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Abstract

Coccidioidomycosis (Valley fever) is a pulmonary and systemic fungal disease with increas-

ing incidence and expanding endemic areas. The differentiation of etiologic agents Cocci-

dioides immitis and C. posadasii remains problematic in the clinical laboratories as

conventional PCR and satellite typing schemes are not facile. Therefore, we developed

Cy5- and FAM-labeled TaqMan-probes for duplex real-time PCR assay for rapid differentia-

tion of C. immitis and C. posadasii from culture and clinical specimens. The RRA2 gene

encoding proline-rich antigen 2, specific for Coccidioides genus, was the source for the first

set of primers and probe. Coccidioides immitis contig 2.2 (GenBank: AAEC02000002.1)

was used to design the second set of primers and probe. The second primers/probe did not

amplify the corresponding C. posadasii DNA, because of an 86-bp deletion in the contig.

The assay was highly sensitive with limit of detection of 0.1 pg gDNA/PCR reaction, which

was equivalent to approximately ten genome copies of C. immitis or C. posadasii. The

assay was highly specific with no cross-reactivity to the wide range of fungal and bacterial

pathogens. Retrospective analysis of fungal isolates and primary specimens submitted from

1995 to 2020 confirmed 168 isolates and four primary specimens as C. posadasii and 30

isolates as C. immitis from human coccidioidomycosis cases, while all eight primary sam-

ples from two animals (rhesus monkey and rhinoceros) were confirmed as C. posadasii. A

preliminary analysis of cerebrospinal fluid (CSF) and pleural fluid samples showed positive

correlation between serology tests and real-time PCR for two of the 15 samples. The Cocci-

dioides spp. duplex real-time PCR will allow rapid differentiation of C. immitis and C. posa-

dasii from clinical specimens and further augment the treatment and surveillance of

coccidioidomycosis.
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Author summary

Coccidioidomycosis (Valley fever) is a fungal disease caused by two closely related patho-

gens: Coccidioides immitis and C. posadasii. The numbers of Valley fever cases in the US

show an upward trend, and possibly many more cases go unrecognized annually. Rapid

and accurate diagnostic tests are needed for the differentiation of C. immitis and C. posa-
dasii. We developed and validated a TaqMan real-time PCR assay that works well for both

isolates and primary specimens. The new laboratory test for C. immitis and C. posadasii
will likely improve both treatment management and surveillance of coccidioidomycosis.

Introduction

Coccidioidomycosis (Valley fever) is a fungal disease caused by two closely related pathogens:

Coccidioides immitis and C. posadasii. Coccidioides immitis is endemic to the San Joaquin Val-

ley of California. Coccidioides posadasii is found in the desert regions of the southwestern

United States, including Arizona, Utah, New Mexico, and West Texas, and parts of Mexico,

Argentina, Paraguay, and Central America [1]. Coccidioides immitis is likely to present outside

the recognized endemic area as evident from human infections and DNA-positive soil samples

from Washington state [2,3].

The number of Valley fever cases has increased over the years with 2,271 cases reported in

1998, and 18, 407 cases in 2019 (https://www.cdc.gov/fungal/diseases/coccidioidomycosis/

statistics.html). Notably, in 2011, more than 20,000 cases were reported in the US, twice as

many cases as tuberculosis [4]. Further documentation of yearly Valley fever cases from Ari-

zona, California, Nevada, New Mexico, Utah, and other jurisdictions are published in the

recent updates (https://www.cdc.gov/fungal/diseases/coccidioidomycosis/statistics.html) [5,6].

It is believed that C. immitis and C. posadasii infect ‘tens of thousands’ of people per year and

many of whom are sick without knowing the cause or have cases so mild that they are not

detected [4]. The rise in Coccidioides infection is attributed to increased travel, relocation to

endemic areas, and possible broader distribution of C. immitis and C. posadasii than previously

recognized [7,8]. Arthroconidia produced by these fungi are highly infectious, and climate

change, including dry and hot weather followed by dust storms makes these conidia easily air

borne to cause pulmonary infection [9]. Lung infections typically resolve rapidly leaving the

patient with a robust acquired immunity to re-infection [10]. However, in some individuals,

the disease may progress to a chronic pulmonary condition or to a systemic disease involving

the meninges, bones, joints, subcutaneous, and cutaneous tissues [11]. Identifying Coccidioides
to the species level is likely beneficial in the proper treatment of the patients and disease sur-

veillance. Such a laboratory test could also become an important tool in ongoing studies aimed

at defining similarities and differences in Valley fever caused by C. immitis and C. posadasii
[7,8,12].

Coccidioides immitis and C. posadasii are not easily differentiated in the clinical laboratory

on account of similar morphology. Coccidioides posadasii was first differentiated from C.

immitis by microsatellite analysis [13,14]. However, this approach was time consuming and

technically challenging. Subsequently, several real-time PCR assays, based on LightCycler and

TaqMan chemistries, were developed to differentiate C. immitis from C. posadasii [15,16].

