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ABSTRACT 16 

Coccidioidomycosis is a common fungal disease that is endemic to arid and semi-arid regions of both 17 

American continents. Coccidioides immitis and C. posadasii are the etiological agents of the disease, also 18 

known as Valley Fever. For several decades, the C. posadasii strain Silveira has been used widely in vac-19 

cine studies, is the source strain for production of diagnostic antigens, and is a widely used experimental 20 

strain for functional studies. In 2009, the genome was sequenced using Sanger sequencing technology, 21 

and a draft assembly and annotation was made available. In the current study, the genome of the Silveira 22 

strain was sequenced using Single Molecule Real Time Sequencing (SMRT) PacBio technology, assem-23 

bled into chromosomal-level contigs, genotyped, and the genome was reannotated using sophisticated and 24 

curated in silico tools. This high-quality genome sequencing effort has improved our understanding of 25 

chromosomal structure, gene set annotation, and lays the groundwork for identification of structural vari-26 

ants (e.g. transversions, translocations, and copy number variants), assessment of gene gain and loss, and 27 

comparison of transposable elements in future phylogenetic and population genomics studies. 28 

INTRODUCTION 29 

Coccidioidomycosis is a multi-symptomatic mycotic disease affecting humans and other animals in arid 30 

and semi-arid regions in the Americas (VAN DYKE et al. 2019). When aerosolized, conidia can be inhaled 31 

into the lungs of a susceptible host. In humans, the infection is asymptomatically controlled in 60% of 32 

infections (NGUYEN et al. 2013). However if not controlled, the infection can progress from a mild 33 

pneumonia to a severe acute or chronic pulmonary infection. Moreover, the disease can disseminate into 34 

multiple organs (e.g. bones, skin, spleen, etc.) including the meninges, which is often fatal without treat-35 

ment, and with the potential necessity of lifelong antifungal therapy (GALGIANI et al. 2020). Coccidioides 36 

immitis and C. posadasii are the causative agents of coccidioidomycosis, and the two species diverged 37 

around 5.1 MYA (ENGELTHALER et al. 2016). Members of the Coccidioides genus are able to successful-38 

ly interbreed, as evidenced by hybrids and patterns of introgression (NEAFSEY et al. 2010; MAXWELL et 39 
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al. 2019). Population structures within both species have been defined in several studies and generally 40 

reveal biogeographic patterns of distribution (FISHER et al. 2001; TEIXEIRA et al. 2019). C. immitis is 41 

composed of up to three populations: San Joaquin (Central) Valley, San Diego/Mexico, and Washington, 42 

while three populations have been described within C. posadasii: Arizona, Texas/Mexico/South America 43 

and Caribbean (TEIXEIRA et al. 2019).  44 

The C. posadasii Silveira strain was collected from a patient of Dr. Charles E. Smith in 1951 45 

(FRIEDMAN et al. 1955; FRIEDMAN et al. 1956). The patient had severe primary coccidioidomycosis with 46 

erythema nodosum, but recovered after several months of illness. Extensive testing in mice revealed that 47 

the strain was highly infective via the intraperitoneal route and caused nearly 100% lethal infections with 48 

as few as 100 conidia by 90 days (FRIEDMAN et al. 1956). Early studies analyzing the genetic diversity of 49 

Coccidioides via Restriction Fragment Length Polymorphisms (RFLPs) and Multi-Locus Sequencing 50 

Typing (MLST) of nuclear genes indicated that this strain grouped with the “non-California” population 51 

(KOUFOPANOU et al. 1997). Although this strain was recovered from a patient residing in California at the 52 

time of diagnosis (prevalent area of C. immitis), subsequent genetic analysis demonstrated that this strain 53 

is C. posadasii (FISHER et al. 2002). Interestingly, the patient was a migrant farmworker that had previous 54 

travel history in Arizona in the year prior to diagnosis (chart review by GRT).  55 

Despite the fact that this strain has been maintained in culture since the 1950s, many studies on 56 

virulence, vaccination challenge, and host response have been conducted without a loss of virulence in 57 

many labs. Mice challenged intranasally with 27 Silveira arthroconidia succumbed to infection rapidly, 58 

and the strain had an intermediate to high virulence when compared to other C. immitis and C. posadasii 59 

strains (COX AND MAGEE 2004). Silveira is able to initiate parasitic phase growth in vitro in Converse 60 

(SCALARONE AND LEVINE 1969) or RPMI media (MEAD et al. 2019b), and early antigen preparations 61 

