinary Medicine Advance Imaging Facility).  

Immunofluorescence of spherules and confocal microscopy: 

To visualize fresh, whole Coccidioides spherules, thimerosal-killed Coccidioides in 

spherule/endospore phase were fixed in 4% paraformaldehyde at room temperature for 

20 minutes. The cells were centrifuged at 4,000 rpm for 2 minutes to collect cells and 

wash twice with 3 ml of 1X PBS. Spherules were resuspended in 1 ml of rabbit anti-

Coccidioides antibody (50 µg/ml final concentration), rabbit anti-aspergillus antibody (50 
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µg/ml final concentration), or TBS with 1% BSA for the secondary-only antibody control 

(8 µg/ml final concentration). Resuspended cells were incubated overnight (15-18 hr) at 

4°C while rocking. After overnight incubation, spherules were pelleted and washed twice 

with 1X PBS. Washed spherules were resuspended in 1 ml of secondary goat anti-rabbit 

antibody conjugated with Alexa Fluor® 568 dye (ab175471; Abcam Inc., Cambridge, MA, 

USA) diluted in TBS with 1% BSA (8 µg/ml final concentration) and incubated at room 

temperature for 1 hour while rocking. After incubation, cells were pelleted, washed with 

1X PBS, resuspended in 1 ml of 1X PBS. Thirty microliters of the cell suspension were 

spread on a clean glass slide and allowed to dry for 20 min. Aqueous mounting medium 

(Vector Laboratories) was added, sealed with glass coverslips, and imaged on a Leica 

TCS SP8 STED 3X confocal microscope (UC Davis Veterinary Medicine Advance 

Imaging Facility).  

RESULTS 

Monoclonal Coccidioides-specific antibody binds an abundant surface antigen on 

spherules 

 We assessed the feasibility of using an experimental monoclonal antibody (mAb) 

gifted to us from IMMY (Oklahoma, CA) to detect embedded spherules in tissue. 

Specifically, we used fixed Coccidioides cultures and paraffin embedded- chest and lung 

tissue with confirmed coccidioidomycosis and performed IF and IHC, respectively, to 

assess the specificity and accuracy of the monoclonal antibody (mAb). We first tested the 

mAb using fixed Coccidioides cultures. IF images revealed that the fluorescent staining 

along the perimeter of the spherules (Figure 1A). When merging brightfield and 
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fluorescent images there was a clear co-localization on the perimeter suggesting that the 

antigen is extracellular. An interesting observation after completing IF on spherules was 

the color of the washed, pelleted spherules. As a surface antigen, the fluorescent 

secondary antibody was bound to the outside of spherule and the color of the pellet 

retained the color of the fluorophore (pinkish hue) even after multiple washes visible by 

eye (Figure 1B). Secondary and Aspergillus mAb controls showed no reactivity to 

Coccidioides.  

 After confirming specific binding to Coccidioides spherules, we used with 

confirmed coccidioidomycosis deparaffinized chest and lung tissue to perform IHC. 

Coccidioides spherules were clearly detected in both chest and lung tissue (Figures 2A 

and 2B). Merging both brightfield and fluorescent shows very specific localization of 

spherules and fluorescence, specifically on the surface of spherules. Again, secondary 

and Aspergillus mAb controls showed no reactivity to Coccidioides. 

Monoclonal Coccidioides-specific antibody binds on the surface Aspergillus but not 

Cryptococcus 

 We tested the cross-reactivity of the Coccidioides mAb against other fungal lung 

pathogens, Cryptococcus and Aspergillus, using IF as previously described to further 

characterize the specificity of the mAb (Figure 3). IF imaging revealed no fluorescence 

with C. neoformans suggesting that the Coccidioides mAb does not bind C. neoformans 

(Figure 3, panel A). A secondary only and Aspergillus mAb controls were used for IF and 

did not show any crossreactivity (Figure 3, panel B&C). However, when using the 

Coccidioides mAb against Aspergillus fumigatus, we saw a strong fluorescent signal 
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which co-localized with the brightfield images suggesting that the mAb targets a similar 

antigen on the surface of A. fumigatus (Figure 3, panel D). Secondary only control showed 

no fluorescence (Figure 3, panel E) and as expected, we saw strong fluorescent signal 

using the Aspergillus mAb against A. fumigatus (Figure 3, panel F). Fluorescent signals 

from both Coccidioides and Aspergillus mAbs suggest that the target of the Coccidioides 

mAb is extracellular (Figure 3 D&F).  