Both approaches rely on a single nucleotide polymorphism in different regions of the target

gene, and it may have limitations when large number of strains of C. immitis and C. posadasii
are tested. Umeyama et al [17] described disparity PCR using species-specific primers designed

from the Ci45815 PCR fragment (GenBank AB597180.1). Contiguous deletion of 86-bp
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nucleotides in corresponding C. posadasii contig Cp45810 PCR fragment (GenBank

AB597183.1) resulted in convenient distinction of C. immitis from C. posadasii by conven-

tional PCR. In the present study, we describe a TaqMan duplex real-time PCR assay using

PRA2 gene encoding proline-rich antigen specific for the Coccidioides genus and C. immitis
PCR fragment Ci45815 specific for C. immitis. The first set of primers and probe targets the

PRA2 gene specific for Coccidioides genus. The second set of primers and probe targets C.

immitis contig Ci45815 (CiC). The duplex real-time PCR assay was compared against rede-

signed diagnostic conventional PCR with 100% concordance for culture isolates. We show

that duplex real-time PCR assay is highly sensitive (10 gene copies) and identifies C. immitis
and C. posadasii from culture and primary specimens. The reliable, and sensitive duplex real-

time PCR assay will allow rapid differentiation of C. immitis and C. posadasii from culture and

clinical specimens, and further augment the treatment and surveillance of coccidioidomycosis.

Materials and methods

Coccidioides isolates and primary specimens

Two hundred and seventeen suspected isolates of Coccidioides species, 10 formalin-fixed paraf-

fin-embedded tissues, three vials of rhesus monkey kidney (RhMK) cell (Lot # A491216B)

[18], six lung tissue, three cerebrospinal fluid (CSF), two bone marrow, one plural fluid, and

one whole blood sample, received as a part of reference service from 1995- to 2020, from vari-

ous diagnostic laboratories of the New York State and neighboring states’ laboratories were

part of this investigation. Seventeen isolates of C. immitis were received from the Microbial

Diseases Laboratory, California State Department of Public Health. All cultures were stored as

sterile water and glycerol stocks at 30˚C and -80˚C, respectively. Fifteen residual CSF and pleu-

ral fluids, which tested positive for coccidioidomycosis by immunodiffusion and complement

fixation at the University of California Davis, were also included in the study.

DNA extraction

Extraction of DNA from culture of Coccidioides spp. was carried out in the biological safety

cabinet 2 (BSC 2) in the biological safety level 3 (BSL 3) laboratory, and DNA extraction from

primary human and animal specimens was carried out in BSC 2 in the BSL 2 laboratory. Qia-

gen DNA mini kit on the QIAcube automated extractor was used for DNA extraction from all

sample types. In brief, for Coccidioides isolates, approximately 5 x 5 mm size of fungal mat

grown on SDA slant for 7 to 10 days was removed by sterile loop and suspended in lysis buffer

containing approximately 0.2 g of glass beads and incubated for 1 h at 90˚C in the BSL 3 labo-

ratory. Heat-killed fungal cells along with the beads was brought to the BSL 2 laboratory, bead-

beating in the Precellys homogenizer at 6,500 rpm for 15 sec. for three times using program

number 5 (6500-3x60-015). The homogenized fungal suspension was transferred to a 2-ml

screw-cap tube, leaving behind the beads. DNA from homogenized samples was extracted

using the Qiagen DNA mini kit in the QIAcube semiautomated DNA extractor, resulting in

50 μl of eluted DNA. For DNA extraction from fungal mat grown in the RhMK cell line,

approximately 2 ml RhMK medium containing fungal growth was first centrifuged at 12,000

RPM; the supernatant was decanted, and fungal pellet was suspended in lysis buffer containing

beads and heat-killed at 90˚C for 1 h in the BSL 3 laboratory followed by DNA extraction in

the BSL 2 laboratory as described above. Formalin-fixed paraffin-embedded tissue sections

were processed by placing 10 sections of 10 μm each into 2-ml tube containing 1 ml of xylene

(Sigma Aldrich). The sections were then incubated in xylene for 5 min at room temperature

and xylene was removed with fine-tip disposable pipette. A second incubation of 1 ml of xylene

was performed followed by centrifugation and removal of xylene. To the sample pallet, 1 ml of
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100% ethanol was added, gently vortexed and incubated at room temperature for 5 min, fol-

lowed by centrifugation and removal of ethanol. The pellet was washed one more time with 1

ml of 100% ethanol. The tissue was dried at room temperature for 15–20 min, followed by

addition of lysis buffer, incubation at 70˚C for 1 h, bead-beating and DNA extraction using

QIAcube as described above. For other primary samples (blood, CSF, pleural fluid, and bone

marrow), approximately 400 μl of each sample was directly mixed with lysis buffer containing

beads, heated at 56˚C for 10 min followed by bead beating and DNA extraction in QIAcube as

described above. Lung tissues were minced with sterile blade followed by lysis and DNA

extraction as described for other primary samples. All extracted DNAs were stored at −80˚C.

DNA of fungi (yeasts and molds) other than Coccidioides spp. were procured from the Wads-

worth Center Mycology Laboratory (WCML) DNA Collection Repository. DNA from bacte-

rial species including Bacillus megaterium, Escherichia coli, Nocardia farcinica, Pseudomonas
aeruginosa, and Streptococcus pneumonia was procured from the Wadsworth Center Bacteriol-

ogy Laboratory.