(coccidioidin and spherulin) for both intradermal cellular hypersensitivity and serologic tests were derived 62 

from this strain (SMITH et al. 1961). Persistent skin reactivity was observed in people who recovered from 63 

primary coccidioidomycosis, which suggested that previous exposure to this fungus led to cellular im-64 
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munity protection (CATANZARO et al. 1975). Early studies with this strain were seminal for correlating 65 

persistent protection to subsequent fungal exposure, and to the presence of viable Coccidioides cells in 66 

granulomas (PAPPAGIANIS et al. 1965; PAPPAGIANIS 1967). Later, Rebecca Cox et al. used this strain to 67 

demonstrate that hypersensitivity to coccidioidin in mice is mediated by cellular immunity and predicts 68 

protection against further infection (COX et al. 1988).  69 

Several immunization studies have been completed in various animal models using strain Silveira 70 

(CONVERSE et al. 1962; CONVERSE et al. 1964; HUPPERT et al. 1967; PENG et al. 1999; HUNG et al. 71 

2000). An auxotrophic C. posadasii Silveira mutant generated by cobalt-60 irradiation was attenuated for 72 

virulence in murine models and showed protective capabilities. However, in the case of the auxotrophic 73 

mutant, virulence was restored over time (PAPPAGIANIS et al. 1961; WALCH AND KALVODA 1971). Inac-74 

tivated cells and proteins from Silveira have been used for vaccination also (COX AND MAGEE 2004). 75 

Mice immunized with formaldehyde-killed spherules, whole cell wall components, or proteins from Sil-76 

veira showed a protective effect, even after challenge with different Coccidioides strains (HUPPERT et al. 77 

1967; ZIMMERMANN et al. 1998; PENG et al. 1999). The nucleotide and protein sequences of Silveira 78 

have been further characterized and used for the production of recombinant proteins with the aim of de-79 

veloping an effective vaccine (PENG et al. 1999; SHUBITZ et al. 2002). 80 

The Silveira strain was deposited at three fungal repositories. One was by M.S. Collins in the 81 

1970s, from the lab of Dr. Pappagianis to the American Type Culture Collection (ATCC 28868) and the 82 

other from Dr. M.A Brandt (CDC) also originally from Dr. Pappagianis’ lab (but via Dr. R. Cox lab) to 83 

the Westerdijk Fungal Biodiversity Institute (CBS 113859). This strain is Lufenuron-resistant, and its 84 

growth is inhibited by polymyxin B and ambruticin (https://www.atcc.org/en/Products/All/28868.aspx). 85 

Presumably, each strain has been passaged both on plates and through mice multiple times over 70 years, 86 

but the exact accounting for each research group is unknown. Based on microsatellite profiles of strains 87 

from Dr. R. Cox and Dr. D. Pappagianis’ labs, there are 1-2 nucleotide length differences observed at 2 88 

loci, K01 and K09 (FISHER et al. 2002). More recently, the strain was deposited by Dr. B.M. Barker to 89 
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BEI resources (NR-48944), which was received from the lab of Dr. J.N. Galgiani, initially a gift from Dr. 90 

H. Levine, and this is the strain we sequenced in the current study. Interestingly, this strain was genotyped 91 

as C. posadasii, ARIZONA population and is further diverged from published data at two additional loci: 92 

GA37 and K07 (FISHER et al. 2002; TEIXEIRA AND BARKER 2016).  93 

The genome of this strain was previously sequenced using both Sanger-capillary and Illumina 94 

technologies to a 5.2x coverage, which was assembled into a 27.58 Mbp genome containing 54 nuclear 95 

scaffolds and 3 mitochondrial scaffolds with 10,228 protein-coding genes annotated (NEAFSEY et al. 96 

2010). Recently, the proteins from lysates and filtrates of both filamentous and parasitic phases of Silveira 97 

were sequenced using a GeLC‐MS/MS approach (MITCHELL et al. 2018). The authors reported 9,024 98 

peptides from 734 previously annotated proteins, with 103 novel proteins described. 99 

Previous sequencing efforts resulted in an unclosed draft genome and draft annotation (NEAFSEY 100 

et al. 2010). We therefore finished and re-annotated the genome to produce an updated assembly and an-101 

notation resource. A combination of both long-read Single Molecule Real Time Sequencing (SMRT) 102 

PacBio and paired short-read Illumina MiSeq technology was used to produce a chromosomal-level high-103 

quality assembly. Our assembly approach resulted in five complete chromosomes, and a complete mito-104 

chondrial genome. The new annotation pipeline utilized a combination of transcriptomic and proteomic 105 

evidence, and generated a reduced number of total annotated genes compared to the original draft annota-106 

tion.  107 

MATERIAL AND METHODS 108 

Strains and public data. We sequenced the Coccidioides posadasii strain Silveira that we obtained from 109 

the J.N. Galgiani collection, who originally received the strain from H. Levine, and we deposited this 110 

strain at BEI Resources (NR-48944). This strain has been deposited by other researchers previously to 111 

