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ABSTRACT

Histoplasmosis is an endemic mycosis that often presents as a respiratory infection in
immunocompromised patients. Hundreds of thousands of new infections are reported
annually around the world. The etiological agent of the disease, Histoplasma, is a
dimorphic fungus commonly found in the soil where it grows as mycelia. Humans can
become infected by Histoplasma through inhalation of its spores (conidia) or mycelial
particles. The fungi transitions into the yeast phase in the lungs at 37°C. Once in the
lungs, yeast cells reside and proliferate inside alveolar macrophages. We have
previously described that Histoplasma is composed of at least five cryptic species that
differ genetically, and assigned new names to the lineages. Here we evaluated multiple
phenotypic characteristics of 12 strains from five phylogenetic species of Histoplasma to
identify phenotypic traits that differentiate between these species: H. capsulatum sensu
stricto, H. ohiense, H. mississippiense, H. suramericanum, and an African lineage. We
report diagnostic traits for two species. The other three species can be identified by a
combination of traits. Our results suggest that 1) there are significant phenotypic
differences among the cryptic species of Histoplasma, and 2) that those differences can
be used to positively distinguish those species in a clinical setting and for further study
of the evolution of this fungal pathogen.

IMPORTANCE

Identifying species boundaries is a critical component of evolutionary biology. Genome
sequencing and the use of molecular markers have advanced our understanding of the
evolutionary history of fungal pathogens, including Histoplasma, and have allowed for
the identification of new species. This is especially important in organisms where
morphological characteristics cannot be used for this purpose. In this study, we revise
the taxonomic status of the four named species of the genus Histoplasma: H.
capsulatum sensu stricto, H. ohiense, H. mississippiense, and H. suramericanum and
propose the use of species-specific phenotypic traits to aid their identification when
genome sequencing is not available. These results have implications not only for
evolutionary study of Histoplasma, but also for clinicians, as the Histoplasma species
could determine the outcome of disease and treatment needed.
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INTRODUCTION

Histoplasma is an ascomycete dimorphic fungus and the causal agent of
histoplasmosis. This disease is arguably the most common fungal respiratory infection,
with hundreds of thousands of new infections occurring annually worldwide (Cano and
Hajjeh 2001; Kauffman 2007; Hage et al. 2015; Bongomin et al. 2019). The disease is
particularly common in immunocompromised patients and the majority of cases are
reported in patients that have undergone chemotherapy (Adderson 2004; Hess et al.
2017), organ transplant (Freifeld et al. 2005), or are suffering from AIDS (Adenis et al.
2018; Myint et al. 2020). Histoplasmosis is not of mandatory report, and for that reason,
the true disease burden remains largely unknown (Hage et al. 2015; Armstrong et al.
2018; Oladele et al. 2018; Scully and Baddley 2018; Adenis et al. 2018). Nonetheless,
there are indications that the disease is more important than is currently understood.
Histoplasmin skin reactivity tests suggest that by age 20, more than 90% of individuals
residing in the Continental United States are skin test-positive for a previous infection,
or at least exposure to the pathogen (Manos et al. 1956). Over 100 outbreaks were
reported in the twentieth-century in the USA (Benedict and Mody 2016). Similar
population assessments indicate that a large proportion of the population has been
exposed to Histoplasma at some point in their life. Among immunosuppressed patients,
the population most at risk, 25% of AIDS patients living in endemic regions of
Histoplasma develop histoplasmosis; untreated cases usually lead to patient death and
infected individuals often need intense and prolonged antifungal therapy (Kauffman
2007; Hage et al. 2015).