Modified conventional PCR

A modification of conventional diagnostic PCR described by Umeyama et. al [17] was used.

The primers were designed from the conserved region of Ci45815 (GenBank No. AB597180.1)

and Cp45810 (GenBank No. AB597183.1) flanking the deleted region of C. posadasii (S1A

Fig). The nucleotide sequences of the diagnostic primers were V2119 5’-CCGGGTACTCCG

TACATCAC-3’, and V2120 5’-ATGCGTGAAGCCAATTCTTT-3’ and the PCR conditions

were initial denaturation at 95˚C for 1 min followed by 30 cycles consisted of denaturation at

94˚C for 1 min, annealing at 55˚C for 1 min, and extension at 68˚C for 1 min followed by final

extension at 68˚C for 3 min.

Duplex real-time PCR assay

The PRA2 gene and contig Ci45815/Cp45810 [17] were used to design the duplex real-time

PCR assay (S1B and S1C Fig). The nucleotide sequences of primers and probe for PRA2 gene

target were forward primer V1753 5’GTGCGAGAAGTTGACCGACTT-3’, reverse primer

V1754 5’AGGCGTGATCTTTCCTGGAA-3’, probe V1755 5’-Cy5’-AAGTGCCACTGCGC

CAAGCCC-3BHQ and primers and probe for contig Ci45815 target were forward primer

V2116 5’-GGTGAAATGCCCGAAAAGAG-3’ reverse primers V2118 5’-CCAATCCTTAGG

TAACCGTGAG-3’, and probe V2117 5’/56FAMTTGCACTTT/ZEN/CGTTGACTAGCCGC/

3IABkFQ/-3’. Reaction for each real-time PCR contained 1× PerfeCTa multiplex qPCR

ToughMix (Quanta Biosciences), a 1,000 nM concentration of primers and a 250 nM concen-

tration of probes, and 2 μl of genomic DNA (approximately 1 to 10 ng) from isolates or 5 μl of

tissue DNA extracted from primary clinical specimens in a final volume of 20 μl. Each PCR

run also included 2 μl (1 ng) of positive extraction control (C735; C. posadasii), 2 μl (1 ng) of

positive amplification controls (C735, C. posadasii and 249, C. immitis), and 2 μl of negative

extraction (extraction reagents only) and negative amplification (sterilized nuclease-free

water) controls. Parallel to each PCR assay, inhibitory PCR was also performed by incorporat-

ing 1 ng of Coccidioides gDNA into each primary clinical DNA sample. The unidirectional

workflow kept the reagent preparation, specimen preparation, and amplification and detection

areas separate to avoid cross-contamination. Cycling conditions on the ABI 7500 FAST system

(Applied Biosystems, Thermo Fisher Scientific Inc., Waltham, MA) were initial denaturation

at 95˚C for 20 s, followed by 45 cycles of 95˚C for 3 s and 60˚C for 30 s. Based on the limit of

detection (LOD), a cycle threshold (Ct) value of�38 was reported as positive; and>38 was
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reported as negative. For all primary samples, specimens were reported as inconclusive if PCR

inhibition was observed for the primary specimens.

Analytical sensitivity, specificity, and reproducibility of the duplex real-

time PCR assay

The 10-fold serial dilutions of genomic DNA from one isolate each of C. posadasii (C-735) and

C. immits (249) were used to assess the analytical sensitivity of the duplex real-time PCR assay.

The assay specificity was assessed by using an extensive DNA panel comprising various fungi

both closely and distantly related to Coccidioides spp. and few bacterial pathogens primarily

responsible for causing pulmonary infection (S1 Table). The assay reproducibility was deter-

mined by using varying concentration of gDNA from three isolates each of C. posadasii and C.

immitis, ran on three different days in duplicate (inter-assay reproducibility), and on the same

day in triplicate (intra-assay reproducibility). The assay’s precision was assessed using blinded

panel with varying concentration of gDNA from 20 isolates each of C. posadassii and C. immi-
tis, and 10 isolates of fungi other than Coccidioides spp.

Statistical analysis

The GraphPad Prism 8.0 software for macOS was used for calculation of mean, standard devi-

ation, and percent coefficient of variance (CV) for Ct values generated for assay sensitivity and

reproducibility. The student t test was used for the analysis of means, and variance, and P
value of< 0.05 was considered as statistically significant.

Results

Modified conventional PCR assay

Initially, we modified conventional diagnostic PCR assay using species-specific primers

designed from the Ci45815 PCR fragment (GenBank AB597180.1) described by Umeyama

et al [17]. The modification reduced the amplicon length down to 200-bp for C. immitis and

114-bp for C. posadasii, yielding better electrophoretic separation (Fig 1). Also, PCR efficiency

was higher, with a smaller amplicon size. Of 234 human isolates suspected of Coccidioides were

investigated, 172 were C. posadasii, and 43 were C. immitis by conventional PCR, and 19 iso-

lates were negative for Coccidioides spp. (Table 1). This approach was not successful for the

analysis of Coccidioides DNA from primary specimens except for three RhMK cell samples

(Tables 1 and S2). Overall, our results showed that the conventional diagnostic PCR could be

used successfully to identify C. immitis and C. posadasii from culture isolates but not from the

primary specimens.