ATCC and Westerdijk Institute/CBS-KNAW resources (ATCC 28868 and CBS 113859). The first Sang-112 
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er-based genome assembly of Coccidioides posadasii strain Silveira was downloaded from the NCBI 113 

(https://www.ncbi.nlm.nih.gov/nuccore/294654294) for comparisons, and the DNA used for sequencing 114 

was from the J.N. Galgiani lab, albeit an earlier passage than ours. Additionally, the Coccidioides immitis 115 

strains RS and WA_211 genome data was retrieved from NCBI 116 

(https://www.ncbi.nlm.nih.gov/nuccore/AAEC00000000 v3, 117 

https://www.ncbi.nlm.nih.gov/nuccore/1695747985). The annotation for RS was last updated in March 118 

2015. 119 

DNA extraction. DNA extraction for short and long read sequencing was initiated by growing the Silveira 120 

strain from arthroconidia in liquid 2xGYE (2% glucose, 1% Difco Yeast Extract in dddH2O) for 120 121 

hours and harvesting by centrifugation and washing twice with sterile 1xPBS. DNA for the short read li-122 

brary was obtained as previously described (MEAD et al. 2019a). DNA for the long read library was ob-123 

tained by freezing mycelia in liquid nitrogen and ground in a sterile mortar and pestle to a fine powder in 124 

a biological safety cabinet in a biosafety level three laboratory following the U’Ren high molecular 125 

weight (HMW) fungal DNA laboratory protocol (U’REN AND MOORE 2018). Briefly, approximately three 126 

grams of ground fungal biomass was added to 14 mL SDS buffer (20mM Tris-HCl pH 7.5, 1mM EDTA 127 

pH 8, 0.5% w/v SDS) and incubated at 65°C, followed by addition of 0.5X potassium-acetate (5M KOAc, 128 

pH 7.5) to SDS buffer and incubation in ice for 30 minutes. The sample was centrifuged and the superna-129 

tant was subjected to isopropanol precipitation and ethanol cleanup. The resulting pellet was suspended in 130 

TE buffer (Tris-HCl 1mM, EDTA 0.5mM) and RNase treated, followed by phenol/chloroform extraction 131 

and ethanol precipitation. The final DNA pellet was slowly suspended in a minimal volume of low salt 132 

TE for sequencing. HMW DNA was quality checked for size using chromatin electrophoresis gel, for pu-133 

rity on Nanodrop 2000 (Thermo Fisher, USA) for 260/280 and 260/230 ratios, and quantified by Qubit 134 

(Invitrogen, USA) fluorometry.  135 

Sequencing. Short read sequencing was performed on a MiSeq (Illumina) instrument at The Translation 136 

Genomics Research Institute, Flagstaff, Arizona, as previously described  (TEIXEIRA et al. 2019). Long 137 
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read sequencing was performed at the University of Arizona Genomics, Tucson, Arizona, core facility. 138 

Briefly, a sequencing library was constructed from 6ug of HMW DNA following the PacBio (Pacific Bi-139 

osciences, USA) protocol for use with the SMRTbell Express Template Prep Kit. The ligated library tem-140 

plates were size selected on Sage BluePippin instrument (Sage Science, USA) for selection of fragments 141 

of 17 Kbp and larger, which is appropriate given the predicted smallest chromosome is greater than 4 142 

Mbp (34). The final purified sequencing library yield was 980ng with a final mode size of 38.3 Kbp as 143 

determined by Fragment Analyzer (Agilent Technologies, USA).  The final library was bound with Pac-144 

Bio polymerase and sequencing primer v3 using manufacturers’ methods.  One 1M v2 SMRT cell was 145 

loaded with a bound library at a loading concentration of 7pmol/cell followed by a 10-hour sequencing 146 

run on the PacBio Sequel Instrument at the University of Arizona, Tucson, AZ, resulting in ~475x cover-147 

age. Additionally, ~100X sequencing coverage with Illumina short reads was generated on Illumina MiS-148 

eq (2 × 300 bp mode) instrument in a high output mode (Illumina, San Diego, CA) to support PacBio read 149 

correction and assembly polishing as needed. 150 

Assembly. The reference genome assembly pipeline was comprised of five steps: 1) PacBio reads were 151 

corrected using Illumina reads and the tool LoRDEC v 0.9 (SALMELA AND RIVALS 2014); 2) Corrected 152 