Producing the sexual stage of Histoplasma in laboratory conditions is
exceedingly difficult (but see (Kwon-Chung 1972a; b, 1973; Muniz et al. 2014)), which
has made the study of potential species boundaries challenging for decades. Initial
assessments of diversity proposed three different subspecies for Histoplasma
capsulatum. Histoplasma capsulatum var. capsulatum was thought to mainly be found
in human patients and caused the classical pulmonary form of histoplasmosis, H.
capsulatum var. duboisii allegedly caused a milder version of the disease with

granulomatous lesions in skin and osseous tissues, and H. capsulatum var.
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77  farciminosum was thought to be a pathogen of mules and horses (Ajello 1968). The
78  application of phylogenetics using molecular markers revealed that these lineages were
79 artifactual and did not follow the evolutionary history of the pathogen (Kasuga et al.
80 1999, 2003). Multilocus sequence typing revealed at least six lineages within
81  Histoplasma (Kasuga et al. 2003). Another classification of Histoplasma is based on the
82 presence/absence of the polysaccharide a-(1, 3)-glucan in the cell wall (AGST locus),
83 produced only during the yeast phase. Strains that possess a-(1, 3)-glucan have a
84  rough colony morphology and are classified as chemotype 2 strains, which represent
85 the majority of the strains found worldwide. Strains that lack a-(1, 3)-glucan have a
86  smooth colony morphology, are classified as chemotype 1 strains, and are restricted to
87 a North American lineage (Domer 1971; Reiss 1977; Reiss et al. 1977; Rappleye et al.
88 2004; Edwards et al. 2011). The virulence requirements for a-(1, 3)-glucan have been
89 shown to differ among Histoplasma lineages (Edwards et al. 2011). Additional, as-yet
90 unidentified lineages are likely to exist within Histoplasma (Kasuga et al. 2003; Teixeira
91 etal 2016)
92 The implementation of genome sequencing confirmed the existence of
93 differentiated genetic lineages and revealed that these clades were sufficiently diverged
94  to be considered phylogenetic species (Sepulveda et al. 2017; Almeida-Silva et al.
95 2021; Jofre et al. 2022). Five species satisfied the first assessment of genome
96 concordance and differentiation: H. ohiense, H. mississippiense, H. capsulatum sensu
97  stricto, H. suramericanum, and a Histoplasma lineage from continental Africa. Additional
98 genome sequencing revealed the existence of two additional phylogenetic species, one
99 endemic to the Indian subcontinent (Jofre et al. 2022), and one endemic to Southern
100 Brazil (Almeida-Silva et al. 2021). These seven species in the Histoplasma genome
101  diverged over 1.5 million years ago and have accrued extensive genetic differences that
102 make them advanced along the speciation continuum (Sepulveda et al. 2017).
103 The taxonomic rearrangement of the Histoplasma genus set the basis for further
104  studies and propelled important developments in understanding the biology of
105  Histoplasma. Genome assembly of strains from each of these species suggested
106 genome content differences and rearrangements which, in turn, have suggested a rapid
107  turnover of genome structure in the genus (Voorhies et al. 2022). Surveys of gene
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108 exchange have also revealed low levels of admixture among lineages which indicates
109 that hybridization might be of importance in the evolution of Histoplasma (Maxwell et al.
110  2018; Jofre et al. 2022). From a more applied perspective, Sepulveda et al. (2017)

111 reported extensive genetic differences along the genome and the possibility of using
112 molecular markers for molecular detection which could be harnessed by clinical

113  researchers and inform the epidemiological patterns of each of these lineages.

114 Despite all the genomic progress, no systematic assessment has been

115  performed to determine whether these phylogenetic species differ phenotypically.

116  Clearly there is extensive genetic differentiation in the genus, but taxonomic revisions
117  should be accompanied by descriptions that can serve clinical and evolutionary

118 researchers alike (Matute and Sepulveda 2019; Chethana et al. 2021). The initial

119  species description suggested that previous assessments of phenotypic differentiation
120  in Histoplasma might follow species boundaries (Sepulveda et al. 2017). Nonetheless,
121 no survey has measured potential intraspecific and interspecific variation in common
122  conditions. Here we bridge that gap. We explored whether the genetic differentiation
123  within Histoplasma might explain some variability in the group and whether phenotypic
124  variation follows species boundaries. In this report, we quantified four phenotypic traits
125 and found yeast-culture-based diagnostic characters for two of the Histoplasma