Duplex real-time PCR assay sensitivity, specificity, and reproducibility

We designed a duplex real-time PCR assay with the first set of primers and probe targeting

PRA2 gene identifying Coccidioides species (S1B Fig), and the second set of primers and probe

targeting C. immitis contig Ci45815 (CiC) identifying C. immitis but not C. posadasii due to

86-bp deletion in the corresponding C. posadasii contig 45810 (S1C Fig). The duplex real-time

PCR assay was highly sensitive, with the limit of detection was 0.1 pg gDNA/PCR reaction,

which was equivalent to approximately ten genome copies of C. immitis or C. posadasii (Fig 2

and Table 2). None of the other fungal or bacterial DNA yielded any Ct value, confirming the

high specificity of the duplex real-time PCR assay (S1 Table). The assay was highly reproduc-

ible as it yielded correct ID for C. immitis and C. posadasii when varying concentration of

gDNA tested within the same day or on different days (S3A and S3B Table), and when samples
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Fig 1. A modified conventional diagnostic PCR assay. A modification of assay described by Umeyama et al. (2006)

allowed generation of smaller amplicons and better electrophoretic separation while maintaining test accuracy. First

and last lane 100-bp DNA ladder; lane 1 non-template control (NTC), lanes 2, 4, 6, and 8 C. posadasii; lanes 3, 5, and 7

C. immitis.

https://doi.org/10.1371/journal.pntd.0009765.g001

Table 1. Results of histopathology, serology, culture, conventional and duplex real-time.

Sample Type No Histopathology

Positive/Negative

Serology

Positive/

Negative

(ND)

Culture ID$

Positive/

Negative

Conventional

PCR

Duplex PCR Sensitivity

(%)

Specificity

(%)

PPV NPV

114-bp 200-bp Cp (Cy5

+/FAM-)

Ci (CY5

+/FAM+)

Primary

specimens

Paraffin

Tissue

10 6/4 NA NA 0 0 6+3# 0 100 NA 100 NA

RhMK Cell 3 NA NA 3/0 3 0 3 0 100 NA 100 NA

CSF 9 NA 6/0 (2) 0 0 0 0 0 NA NA NA NA

Pleural

Fluid

10 NA 3/6 (1) 0 0 0 2 0 100 86 67 100

Tissues 10 ND NA 0 0 0 0 0 0 0 0 0

Culture California� 17 NA NA 17/0 4 13 4 13 100 NA 100 NA

New York@ 217 NA NA 198/19 168 30 168 30 100 100 100 100

NA = Not Applicable; ND = Not Done

The histopathology or serology or culture was used for different specimen types to determine the performance of Coccidioides duplex real-time PCR assay.
$Culture was identified either by GenProbe (Hologic Inc.), or sequencing of the ribosomal gene (ITS), or by Coccidioides immitis/C. posadasii) lab-developed, and

Clinical Laboratory Evaluation Program-NYSDOH-approved single plex real-time PCR assay.
#Histopathology was not done for four samples of which three were positive by Coccidioides duplex real-time PCR. Therefore, they were removed from the calculation

for PCR accuracy.

� Received as C. immitis
@Suspected isolates of Coccidioides spp. received as part of reference testing

https://doi.org/10.1371/journal.pntd.0009765.t001
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Fig 2. Coccidioides duplex real-time PCR assay sensitivity. Genomic DNA from two control strains of Coccidioides
species, C. immitis (249) and C. posadasii (C-735) were serially diluted and tested in triplicate in duplex real-time PCR

assay. The assay was linear over 5 orders of magnitude and the limit of detection was 0.001 ng or 1 picogram gDNA/

PCR reactions at 45 PCR cycles confirming high sensitivity. As indicated, the assay targeting CiC gene did not yield Ct

values against C. posadasii DNA. The test was repeated with similar results.

https://doi.org/10.1371/journal.pntd.0009765.g002

Table 2. Coccidioides duplex real-time PCR assay sensitivity.

gDNA ng/PCRRxn Probe C. posadasii (C-735) Mean Ct ± SD %CV C. immitis (249) Mean Ct ± SD % CV