PacBio reads were assembled with Canu software v 1.7.1 (KOREN et al. 2017); 3) An additional round of 153 

assembly using Illumina short reads combined with the Canu PacBio scaffolds as trusted contigs in the 154 

assembler SPAdes v 3.13 (BANKEVICH et al. 2012); 4) five rounds of Pilon (v 1.24) corrections improved 155 

the genome assembly to further reduce nucleotide base error variants (WALKER et al. 2014), and; 5) we 156 

further scaffolded the assemblies to existing Coccidioides immitis strain RS reference genome to compare 157 

synteny (SHARPTON et al. 2009) with RaGOO v 1.1 (ALONGE et al. 2019). We evaluated and compared 158 

assembly accuracy with the hybrid assembly method MaSuRCA v 3.3.0 (ZIMIN et al. 2013; ZIMIN et al. 159 

2017), which incorporates the high performance long read assembler Flye v 2.5 and integrates short read 160 

correction of reads and assembly into the pipeline (KOLMOGOROV et al. 2019). Assembly quality was 161 

assessed by using summary statistics, the number of complete alignments of conserved fungal proteins 162 
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using BUSCO v 2.0 (SIMAO et al. 2015; VANDERLINDE et al. 2019), RNASeq read mapping from exist-163 

ing libraries (WHISTON et al. 2012), and utilizing existing and de novo annotations of Coccidioides ge-164 

nomes (SHARPTON et al. 2009; NEAFSEY et al. 2010). Transposable elements and low complexity DNA 165 

sequences were assessed using RepeatMasker v 4.1.1 (SMIT 2020). Telomeric repeats were identified us-166 

ing the FindTelomers python script (https://github.com/JanaSperschneider/FindTelomeres). The quality 167 

of newly and previously Coccidioides assembled genomes were assessed using the QUAST v5 pipeline 168 

(GUREVICH et al. 2013). The sequence composition of predicted 18S rRNA genes was performed with 169 

SSU-Align v 0.1.1 (eddylab.org/software/ssu-align/). The assembly of the mitochondrial DNA using Il-170 

lumina reads was performed according to our protocol described previously (DE MELO TEIXEIRA et al. 171 

2021). Long read mapping to the mitochondrial scaffolds were accomplished using the Minimap2 algo-172 

rithm (LI 2018) and read aliments were visualized using the Tablet software (MILNE et al. 2012). Dot Plot 173 

comparisons were performed using Gepard (KRUMSIEK et al. 2007) and MAFFT v 7 (KATOH AND 174 

STANDLEY 2013). 175 

Annotation. The Funannotate pipeline v 1.7.4 (STAJICH AND PALMER 2020) was used to automate ab ini-176 

tio gene predictor training using BRAKER1 (HOFF et al. 2016), Augustus v 3.3 (STANKE et al. 2006), and 177 

GeneMark-ET v 4.57  (TER-HOVHANNISYAN et al. 2008). This pipeline generated de novo assembly of 178 

transcripts with Trinity v 2.10 (HAAS et al. 2013) to examine variation in exons used in isoforms, and 179 

aligned to the genome. This evidence was used as input data for EVidence Modeler (EVM) software 180 

v1.1.1 to generate a consensus set of predicted gene models (HAAS et al. 2008). Gene models were fil-181 

tered for length, spanning gaps and transposable elements using a Coccidioides-specific library of repeti-182 

tive DNA to further clean the dataset (KIRKLAND et al. 2018). AntiSMASH 5.1.1 (fungismash) was used 183 

to identify biosynthetic gene clusters (BLIN et al. 2019). The mitochondrial annotation was performed 184 

using the MFannot and RNAweasel pipelines available at https://megasun.bch.umontreal.ca/. 185 

Phylogenomic classification. To characterize the phylogenetic relationship of the Silveira strain, we first 186 

used the assembled genome as reference for Illumina read mapping and SNP variant calling utilizing the 187 
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Northern Arizona SNP Pipeline (NASP) v 1.0 (SAHL et al. 2016). We mapped 61 available genomes of C. 188 

posadasii against our five Silveira scaffolds using the Burrows-Wheeler Aligner (v 0.7.7) tool (LI AND 189 

DURBIN 2009). SNPs were called using the GATK (v 3.3.0) toolkit (MCKENNA et al. 2010) using previ-190 

ous NASP protocols (SNP filtering and indel-based realignment) developed by our group for Coccidioi-191 

des genotyping (TEIXEIRA et al. 2019). A total of 258,470 SNPs were retrieved and submitted for unroot-192 

ed phylogenetic analysis via maximum-likelihood method implemented in the IQTREE software v 1.6.12 193 

(NGUYEN et al. 2015). The best-fit model was set according to Bayesian Information Criterion to 194 

TN+F+ASC+R6 and the phylogenetic signal was tested using both Shimodaira–Hasegawa approximate 195 

likelihood ratio test (SH-aLRT) and ultrafast bootstrap support (ANISIMOVA AND GASCUEL 2006; MINH 196 

et al. 2013). The phylogenetic tree was visualized using the Figtree software 197 