Monoclonal Coccidioides-specific antibody has little to no crossreactivity to a panel of 

cancerous tissues 

 To further characterize the Coccidioides mAb, we wanted to ensure that there is 

no reactivity with cancerous tissues to be able further develop the diagnostic platform. 

We selected a panel of frozen human tissues with various cancerous phenotypes to 

perform IHC (Figure 4A-4E, Table 1). We saw no cross-reactivity in healthy lung tissue 

(Figure 4A), large cell carcinoma tissue from lung (Figure 4B), squamous cell carcinoma 

tissue from lung (Figure 4C), and colonic adenocarcinoma (Figure 4E). Small areas of 

fluorescence were likely due to secondary only and Aspergillus mAbs were used as 

controls for unspecific binding. DAPI staining was used to localize the cell nucleus. 

Surprisingly, we observed strong fluorescent signal using the Coccidioides mAb with 

adenocarcinoma tissue from lung. Fluorescent staining remained at the periphery of the 

cell nucleus with few punctate structures suggesting that the potential target is 

intracellular (Figure 4F). 
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DISCUSSION   

Fungal nodules mimicking lung carinomas is a significant problem for patients with 

resolved infections as current diagnostic tools are severely lacking [13]. A similar study 

used a non-invasive antibody-guided positron emission tomography and magnetic 

resonance (immunoPET/MR) imaging platform for detecting Aspergillus spp. infections in 

the lung [14]. Rolle et al., demonstrated the ability to detect Aspergillus spp. infection 

using an Aspergillus-specific monoclonal antibody radiolabeled with copper-64 (64Cu) as 

a contrasting agent. This platform of antibody-guided in vivo imaging and using 

radiolabeled molecules for tracking and evaluating in vivo infections has gained significant 

traction. Studies have used radiolabels such 64Cu or gallium-68 (68Ga) coupled to 

available antifungal drugs; however, their lack of specificity and off-target effects can often 

make using such approaches difficult [15]. Most recently, Henneberg et al., used a 

humanized monoclonal Aspergillus antibody coupled to a radiolabel and fluorophore to 

track disease progression during antifungal drug treatment [16]. Using a monoclonal 

antibody overcomes the specificity issue to track disease progression. 

The purpose of this study was to develop the platform using a similar approach 

with Immuno/PET to track disease progression and correctly diagnose fungal nodules. 

We demonstrate specific targeting using immunofluorescence and immunohistochemistry 

to show that a Coccidioides-specific monoclonal antibody can target spherules embedded 

in human chest and lung tissue. These results suggest that the monoclonal antibody has 

a high affinity for Coccidioides spherules and can be used as a diagnostic tool to 

distinguish lung masses cause by Coccidioides and lung carcinomas. Most common 
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diagnostics for coccidioidomycosis include serological tests, culture-based detection, and 

direct visualization of specimen [17]. Despite the various forms of diagnostics, many 

patients will undergo unnecessary treatment. Furthermore, awareness and expertise 

regarding this fungal disease is lacking, thus further complicating treatment options and 

time of treatment for patients [18].  

In our study, we observed very specific binding to both Coccidioides from fixed 

cultures and from infected tissue. This made the Coccidioides-specific monoclonal 

antibody an attractive choice to pursue further development of the diagnostic platform. To 

ensure that the antibody was suitable for further development, we tested a panel of lung 

tissues and colonic carcinoma to verify there is no crossreactivity. We observed no cross-

reactivity to most of the tissue samples; however, we did see antibody binding to the 

adenocarcinoma sample from lung (Figure 4D). Fluorescent signal was seen throughout 

the sample adjacent to cell nuclei suggesting that the fluorescent signal is likely located 

intracellularly. A limitation of this project has been identifying the antigen to which the 

monoclonal Coccidioides antibody binds to. Several attempts were made to identify the 

antigen by Western blot; however, blots were inconclusive (data not shown). Another 

limitation described in the literature regarding radiolabeling antibodies for Immuno/PET is 

the long circulating half-lives of antibodies where long half-life radiotracers are needed; 

however, there are multiple radiotracers that can be used to circumvent this issue. 