Ct 1 Ct 2 Ct 3 Ct 1 Ct 2 Ct3

100 PRA2 (Cy5) 18.66 18.86 18.7 18.74 ± 0.106 0.565 19.04 19.14 19.20 19.12 ± 0.08 0.423

10 22.36 22.28 22.25 22.29 ± 0.057 0.255 23.16 23.58 23.18 23.16 ± 0.012 0.050

1 26.34 25.96 26.56 26.28 ± 0.304 1.155 27.00 27.17 26.80 26.85 ± 0.129 0.479

0.1 29.80 30.05 29.89 29.91 ± 0.127 0.423 30.83 30.75 30.60 30.62 ± 0.196 0.640

0.01 33.21 33.47 33.3 33.32 ± 0.132 0.396 33.97 33.69 34.51 34.24 ± 0.266 0.776

0.001 36.38 35.25 35.3 35.64 ± 0.638 1.791 37.37 36.65 37.32 37.10 ± 0.397 1.070

0.0001 0.0 0.0 0.0 0.0 0.0 0.0 0.0

100 CiC (FAM) 0.0 0.0 0.0 19.40 19.47 19.52 19.45 ± 0.051 0.254

10 0.0 0.0 0.0 23.58 23.50 23.55 23.54 ± 0.040 0.172

1 0.0 0.0 0.0 27.17 27.40 27.35 27.30 ± 0.121 0.443

0.1 0.0 0.0 0.0 30.75 31.40 31.00 31.05 ± 0.328 1.056

0.01 0.0 0.0 0.0 33.69 34.78 34.50 34.32 ± 0.566 1.649

0.001 0.0 0.0 0.0 37.83 37.50 37.60 37.64 ± 0.169 0.450

0.0001 0.0 0.0 0.0 0.0 0.0 0.0 0.0

https://doi.org/10.1371/journal.pntd.0009765.t002
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were blinded by one operator and tested by another operator (S4 Table). Since Coccidioides
genus comprises only two species, positive results with both probes identified C. immitis while

the positive, negative results with PRA2 and Ci45815 contig (CiC) probes, respectively, identi-

fied C. posadasii (Table 3).

Performance of the duplex real-time PCR assay

The duplex real-time PCR assay correctly identified all cultures of Coccidioides species to either

C. immitis or C. posadasii, and the results were corroborated with modified diagnostic PCR

assay, confirming the high utility of the duplex real-time PCR assay (Table 1). Of 217 human

fungal isolates suspected of Coccidioides received for reference testing, 168 were identified as

C. posadasii, representing 125 cases, and 30 isolates were identified as C. immitis, representing

23 cases (Fig 3). Of 17 isolates received from California, 13 were confirmed as C. immtits and

four were confirmed as C. posadasii (Tables 1 and S5). Next, we assessed the duplex real-time

PCR assay’s ability to detect Coccidioides species DNA from 42 primary specimens. Nine of the

Table 3. Test interpretation of Coccidioides duplex real-time PCR assay.

Test Interpretation Probe

Prp2 (Cy5) CiC (FAM)

Coccidioides immitis Positive Positive

Coccidioides posadasii Positive Negative

Other Fungi Negative Negative

Bacteria Negative Negative

https://doi.org/10.1371/journal.pntd.0009765.t003

Fig 3. Human coccidioidomycosis cases from 1995 to 2020 as part of reference diagnostic service. Isolates received from various facilities from New York and

neighboring states were analyzed retrospectively by newly developed duplex real-time PCR assay. Of 152 cases, 129 were confirmed as being caused by C. posadasii,
and 23 were caused by C. immitis. The predominance of C. posadasii over C. immitis was observed in the isolates analyzed. Four of the 129 cases were defined based

on primary specimens positive for C. posadasii DNA.

https://doi.org/10.1371/journal.pntd.0009765.g003
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ten paraffin-embedded tissues including four human and five animal, and three vials of RhMK

cells were positive for C. posadassi DNA (S2 Table). All of the three RhMK cell vials positive

for C. posadasii DNA also yielded Coccidioides in culture, and subsequently confirmed as C.

posadasii (Tables 1 and S2). We also evaluated 15 residual CSF and pleural fluid samples,

which were earlier tested positive for coccidoidomycosis by immunodiffusion and comple-

ment fixations tests. Of these samples, only two were positive for C. posadasii DNA by duplex

real-time PCR assay (Tables 1 and S6).

Discussion

PCR-based fungal diagnostic methods offer accuracy, sensitivity, and speed of identification,

and the use of DNA instead of highly infectious live cultures. Microsatellite analysis has been

the primary molecular method used to distinguish the two species of Coccidioides [13,14].

However, this method is both time consuming and technically challenging for clinical and ref-

erence laboratories. The light-cycler PCR assay developed by Binnicker et al. [19] was highly

sensitive and specific for Coccidioides species, but this assay could not distinguish C. immitis
from C. posadasii. Umeyama et al. [17] described disparity PCR using species-specific primers

that resulted in different size amplicons for a convenient distinction of C. immitis from C.

posadasii by conventional PCR. In the present study, we modified the Umeyama et. al. [17] dis-

parity PCR, which led to the reduction in amplicon size of 200-bp for C. immitis and 114-bp

for C. posadasii. The conventional diagnostic PCR assay was excellent for the identification of

C. immitis and C. posadasii from culture, but it was not good for the analysis of Coccidioides
DNA from primary specimens. One reason could be that the amount of Coccidioides DNA

present in the primary samples were below the threshold for detection by conventional PCR,

or the template was degraded beyond the capacity of the conventional PCR to yield a positive

result. PCR allelic-discrimination assay, referred to as CocciDiff, was developed using TaqMan

chemistry [16]. This assay could effectively identify Coccidioides cultures and could accurately

distinguish C. immitis from C. posadasii based upon the presence of an individual highly infor-

mative canonical SNP [16]. CocciDiff has yet to be validated with clinical specimens.