(http://tree.bio.ed.ac.uk/software/figtree/). The population structure of C. posadasii and the proportion 198 

of admixture of the Silveira strain was inferred based on unlinked SNPs using the fastSTRUCTURE 199 

software (RAJ et al. 2014). The best population scenario (or K) was calculated using the choosek.py ap-200 

plication based on lowest marginal likelihood and cross-validation test. The proportion of the admixture 201 

of each individual was plotted using the Structure Plot v2.0 pipeline (RAMASAMY et al. 2014).  202 

Data availability. Sequence data and the final assembly were submitted to GenBank under BioProject 203 

PRJNA664774. PacBio Sequel sequencing data are found at SRR 9644375. Illumina MiSeq sequencing 204 

data are found at SRR 9644374. Final nuclear assembly is deposited in accession CP075068-CP075075 205 

and the MT genome as accession (TBD). 206 

RESULTS AND DISCUSSION  207 

Sequencing and Assembly. PacBio Sequel sequencing yielded ~10.6 Gbp of raw data from over 643,000 208 

reads with an average read length (N50) of ~25 Kbp. Illumina MiSeq sequencing yielded ~2.8 Gbp of raw 209 

data and >12 million paired-end short reads. We used both short-read Illumina and long-read PacBio data 210 
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to assemble the genome using short-read-corrected (Pilon), long read (Canu), and a long-read alone (Flye) 211 

assembly approaches. The genome was assembled with Canu on the corrected PacBio sequencing data 212 

into 9 scaffolds totaling 28.27 Mbp; scaffolds 1-5 representing chromosomes 1-5, scaffold 6 as the 213 

mtDNA, and scaffolds 7-9 are likely supernumerary chromosomes that we named chromosomes 6-8 (Ta-214 

ble 1). The L50 metric for this assembly is 2 Mb, the N50 is 8.07 and the longest scaffold is 8.34 Mbp. A 215 

search for telomeres using Flye identified 10 telomeric repeats on chromosomes 1-5. Sequence searches 216 

for 18S rRNA genes identified five loci, two of them were complete with an additional that was nearly 217 

complete. By comparing the assembly metrics of the Silveira strain between Sanger and PacBio/Illumina 218 

assemblies, we observed a complete genome structure of this fungus consistent with its known chromo-219 

somal composition (Table 2, Supplemental Figure 1) (PAN AND COLE 1992). The genome size of the as-220 

sembly using Canu is 690 Kbp longer than the previous Sanger assembly, which is contained in 54 nucle-221 

ar genome scaffolds, with three mitochondrial scaffolds. The Canu assembly produced five large scaf-222 

folds which have nine telomeric repeats (TTAGGG/CCCTAA)n at both ends of scaffolds 1, 2, 3 and 5.  223 

On scaffold 4 this tandem repeat was only found at the forward strand in the Canu assembly (Figure 1D). 224 

According to the densitometry analysis of Pulsed-Field Gel Electrophoresis (PFGE), the C. posadasii Sil-225 

veira should have 4 chromosomal bands (PAN AND COLE 1992). However, because scaffolds 1 and 2 are 226 

8.34 Mbp and 8.07 Mbp, respectively, these minor chromosomal size differences would be difficult to 227 

discriminate using PGFE. 228 

Repetitive DNA.  Highly-repeated DNA sequences play a pivotal role in genome architecture, evolution 229 

and adaptation by modulating gene activity, and chromosomal rearrangements (CASTANERA et al. 2016; 230 

SINHA et al. 2017; NIEUWENHUIS et al. 2019). The newly assembled Silveira genome has 17.12 % total 231 

repetitive DNA assessed with RepeatMasker, while the previous version had 15.91%. The new assembly 232 

has 1,614 copies of various transposable elements (TEs), whereas the earlier version has 1,511. The most 233 
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impacted TE classes were LTR retrotransposons and DNA transposons (Figure 1F). This difference is 234 

likely due to improvements in the assembly because long read technology can cover long stretches of re-235 

petitive DNA that may have been collapsed during the assembly process of Sanger and Illumina short 236 

reads. There is strong evidence for sub-telomeric repeats, as demonstrated by the presence of low com-237 

plexity sequences adjacent to terminal positions of the five larger scaffolds (Figure 1). We observed an 238 

accumulation of repetitive DNA and lack of protein-coding genes in central positions of the scaffolds, 239 

which may be centromeric repeats. We have found that rnd motifs were abundant in the putative centro-240 

meres; however, chromatin immunoprecipitation followed by deep sequencing are needed to determine 241 

whether those central repeats are in fact the centromeres of C. posadasii.   242 

Chromosome Structure. Although we used multiple approaches to assemble genomes, the assemblies 243 

produced were largely in agreement, creating five large contigs (chromosomes). The Flye algorithm as-244 

semblies generated marginally longer contigs. For all five chromosomes, there were possible internal cen-245 

tromeric locations and canonical telomeres at the end (Figure 1). Chromosome IV had flanking telomeres 246 

for the Flye assembly, but only on the 5’ end of the Canu contig. This discrepancy is likely due to an as-247 

sembly error with Canu algorithm, and the Flye-assembled Chromosome IV is complete. 248 