126  species, H. ohiense, and H. mississippiense. The other three species, H. capsulatum,
127  H. suramericanum, and the African lineage, can be identified by a combination of

128  multiple traits. Using this information, we revise the taxonomic status of the four named
129  species of the genus Histoplasma.
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130 MATERIALS AND METHODS

131

132  Fungal strains and culture conditions

133  Histoplasma isolates used in this study were donated to W.G. during a span of 15

134  years. Information pertinent to each isolate is listed in Table 1. All isolates were kept in
135  15% glycerol at -80°C until they were ready to be subcultured. An aliquot of the frozen
136  culture was streaked into Histoplasma Macrophage Medium (HMM) plates. Strains were
137  then grown in HMM (solid or liquid) at 37°C with 5% CO2 as previously described

138  (Worsham and Goldman 1988). Solid medium contained 0.6% agarose (SeaKem ME
139 grade) and 25 mM FeSO4. All liquid cultures were incubated at 37°C with 5% COz on
140  an orbital shaker (Infors HT Multitron) at 150 rpm. All reference strains were deposited
141 in the Westerdijk Fungal Biodiversity Institute CBS collection (Table 1).

142

143  Yeast colony morphology

144

145  We scored the yeast colony morphology of 12 Histoplasma isolates (at least two

146  isolates from each species). For each isolate, we added 10 ul of a late exponential

147  phase culture on a HMM plate. We grew 36 aliquots per Petri dish. We incubated plates
148 at 37°C in 5% CO:z2 for at least 10 days before we imaged each colony. Colonies were
149  classified as rough or smooth. To ensure reproducibility, we scored at least 12 colonies
150  per species but no species showed intralineage variation in colony morphology. To

151  compare the proportions of rough vs. smooth colonies among species, we used a 2-
152  sample test for equality of proportions with continuity correction (function prop.test,

153 library stats, R Core Team 2018).

154

155  Evaluation of extracellular proteolytic activity

156

157  The second trait we evaluated was proteolytic activity. Several studies have reported
158  the existence of extracellularly secreted serine proteases in Histoplasma. In particular,
159 isolates from the RFLP1 group (later named H. mississippiense) were the only ones that
160 manifested this phenotype (Zarnowski et al. 2007 cf. Muotoe-Okafor et al. 1996 for
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161  reports of proteolytic activity in African strains). To evaluate extracellular proteolytic

162  activity in different species of Histoplasma, we grew the 12 Histoplasma isolates (Table
163 1) in HMM plates supplemented with 1.5% skim milk. Strains with a proteolytic activity
164  show a clear halo around their yeast colonies. 15 g of instant nonfat dry milk (Hoosier
165  Hill Farm brand,Middleton, W1 ) were reconstituted in 500 ml of distilled water. Once the
166  skim milk was fully dissolved, 6 g of agarose (SeaKem ME grade) were added and

167 autoclaved to make HMM plates as previously described (Worsham PL and Goldman
168  WE, 1988). 10 pl of a late exponential phase culture were spotted onto HMM plates

169  supplemented with skim milk. We spotted 4 strains per plate to allow for any transparent
170  clearance area around fungal spots to appear, indicative of proteolytic activity. We

171 incubated the experiment using the same conditions as described immediately above to
172 study yeast colony morphology. We scored 12 colonies per isolate for presence /

173  absence of a halo, and when present, measured halo size. The size of the halo was
174  measured as the distance from the edge of the colony to the outer edge of the cleared
175  ring. To compare halo sizes, we used a Welch's Two Sample ttest (function t.test,

176  library stats, (R Core Team 2018)).