Although, the CocciDiff assay appears to be quite promising, the assay specificity based on

canonical SNP can be problematic if such mutations are not consistently present in a given

strain of Coccidioides. In the present study, while developing a duplex real-time PCR assay, we

used more stringent conditions where the first set of primers and probe targeting PRA2 gene

identified Coccidioides to the genus level, and the second set of primers and probe targeting C.

immitis contig, Ci45815 (CiC), identified C. immitis but not C. posadasii due to a deletion of

86-bp sequence in the corresponding Cp45810 contig. Since there are only two species within

the Coccidioides genus, the positive results with both probes of the duplex assay allowed the

identification of C. immitis while positive, negative results with probes PRA2 and Ci45815,

respectively, led to the identification of C. posadasii.
Of 168 C. posadasii, 151 isolates were from patients from New York, followed by eight iso-

lates from patients from New Jersey, two isolates each from patients from Pennsylvania and

Arizona, one isolate from a patient from Washington DC. All 30 C. immitis isolates were from

patients from NY. Since Coccidioides is not found in the soil of New York and other states in

the northeast region, the findings of positive isolates suggested that the patients acquired Coc-
cidioides infection while travelling to a known area of endemicity. These findings are consis-

tent with our earlier study where travel history to endemic areas for Coccidioides was linked to

positive clinical cases from New York [20]. In the present study, we confirmed over five-fold

more isolates as C. posadasii than as C. immitis; this observation supports a previous publica-

tion on possible larger population size and more diverse distribution of C. posadasii vis-a-vis
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C. immitis [21]. Among a smaller sampling of isolates from California, we found four C. posa-
dasii isolates. Also, positive RhMK cell samples from a monkey housed in California were also

identified as C. posadasii. These results raised the possibility that a small niche of C. posadasii
exists in California or patients might have traveled to areas where C. posadasii is endemic. Fur-

ther studies are needed to delineate the geographic distribution of C. immitis and C. posadasii
and the areas of overlap if any.

Serology tests are the mainstay of coccidioidomycosis diagnosis [22,23]. Our study included

a small sample size of serology-positive clinical specimens, but the findings do not permit firm

correlation with real-time PCR test. The gold standard for the diagnosis of coccidioidomycosis

is the culture of the organism from primary specimens. Culture is highly sensitive, and the

DNA probe for confirmatory testing of culture isolates has yielded excellent specificity [24,25].

However, growth in culture may take several days to weeks resulting in a delay in diagnosing

and initiating treatment in infected individuals. The highly infectious nature of arthroconidia

produced by Coccidioides species presents a safety risk to the laboratory personnel if a culture

is not quickly identified and handled appropriately under biosafety level 3 containment. It is

important to note that laboratory-acquired infections due to Coccidioides species have been

reported in the literature [26]. A rapid Coccidioides DNA test could become an adjunct surveil-

lance tool to study the incidence, prevalence, and overlapping features of Valley fever caused

by Coccidioides species [7,8]. In summary, our modified diagnostic conventional PCR assay

was excellent for the culture identification of C. immitis and C. posadasii, and the new duplex

real-time PCR assay had broader utility for identifying two Coccidioides species from culture

and primary specimens. The Coccidioides spp. duplex real-time PCR will allow rapid differen-

tiation of C. immitis and C. posadasii from clinical specimens and further augment coccidioi-

domycosis treatment and surveillance.

Supporting information

S1 Fig. Multiple alignments of contigs and PRA2 gene for the design of primers and probes

for conventional and real-time PCR assays. (A) Nucleotide sequences of PCR amplicons of

C. immitis (Ci45815 & Ci45816) and C. posadasii (Cp45809 & Cp45810) contigs [17] were

aligned using Geneious R9 9.1.6 software (Biomatters, Inc., San Diego, CA). The gray back-

ground defines the consensus sequences between C. immitis and C. posadasii while non-con-

sensus sequences are highlighted in color. Conventional PCR forward (V2119-F) and reverse

(V2020-R) primers were designed from the consensus region flanking the deleted region

(86-bp) of C. posadasii. As a result, primer set produced 114-bp product for C. posadasii and

200-bp product for C. immitis. (B) PRA2 gene from both C. immitis and C. posadasii were

aligned and consensus region of the gene was used for the design of forward (V1753-F), and

reverse (V1754-R) primers, and probe (V1755). The resulting primers and probe produced

amplicons against both C. immitis and C. posadasii. (C) C. immitis (Ci45815 & Ci45816) and

C. posadasii (Cp45809 & Cp45810) contigs were aligned as described in S1A Fig. The forward

primer (V2116-F) was designed from C. immits contig region deleted in C. posadasii while

reverse primer (V2118-R) and probe (V2117) were designed from consensus region of the

contigs. The resulting primers and probe produced amplicon against C. immits, but not against

C. posadasii.
(TIF)

S1 Table. Coccidioides duplex real-time PCR assay specificity. Genomic DNA from patho-

genic fungi both closely and distantly related to Coccidioides species were tested in duplicate. A

few bacterial pathogens, usually associated with common respiratory diseases, were also

included in specificity panel. DNA from none of the fungal or bacterial isolates yielded
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detectable fluorescence, and thus, confirming the high specificity of Coccidioides duplex real-

time PCR assay.