C. immitis Genome Comparison. A comparison of the assembled Silveira genome to the published RS (C. 249 

immitis) genome suggests that RS has slightly larger genome, with note translocations and inversions (~2 250 

Mb, Supplemental Figure 1C). This difference could be due to sequencing technology and assembly 251 

methods, but may in fact represent a true difference between species, because we see similar patterns 252 

when looking at another C. immitis genome WA_211 (Supplemental Figure 1 C-D). Variation in genome 253 

size between two divergent species is possible, as well as differences among isolates of the same species. 254 

Alternatively, Silveira has been a laboratory isolate since the 1950’s and has likely undergone micro-255 

evolutionary changes due to in vitro selection for laboratory cultivation. Different isolates of the Crypto-256 

coccus neoformans var. grubii H99 genotype obtained from different laboratories display remarkable ge-257 

netic variation related to microevolutionary processes of in vitro passage (JANBON et al. 2014). Genome 258 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 19, 2021. ; https://doi.org/10.1101/2021.05.19.444813doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.19.444813
http://creativecommons.org/licenses/by-nc-nd/4.0/


reduction and other micro-evolutionary changes due to selective forces in the laboratory have been docu-259 

mented for other fungal pathogens (CHEN et al. 2017; ENE et al. 2018). As high-fidelity long read tech-260 

nologies become increasing available, more accurate estimates of both genome size for Coccidioides spp. 261 

and genome variation among isolates will be possible. 262 

While most of the RS and Silveira genome assembles are syntenic (Supplemental Figure 1), there is a no-263 

table exception for Silveira chromosome III (Figure 2). Chromosome III aligns to the RS genome, but 264 

spans two RS contigs. RS supercontig 3.1 contains the 5’ 30% of Silveira chromosome III (~3 Mb) with 265 

the remainder found on RS supercontig 3.2. The 3.2 supercontig alignment has a chromosomal rear-266 

rangement that is consistent with an inversion of ~3 Mb. Genome assembly algorithms have difficulties in 267 

processing direct and indirect repeated sequences, and this can result in erroneous results (TØRRESEN et 268 

al. 2019). However, in this particular case, the inversion junction points are not associated with highly 269 

repetitive sequence. We manually examined the Silveira reads and assemblies around the junction points, 270 

and we found clear evidence that our chromosome III assembly is correct. Similar raw read data is not 271 

available for the RS genome, and these data will be required to confirm this inversion. Chromosomal in-272 

versions and translocations can greatly influence meiotic processes by disrupting homolog pairing and 273 

recombination. Such reproductive barriers often exist between species and higher taxonomic relation-274 

ships, limiting gene flow and allowing for differentiation and reinforcement of species boundaries. Again, 275 

the long in vitro culture history of Silveira leaves open the possibility that the apparent inversion may be a 276 

lab-specific or strain-specific genomic feature that will not be observed in all isolates of C. posadasii. 277 

Conversely, RS is also a lab strain that has been cultured under laboratory conditions since the 1950’s, 278 

with extensive evidence of hybridization and introgression, and thus the inversion could be specific for 279 

strain RS (SHARPTON et al. 2009; NEAFSEY et al. 2010); however, we require additional long read se-280 

quencing and assemblies to answer this specific question. 281 

Mitochondrial Genome. Scaffold 6 corresponds to the mitochondrial genome, which was assembled to a 282 

size of 152 Kbp, which is almost double that of the Illumina assembly version that yields a 74 Kbp circu-283 
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lar mapping genome (Figure 3) (DE MELO TEIXEIRA et al. 2021). These results indicate assembly incon-284 

sistencies between the two sequencing technologies. We mapped Pacbio reads against the PacBio mitoge-285 

nome assembly, and we identified long reads that span the mitogenome of the Canu assembly (Supple-286 

mental Figure 2). A self-alignment of the 152 Kbp assembly reveals a dimeric and circular structure that 287 

could represent a biologically relevant molecule.  We find the same 14 protein-coding mitochondrial 288 

genes that were annotated previously (DE MELO TEIXEIRA et al. 2021) as part of the ubiquinone oxidore-289 

ductase, cytochrome b, cytochrome oxidase and ATP synthase protein complexes. Small and large ribo-290 

somal RNAs (rns and rnl), the RNAseP subunit (rnpB), as well as 24 tRNAs were also annotated.  291 