Additionally, the size of antibodies with a radiotracer might limit their diffusion into harder 

to reach parts of the body like bones and hard tissues [19]. This is important because 

disseminated coccidioidomycosis can infiltrate harder/denser tissue potentially making 
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immuno/PET technology difficult to detect in such tissues. However, it remains a viable 

platform for the detection of fungal nodules in the lung. 

In conclusion, this study has built a platform to reevaluate the way diagnostics for 

both dormant and invasive coccidioidomycosis are performed. To date, no noninvasive 

techniques or investigations have been developed for the problem caused by resolved 

coccidioidomycosis. Fungal nodules caused by cocci are only detectable by biopsies and 

direct visualization of the tissue; this noninvasive platform will help circumvent 

unnecessary and costly procedures for patients. Future plans for this project include 

identifying the antigen of the monoclonal antibody through immunoprecipitation assays 

coupled with liquid chromatography-mass spectrometry to identify the antigen. To 

understand the potential pathways or biomarkers involved in fungal nodules in the lung, 

laser capture microdissection coupled to mass spectrometry can uncover new biomarkers 

for the development of new monoclonal antibodies [20]. Additionally, the antibody will 

need to be radiolabeled and assessed in vivo models of coccidioidomycosis. This study 

introduces a new diagnostic platform for the Coccidioides research community.  
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FIGURES 

 

Figure 1A. Immunofluorescent (IF) staining with Coccidioides mAb detects spherules from 

fresh Coccidioides culture. Fixed Coccidioides spherules were identified by brightfield 

imaging as round, 10-30 µm-sized structures. IF staining was performed using the same 

Coccidioides mAb as previous IHC staining (Panel A:10x magnification; Panel B: 100x 

magnification) and imaged at a central plane to demonstrate surface specificity. Co-

localization of fluorescence and brightfield images is shown in merged image. Secondary 

only (Panel C: 10x magnification) and Aspergillus (Panel D: 10x magnification) controls 

show no cross-reactivity. 
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Figure 1B. IF staining of spherules pellets captures the pinkish hue of the secondary AF 

568 fluorophore. Fixed Coccidioides spherules were subjected to IF staining using the 

same Coccidioides mAb as previous IHC staining. After IF staining, spherules were 

pelleted and the sample using the Coccidioides mAb captured the pinkish hue of the 

fluorophore visible by eye. Aspergillus and secondary only controls show no cross-

reactivity by not retaining the pinkish hue. 
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Figure 2A. Immunohistochemistry (IHC) staining with Coccidioides mAb detects 

spherules in chest tissue with confirmed coccidioidomycosis. Coccidioides spherules 

were identified by brightfield imaging as round, 10-30 µm-sized structures. IHC staining 

using the Coccidioides mAb primary antibody and Alexa Fluor® 568 secondary antibody 

showed specific fluorescent signal localized on the surface of spherules (Panel A:10x 

magnification; Panel B: 100x magnification). Brightfield and fluorescence images were 

merged and showed co-localization of spherules and fluorescent signal. Secondary only 

(Panel C: 10x magnification) and Aspergillus (Panel D: 10x magnification) controls show 

no cross-reactivity. 

A

B

C

D

Brightfield Fluorescence Merge



 

 77 

 

Figure 2B. Immunohistochemistry (IHC) staining with Coccidioides mAb detects 

spherules in lung tissue with confirmed coccidioidomycosis. Coccidioides spherules were 

identified by brightfield imaging as round, 10-30 µm-sized structures. IHC staining using 

the Coccidioides mAb primary antibody and Alexa Fluor® 568 secondary antibody 

showed specific fluorescent signal localized on the surface of spherules (Panel A:10x 

magnification). Brightfield and fluorescence images were merged and showed co-

localization of spherules and fluorescent signal. Secondary only (Panel B: 10x 

magnification) and Aspergillus (Panel C: 10x magnification) controls show no cross-

reactivity. 