(XLSX)

S2 Table. Comparison of the diagnostic and Coccidioides duplex real-time PCR assay for

detection of Coccidioides DNA from primary human and animal specimens. DNA was

extracted from both fixed and unfixed human and animal primary specimens and subjected to

diagnostic PCR and Coccidioides duplex real-time PCR assay. Results revealed the duplex real-

time PCR assay was superior to conventional diagnostic PCR for the detection of C. immitis or

C. posadasii from various sample types investigated.

(XLSX)

S3 Table. Assay reproducibility of Coccidioides duplex real-time PCR. (A) Inter-assay

reproducibility: DNA of varying concentrations from three isolates each of C. posadasii and

C. immitis were tested in duplicate on 3 separate days. The Ct values obtained were consistent

with % CV of<5%, which confirmed an excellent inter-assay reproducibility, (B) Intra-assay

reproducibility: DNA samples from three isolates each of C. immitis and C. posadasii with

varying concentrations were tested in triplicate on the same day on same plate in one run. The

Ct values obtained were consistent with % CV of<5%, which confirmed an excellent intra-

assay reproducibility.

(XLSX)

S4 Table. Blinded panel of Coccidioides duplex real-time PCR. The assay’s precision was

assessed using blinded panel with varying concentration of gDNA from 20 isolates each of C.

posadassii and C. immitis, and 10 isolates of fungi other than Coccidioides spp. The duplex

assay produced Ct values corresponding to input gDNA of either C. immitis or C. posadasii
but not to other fungal species, confirming assay accuracy.

(XLSX)

S5 Table. Diagnostic PCR and Coccidioides duplex real-time PCR testing of Coccidioides
isolates from California. Genomic DNA from 17 C. immitis isolates, received from California

Department of Public Health, were evaluated by conventional diagnostic and duplex Cocci-
dioides real-time PCR assay. Of 17 isolates, 13 were confirmed as C. immitis and four as C.

posadasii by both assays, further confirming the utility of these assays for culture identification

of both these species.

(XLSX)

S6 Table. Evaluation of archived CSF and pleural fluid samples by Coccidioides duplex real

time PCR assay. DNA extracted from 15 residual CSF and pleural fluid samples, which were

positive by serology tests (immunodiffusion & complement fixation), were tested by Cocci-
dioides duplex real-time PCR assay. Of these samples, only two were positive for C. posadasii
DNA by real-time PCR, suggesting a possible low correlation with the serology tests.

(XLSX)
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11. Laniado-LaborÌn R, Alcantar-Schramm JM, Cazares-Adame R. Coccidioidomycosis: An update. Cur-

rent Fungal Infection Reports. 2012; 6:113–20.

12. Mead HL, Hamm PS, Shaffer IN, Teixeira MdM, Wendel CS, Wiederhold NP, et al. Differential thermo-

tolerance adaptation between species of Coccidioides. Journal of Fungi. 2020; 6(4):366. https://doi.org/

10.3390/jof6040366 PMID: 33327629

13. Fisher MC, Koenig GL, White TJ, Taylor JW. Molecular and phenotype description of Coccidioides

posadasii sp. nov., preciously recognized as the non-Californian population of Coccidioides immitis.

Mycologia. 2002; 94(73–84).

14. Jewell K, Cheshier R, Cage GD. Genetic diversity among clinical Coccidioides spp. isolates in Arizona.

Medical Mycology. 2008; 46:449–55. https://doi.org/10.1080/13693780801961337 PMID: 18608919

15. Bialek R, Kern J, Herrmann T, Tijerina R, Cecenas L, Reischl U, et al. PCR assays for identification of

Coccidioides posadasii based on the nucleotide sequence of the antigen 2/proline-rich antigen. J Clin

Microbiol. 2004; 42(2):778–83. https://doi.org/10.1128/JCM.42.2.778-783.2004 PMID: 14766853

16. Sheff KW, York ER, E.M. D, Barker BM, Rounsley SD, Waddell WD, et al. Development of a rapid, cost-

effective TaqMan real-time PCR assay for identification and differentiation of Coccidioides immitis and

Coccidioides posadasii. Medical Mycology. 2010; 48:466–9. https://doi.org/10.3109/

13693780903218990 PMID: 20370360

17. Umeyama T, Sano A, Kamei K, Niimi M, Nishimura K, Uehara Y. Novel approach to designing primers

for identification and distinction of the human pathogenic fungi Coccidioides immitis and Coccidioides

posadasii by PCR amplification. Journal Clinical Microbiology. 2006; 44:1859–62. https://doi.org/10.

1128/JCM.44.5.1859-1862.2006 PMID: 16672423

18. Ginocchio CC, Lotlikar M, Li X, Elsayed HH, Teng Y, Dougherty P, et al. Identification of endogenous

Coccidioides posadasii contamination of commercial primary Rhesus monkey kidney cells. Journal

Clinical Microbiology. 2013; 51:1288–90. https://doi.org/10.1128/JCM.00132-13 PMID: 23363836

19. Binnicker MJ, Buckwalter SP, Eisberner JJ, Stewart RA, McCullough AE, Wohlfiel SL, et al. Detection

of Coccidioides species in clinical specimens by real-time PCR. Journal Clinical Microbiology. 2007; 45

(1):173–8. https://doi.org/10.1128/JCM.01776-06 PMID: 17108077.