Additional minor contigs. Lastly, three remaining scaffolds (7 to 9) are less than 119 Kbp total, but scaf-292 

folds 7 and 8 do contain coding sequences that were not found in the five chromosome or mitochondrial 293 

DNA assemblies. At least some of these small contigs contain real genes that failed to assemble into the 294 

larger chromosomes. Until additional sequences are completed from other isolates, we propose that these 295 

are supernumerary chromosomes (COLEMAN et al. 2009). 296 

Gene Models. Several metrics suggest a substantial improvement for the gene models of the Silveira ge-297 

nome. We have identified 8,491 total gene models in the new Silveira assembly, which is lower than the 298 

previous draft version of this genome, which had 10,228 gene models. The number of exons, mean exon 299 

length, and overlapping genes are lower in the new Silveira assembly than the previous one (Table 2). A 300 

more fragmented assembly would create discontinuous exons, and thus increase the number of gene mod-301 

els. We have found 207 genes with at least 1 isoform, suggesting alternative splicing. Additionally, the 302 

multiple training steps using mRNA sequence data and proteomics, along with the more sophisticated 303 

gene predictors implemented in the funannotate pipeline has increased the overall confidenc of gene mod-304 

els.   305 

Secondary Metabolism. Previous genomic analysis identified genes associated with secondary metabolite 306 

(SM) production that are shared between the two Coccidioides species, and have experienced positive 307 
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selection (SHARPTON et al. 2009). This observed evolutionary pattern might help the organism survive the 308 

harsh microenvironments in desert areas where the organism lives, or these secondary metabolites may be 309 

important for host-pathogen interactions (PERRIN et al. 2007; NARRA et al. 2016). Previous analysis sug-310 

gested that C. immitis and C. posadasii have 22 and 21 SM clusters (SHANG et al. 2016) although strain 311 

information was not given. We retrieved 23 SM gene clusters using antiSMASH analysis on our new Sil-312 

veira genome assembly. The biosynthetic class polyketide synthase (PKS) is overrepresented in Coccidi-313 

oides and these sequences display similarity with other well-known PKS clusters in the Ascomycota such 314 

as chaetoviridin E, depudecin, nidulanin A, cichorine, shanorellin, aflatoxin, stipitatic acid and leucino-315 

statin A. The genomes of closely-related dermatophyte species also contain 23-25 SM clusters, but only 9 316 

of these clusters are shared between Coccidioides and the dermatophytes, which might be related to the 317 

diverse ecological niches occupied by the two groups of Onygenalean fungi (MARTINEZ et al. 2012). 318 

Phylogenomic characterization. Previous studies analyzing the genetic background of the Silveira strains 319 

based on microsatellite markers suggested that this strain belonged to the C. posadasii Arizona population 320 

(TEIXEIRA AND BARKER 2016). With the advances of genome-based typing methods in Coccidioides, 321 

novel phylogenetic groups were defined within this species as follows: ARIZONA, Clade AZ1, Clade 322 

Col. Springs/GT162, TX/MX/SA and CARIBE (TEIXEIRA et al. 2019). By adding the Silveira as a refer-323 

ence genome for whole genome typing we confirmed that this strain grouped within C. posadasii, ARI-324 

ZONA clade based on the unrooted phylogenetic tree (Supp Figure 3A). By applying population genetics 325 

methods we have also observed that the Silveira strain belongs to the ARIZONA population and no ad-326 

mixture was found (Supplemental Figure 3B).  327 

SUMMARY 328 

In the current study, the genome of the Silveira strain was sequenced using long read sequencing technol-329 

ogy, and assembled into chromosomal-level contigs, and reannotated using current technology. This has 330 
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dramatically improved our understanding of chromosomal structure, gene set annotation, and was a nec-331 

essary step toward future genomics studies. Our assembly approach resulted in five complete chromo-332 

somes, a complete mitochondrial genome, and an indication of supernumerary chromosomes. The new 333 

annotation pipeline utilized a combination of transcriptomic and proteomic evidence, and generated a re-334 

duced number of total annotated genes compared to the original draft annotation. These critical advance-335 

ments will allow for a better understanding of the evolution of this important endemic fungal pathogen. 336 

Acknowledgments 337 

The authors wish to acknowledge Dr. Jana U’Ren for sharing High Molecular Weight DNA isolation pro-338 

tocol, Dr. Dave Kudrna (U Arizona) for advice and sequencing on PacBio. Funding to PK ABRC / 339 

ADHS18-198851. BMB was partly funded by R21AI28536-01AI. JES. is a CIFAR Fellow in the pro-340 

gram Fungal Kingdom: Threats and Opportunities and was supported by University of California MRPI 341 

grants MRP-17-454959 "UC Valley Fever Research Initiative" and VFR-19-633952 "Investigating fun-342 

damental gaps in Valley Fever knowledge" and United States Department of Agriculture - National Insti-343 

tute of Food and Agriculture Hatch Project CA-R-PPA-5062-H.   344 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 19, 2021. ; https://doi.org/10.1101/2021.05.19.444813doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.19.444813
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1. Chromosome Sizes 345 
SCAFFOLD CHROMOSOME SIZE (BP) 