 

 

 

 

Figure 3. Immunofluorescent (IF) staining with Coccidioides mAb detects cross-reactivity with Aspergillus but not 

Cryptococcus. Fixed Cryptococcus (panels A-C) and Aspergillus (panels D-F) cells were subjected to immunofluorescence 

straining with the Coccidioides mAb (panels A&D), secondary only control (panels B&E), and Aspergillus-specific mAb 

(panels C&F). Fluorescence was detected with Aspergillus samples using both Coccidioides mAb (panel D) and Aspergillus 

mAb (panel F). Signal was detected using both Coccidioides and Aspergillus primary antibody (Panel D&F) suggesting the 

Coccidioides mAb binds a similar exposed antigen in Aspergillus. 
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Figure 4A. Coccidioides mAb does not cross-react with healthy human lung tissue. Tissue 

slices of 10 µm thickness were stained with IHC using the Coccidioides mAb primary 

antibody and Alexa Fluor® 568 secondary antibody (panel A). DAPI staining shows nuclei 

in blue. Fluorescent signal was low suggesting no cross-reactivity with the Coccidioides 

mAb and the controls: secondary only control (Panel B) and Aspergillus mAb control 

(panel C).   
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Figure 4B. Coccidioides mAb does not cross-react with large cell carcinoma T2A N0 G3 

from lung. Tissue slices of 10 µm thickness were stained with IHC using the Coccidioides 

mAb primary antibody and Alexa Fluor® 568 secondary antibody (panel A). DAPI staining 

shows nuclei in blue. Fluorescent signal was low suggesting no cross-reactivity with the 

Coccidioides mAb and the controls: secondary only control (Panel B) and Aspergillus 

mAb control (panel C).   
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Figure 4C. Coccidioides mAb does not cross-react with squamous cell carcinoma from 

lung. Tissue slices of 10 µm thickness were stained with IHC using the Coccidioides mAb 

primary antibody and Alexa Fluor® 568 secondary antibody (panel A). DAPI staining 

shows nuclei in blue. Fluorescent signal was low suggesting no cross-reactivity with the 

Coccidioides mAb and the controls: secondary only control (Panel B) and Aspergillus 

mAb control (panel C).   

 

 

 

Brightfield Fluorescence MergeDAPI

A

B

C



 

 82 

 

Figure 4D. Coccidioides mAb cross-reacts with adenocarcinoma tissue from lung. Tissue 

slices of 10 µm thickness were stained with IHC using the Coccidioides mAb primary 

antibody and Alexa Fluor® 568 secondary antibody (panel A). DAPI staining shows nuclei 

in blue. Fluorescent signal was present using the Coccidioides mAb suggesting some 

cross-reactivity with the Coccidioides mAb and no cross-reactivity with the controls: 

secondary only control (panel B) and Aspergillus mAb control (panel C).  
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Figure 4E. Coccidioides mAb does not cross-react with colonic adenocarcinoma. IHC was 

used to stain tissue slices of 10 µm thickness using the Coccidioides mAb primary 

antibody and Alexa Fluor® 568 secondary antibody (panel A). DAPI staining shows nuclei 

in blue. Fluorescent signal was low suggesting no cross-reactivity with the Coccidioides 

mAb and the controls: secondary only control (Panel B) and Aspergillus mAb control 

(panel C).   
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Figure 5. Schematic diagram of proposed non-invasive antibody-based diagnostic 

platform. The proposed platform detects lung nodules through CT scans. Patients with 

lung nodules are administered a radiolabeled Coccidioides monoclonal antibody that 

binds to an exposed surface antigen in lung nodules. In patients with pulmonary 

coccidioidomycosis, the administered radiolabeled Coccidioides monoclonal antibody 

localizes and binds to areas of infection in the lung detected by antibody-guided positron 

emission tomography and magnetic resonance (immunoPET/MR), highlighted in red. 