177

178  Optical density and growth curves of Histoplasma yeast cultures

179  We also measured the growth rate of different Histoplasma genotypes in liquid media.
180  For the growth curves, we inoculated 30 ml of HMM broth with 1 x 10° yeast/ml and

181  grew the culture for 11 days. We repeated this procedure for each of the 12 strains. We
182  removed 600 pl from each culture and mixed them with 300 pl of 3M NaOH in a plastic
183  cuvette, which was covered with Parafilm and vortexed for 10 seconds to separate

184  yeast clumps and measure optical density (OD) in a GENESYS 10vis

185  spectrophotometer (Thermo Spectronic) starting at day 0, and at every 24 hours after
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186  that until day 11. To quantify the rate of growth, we used a four-parameter logistic model
187  with the form:

188

189 OD ~ d+(a-d)/(1+[((time)/c)]"b ) (1)

190

191  where ais the OD at the beginning of the experiment (presumably close to zero), b is
192  the rate of increase in OD at point c, the inflection point of the curve, and dis the

193  maximum OD in the curve, the asymptote. This model allows for an initial growth where
194  cells are dividing but do not increase the OD value and includes an asymptote,

195 calculated from the data, at which cells do not replicate anymore. Since nonlinear

196  logistic regression has difficulties optimizing the values for each of the four constants in
197  the equations, we tried 10 starting values per constant and found the model with the
198 lowest Akaike Information Criterion (AIC, (Akaike 1973)) with the function ‘AIC’, (library
199 ‘stats’, (R Core Team 2018)). To fit the regressions, we pooled isolates within

200 phylogenetic species.

201 To determine whether the four fitted parameters differed among species, we
202 generated 1,000 bootstrapped regressions using the R function nls.boot (library

203 nlstools, (Baty et al. 2013, 2015)). We then compared the values of b, ¢ and d across
204  species using non-parametric tests (Wilcoxon rank sum test with continuity correction,
205 function wilcox.test, library stats, (R Core Team 2018)).

206

207 Yeast Area

208 Finally, we studied the area of individual yeast cells in different Histoplasma isolates.
209 We grew one isolate per Histoplasma species to evaluate phenotypic variability

210 between species. Table 1 lists the isolates included in this study. 10 pl from a yeast
211 culture that had large yeast clumps removed were mixed with 10 ul of Lactophenol

212  Cotton Blue on a glass slide. Differential interference contrast (DIC) images were

213  obtained using 100X/1.4 Oil UPlan S Apo PSF quality objective on an Olympus BX-61
214 microscope and collected using a Qlmaging RETIGA 4000R color camera and Volocity
215 6.3 acquisition software. Exposure was adjusted to ensure pixel intensities were not
216  saturated (Pixel size: 0.0608 um / pixel). Yeast cells were measured by drawing an


https://www.zotero.org/google-docs/?Jj6S7Z
https://www.zotero.org/google-docs/?navQXg
https://www.zotero.org/google-docs/?OsupNo
https://www.zotero.org/google-docs/?OsupNo
https://www.zotero.org/google-docs/?OsupNo
https://www.zotero.org/google-docs/?GaPpCT
https://doi.org/10.1101/2024.01.08.574719
http://creativecommons.org/licenses/by/4.0/

217
218
219
220
221
222
223
224

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.08.574719; this version posted January 11, 2024. The copyright holder for this preprint
(which 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
available under aCC-BY 4.0 International license.

ellipse around each imaged cell in imaged (Schneider et al. 2012). Ellipse area (in ym?)
was taken as a measure of cell size. To compare the yeast cell size across different
species, we used a linear model in which cell area was the response and the species
identity was the grouping factor. We used the R function aov (library stats, (R Core
Team 2018)). Finally, we compared among lineages (all pairwise comparisons) using
Tukey contrasts with the R function TukeyHSD (library stats, (R Core Team 2018)).
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225 RESULTS

226

227  Histoplasma ohiense differs in their yeast colony morphology

228  Multiple previous studies have reported variation in yeast colony morphology across
229 isolates of Histoplasma (Domer 1971; Reiss 1977; Reiss et al. 1977). Some isolates
230 show smooth colonies while some others show rough ones. We studied whether this
231  phenotypic variation was species-specific or whether there was intraspecific variation
232  within five phylogenetic species of Histoplasma. Figure 1 shows the yeast colony

233  morphology for 12 different Histoplasma isolates after growing at 37°C for 10 days in
234 HMM media. All isolates from four Histoplasma species, H. capsulatum, H.