20. Chaturvedi V, Ramani R, Gromadzki S, Rodeghier B, Chang H, Morse DL. Coccidioidomycosis in New

York State. Emerging Infectious Diseases. 2000; 6(1):25–9. https://doi.org/10.3201/eid0601.000104

PMID: 10653565

21. Teixeira MM, Barker BM. Use of Population Genetics to Assess the Ecology, Evolution, and Population

Structure of Coccidioides. Emerg Infect Dis. 2016; 22(6):1022–30. Epub 2016/05/19. https://doi.org/10.

3201/eid2206.151565 PMID: 27191589; PubMed Central PMCID: PMC4880095.

22. Pappagianis D, Zimmer BL. Serology of coccidioidomycosis. Clinical Microbiolgy Review. 1990; 3

(3):247–68. Epub 1990/07/01. https://doi.org/10.1128/cmr.3.3.247 PMID: 2200605; PubMed Central

PMCID: PMC358158.

23. McHardy IH, Dinh BN, Waldman S, Stewart E, Bays D, Pappagianis D, et al. Coccidioidomycosis com-

plement fixation titer trends in the age of antifungals. Journal Clinical Microbiology. 2018; 56(12):

e01318–18. Epub 2018/09/28. https://doi.org/10.1128/JCM.01318-18 PMID: 30257902; PubMed Cen-

tral PMCID: PMC6258849.

24. Padhye AA, Smith G, Standard PG, McLaughlin D, Kaufman L. Comparative evaluation of chemilumi-

nescent DNA probe assays and exoantigen tests for rapid identification of Blastomyces dermatitidis and

Coccidioides immitis. Journal Clinical Microbiology. 1994; 32:867–70. https://doi.org/10.1128/jcm.32.4.

867-870.1994 PMID: 8027336

25. Stockman L, Clark KA, Hunt JM, Roberts GD. Evaluation of commercially available acridinium ester-

labeled chemiluminescent DNA probes for culture identification of Blastomyces dermatitidis, Cocci-

dioides immitis, Cryptococcus neoformans, and Histoplasma capsulatum. Journal Clinical Microbiology.

1993; 31:845–50.

26. Stevens DA, Clemons KV, L. HB, Pappagianis D, Baron EJ, Hamilton JR, et al. Expert Opinion: What

To Do When There Is Coccidioides Exposure in a Laboratory. Clinical Infectious Diseases. 2009;

49:919–23. https://doi.org/10.1086/605441 PMID: 19663562

PLOS NEGLECTED TROPICAL DISEASES Species-specific real time PCR for C. immitis and C. posadasii

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009765 September 16, 2021 13 / 13

https://doi.org/10.1002/2017GL073524
http://www.ncbi.nlm.nih.gov/pubmed/30166741
https://doi.org/10.1513/AnnalsATS.201308-286FR
http://www.ncbi.nlm.nih.gov/pubmed/24575994
https://doi.org/10.3390/jof6040366
https://doi.org/10.3390/jof6040366
http://www.ncbi.nlm.nih.gov/pubmed/33327629
https://doi.org/10.1080/13693780801961337
http://www.ncbi.nlm.nih.gov/pubmed/18608919
https://doi.org/10.1128/JCM.42.2.778-783.2004
http://www.ncbi.nlm.nih.gov/pubmed/14766853
https://doi.org/10.3109/13693780903218990
https://doi.org/10.3109/13693780903218990
http://www.ncbi.nlm.nih.gov/pubmed/20370360
https://doi.org/10.1128/JCM.44.5.1859-1862.2006
https://doi.org/10.1128/JCM.44.5.1859-1862.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672423
https://doi.org/10.1128/JCM.00132-13
http://www.ncbi.nlm.nih.gov/pubmed/23363836
https://doi.org/10.1128/JCM.01776-06
http://www.ncbi.nlm.nih.gov/pubmed/17108077
https://doi.org/10.3201/eid0601.000104
http://www.ncbi.nlm.nih.gov/pubmed/10653565
https://doi.org/10.3201/eid2206.151565
https://doi.org/10.3201/eid2206.151565
http://www.ncbi.nlm.nih.gov/pubmed/27191589
https://doi.org/10.1128/cmr.3.3.247
http://www.ncbi.nlm.nih.gov/pubmed/2200605
https://doi.org/10.1128/JCM.01318-18
http://www.ncbi.nlm.nih.gov/pubmed/30257902
https://doi.org/10.1128/jcm.32.4.867-870.1994
https://doi.org/10.1128/jcm.32.4.867-870.1994
http://www.ncbi.nlm.nih.gov/pubmed/8027336
https://doi.org/10.1086/605441
http://www.ncbi.nlm.nih.gov/pubmed/19663562
https://doi.org/10.1371/journal.pntd.0009765