Patients with lung carcinoma or other malignancies not caused by coccidioidomycosis 

show no localization on the malignancy through immunoPET/MR. 
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Table 1. List of human tissue sample used for IHC using the Coccidioides mAb. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure Tissue Site Diagnosis Pathological Status
4A Lung Normal lung Non-malignant 
4B Lung Large cell carcinoma T2A N0 G3 Malignant, invasive
4C Lung Squamous cell carcinoma T3 N0 Malignant
4D Lung Adenocarcinoma cell carcinoma  G1 T2A N1 Malignant
4E Colon Colonic adenocarcinoma Metastatic 
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Chapter 5:  

Conclusion 

Significance of Valley Fever research 

Our interest in Coccidioides pathogenesis first started off because Coccidioides is 

a major cause for fungal meningitis. Fungal infections of the central nervous system are 

associated with high morbidity and mortality and are universally fatal if left untreated [1]. 

There are about 1.3 million fungal species identified but only a few subset cause infections 

of the central nervous system. Of the fungal pathogens that infiltrate and infect the central 

nervous system include, Cryptococcus neoformans, Coccidioides, and Aspergillus [2]. 

Coccidioidomycosis or “Valley fever” is a potentially fatal fungal infection and considered 

to be an emergent mycotic disease due to the increased incidence of fungal infections 

registered over the past few years. The two main species of the disease, Coccidioides 

immitis and C. posadasii are both endemic to arid and semi-arid regions of North America 

including the southwestern United States [3]. C. immitis is found primarily in California, 

whereas C. posadasii is widespread throughout the Americas [3]. The disease is not only 

a threat to patients, but it also plays a significant economic role that many cannot afford 

further complicating the disease manifestation in susceptible populations. Between 2000-

2011, hospital admissions in California alone reported over 25,000 coccidioidomycosis-

associated hospitalizations with over $2 billion in total hospital charges [4].  

Challenges  

Despite the continued threat of Coccidioides to human health, coccidioidomycosis 

remains a neglected disease with very few active investigators. One of the challenges 
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encountered with the project has been a lack of publications describing the foundational 

biology of the organism. Despite this, there are active groups in the Coccidioides field 

pioneering much of the fundamental work needed to understand the biology and 

pathogenesis of this fungal pathogen. Mead et al published a guide to standardize the 

growth and handling of Coccidioides to encourage and provide the research community 

with easier protocol [5]. 

Future directions 

Much of the work that still needs to be done is investigating the molecular 

mechanisms of Coccidioides pathogenesis, specifically how it disseminates out of the 

lung, establishes infection in the lung, and disseminates into other organs. As a dimorphic 

fungi virulence varies greatly between lifecycles thus understanding the molecular 

switches and environmental cues that govern morphogenesis in a host. This dissertation 

work provides a foundational understanding of what potential virulence factors may be 

playing a role in pathogenesis. In addition, in we can use secreted proteins as biomarkers 

for the detection of infection in patients specifically patients with lung granulomas caused 

by resolved infections. 

 

 

 

 

 

 



 

 90 

REFERENCES 

1. Vincent, T., et al., The natural history of coccidioidal meningitis: VA-Armed 
Forces cooperative studies, 1955-1958. Clin Infect Dis, 1993. 16(2): p. 247-54. 

2. Raman Sharma, R., Fungal infections of the nervous system: current 
perspective and controversies in management. Int J Surg, 2010. 8(8): p. 591-
601. 

3. Brown, J., et al., Coccidioidomycosis: epidemiology. Clin Epidemiol, 2013. 5: 
p. 185-97. 

4. Sondermeyer, G., et al., Coccidioidomycosis-associated hospitalizations, 
California, USA, 2000-2011. Emerg Infect Dis, 2013. 19(10): p. 1590-7. 

5. Mead, H.L., M.C.C. Van Dyke, and B.M. Barker, Proper Care and Feeding of 
Coccidioides: A Laboratorian's Guide to Cultivating the Dimorphic Stages of C. 
immitis and C. posadasii. Curr Protoc Microbiol, 2020. 58(1): p. e113. 

 