1 1 8340845 

2 2 8079863 

3 3 6494557 

4 4 3437093 

5 5 1489275 

6 Mitochondrial genome 152732 

7 Supernumerary 6 119732 

8 Supernumerary 7 80756 

9 Supernumerary 8 76740 

 346 
  347 
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Table 2. Comparison of Silveira Genomes 348 

 Silveira Sanger 

2007 

Silveira CANU 

2020 

Contigs 57 9 

GC%  46.34% 46.44% 

Predicted 

Protein-

coding Genes 

10,228 8,491 

Median Gene 

Length (bp) 

2109 1810.5 

Total number 

of introns 

20607 17004 

Total # of 

Exons 

32511 26348 

Total # of 

CDS 

30840 26216 

tRNAs 119 111 

 349 
  350 
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Figure 1. The gene density and repeats for Canu assemblies. Blue histograms on X/Y axes represent 351 
gene densitities. Forward and reverse similarity blocks are indicated by red and blue dots, respectively. A 352 
central high repeated sequence regions is marked as a putative centromere. Canonical telomeric repeats 353 
are indicated at both 5’ and 3’ ends.  A) Dot Plot of Chromosome I. B) Dot Plot of Chromosome II. C) 354 
Dot Plot of Chromosome III. D) Dot Plot of Chromosome IV. E) Dot Plot of Chromosome V. F) 355 
Classes of repeats. 356 

 357 
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Figure 2. Silveira (C. posadasii) Chromosome III Dot Plot Similarity to the RS (C. immitis) Genome. 358 
The homologous regions of the Silveira chromosome III (6.5 mbp) are distributed across two super con-359 
tigs of the RS genome assembly and not completely collinear. A) RS super contig 3.1 contains about 30% 360 
the 5’ Silveira chromosome III homologous sequences, with the remainder not homologous to chromo-361 
some III. Within the homologous region there a large gap of non-homology. B) RS super contig 3.2 con-362 
tains about 70% of Silveira chromosome III homologous sequences including a highly repetitive region at 363 
the Silveira 3’ end. The arrangement of the cross species homologous regions are not completely collinear 364 
with an apparent inversion of about half.  365 

 366 

 367 
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Figure 3. Circular mitochondrial genome assemblies of the C. posadasii Silveira strains using both Pacbio 370 

and Illumina technologies. The circular plots show the core genes as part of the ubiquinone oxidoreduc-371 

tase, cytochrome b, cytochrome oxidase and ATP synthase protein complexes. Small and large ribosomal 372 

RNAs (rns and rnl), the RNAseP subunit (rnpB), as well as tRNAs are also displayed. Additional ORFs 373 

and introns are showed along the circular map. 374 

 375 

  376 
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Supplementary figure 1 – Whole-genome dot-plot alignments of the C. posadasii Silveira Pacbio assem-591 
bly against: A) C. posadasii Silveira Sanger assembly, B) C. posadasii C735/SOWgp Illumina assembly, 592 
C) C. immitis RS Sanger assembly and D) C. immitis WA_211 Illumina assembly. The main chromoso-593 
mal rearrangements such as inversions (inv),  translocations (t) and deletions (del) are highlighted in dif-594 
ferent colors. 595 
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 599 

 600 

Suppl Figure 2: Genomic alignments of Pacbio long reads to the mitochondrial scaffold generated via 601 
Canu assembly in order to confirm the length of the circular mitogenome of the C. posadasii, strain Sil-602 
veira.603 

 604 

 605 
Suppl Figure 3: Whole-genome genotyping of the Silveira strain. A) Genome-level tree of C. posadasii 606 

based on Maximum likelihood (ML) method . The tree is unrooted and phylogenetic clades are 607 
displayed proportionally to the branch length. Dual branch support was evaluated using 1,000 ul-608 
trafast bootstraps coupled with a Shimodaira–Hasegawa-like approximate likelihood ratio test and 609 
were used to infer the observed phylogenetic partition. The phylogenetic groups were defined and 610 
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are displayed along the tree. B) Structure plots of C. posadasii showing the presence of three well 611 
defined populations as follows: ARIZONA, CARIBE and TX/MX/SA. Each strains is represent-612 
ed by a single vertical bar, which is partitioned into K=3 and the Silveira strain is nested within 613 
the ARIZONA population. A single color represents an absence of admixture, which is the case 614 
for the Silveira strain that is highlighted in red.   615 
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