235  mississippiense, H. suramericanum, and the Africa clade, had rough yeast colonies
236  (n=12 per species). On the other hand, all the replicates across isolates of H. ohiense
237  (n=24) had smooth yeast colonies. Not surprisingly, these proportions are significantly
238 different (2-sample test for equality of proportions with continuity correction: * = 44.083,
239 df=1, p=3.147x10"""). This morphological difference within Histoplasma has been
240  attributed to the lack of a-(1,3) glucan in their cell wall (Klimpel and Goldman 1987,

241 1988; Rappleye et al. 2004; Sepulveda et al. 2014). These comparisons indicate that
242  yeast colony morphology is a diagnostic trait of H. ohiense and is sufficient to

243  differentiate the species from the other four lineages.

244

245 Production of extracellular proteolytic activity is restricted to H. mississippiense.
246  Production of extracellular proteolytic activity using HHM media supplemented with skim
247  milk had been previously described in some isolates of Histoplasma (Zarnowski et al.
248  2007). We studied whether the five different species differed in their proteolytic ability.
249  We grew five of the previously identified lineages in skim milk media to determine

250 whether they showed proteolytic activity. Figure 2 shows an example of each of the five
251  species growing as yeast in HMM media supplemented with skim milk at 37°C. Of the
252  five species, H. mississippiense was the only lineage to show a clearance halo which is
253  a proxy of the ability of the colony to break down proteins. Within H. mississippiense,
254  there was variation in the size of the halo. WU24 had a halo distance of 0.395 cm

255 (SD=0.028), while CI-19 had a halo distance of 0.195cm (SD=0.050) which differed
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256  significantly from each other (Welch’s Two Sample t-test, t=-11.047, df = 14.302, p =
257 2.164x108) suggesting the existence of intraspecific variation in the genetic

258 mechanisms involved in this trait within H. mississippiense, though a halo is always

259 present. The observation is consistent with previous studies that suggested that isolates
260 from this lineage (originally termed RFLP1) are the only ones with a extracellular

261  protease ability (Zarnowski et al. 2007), and suggest that proteolytic activity is a

262 diagnostic trait of H. mississippiense.

263

264  Growth curves and optical density

265 We evaluated whether different genotypes of Histoplasma had differences in their

266  growth rate and if such differences corresponded with species boundaries. We used
267  optical density as a proxy for the number of cells in a liquid culture, and fitted logistic
268 models that modeled the rate of increase of the different species. Figure 3 shows the
269 results of the best fit for each species. The growth curves of the five species show a
270  better-fit to a logistic dose-response function than to a linear function (Table S1). Non-
271 linear regressions are highly dependent on the seed values used for the optimizations,
272  so we maximized the fit using AIC values (Table S2).

273 We focused on two of the four calculated parameters, the intercept (a) and the
274  asymptote (d). We found that even though there are significant differences among

275  bootstrapped distributions of the intercept (a, Table 2), all intercepts are also centered
276  around zero (Figure 4A). Since the intercepts were similar, comparisons among

277  asymptote (d) values are informative and indicate whether the species have differences
278 in the growth saturation point. Indeed, the values of all the inferred asymptotes differed
279 among the five species, but there were two clearly differentiated groups (Table 2). The
280 growth curves at 196 hours for two of the species (H. capsulatum ss, and H. ohiense)
281 had OD asymptotes higher than 2. On the other hand, the other three species (H.

282  mississippiense, the African lineage, and H. suramericanum) had OD asymptotes lower
283 than 2 (Figure 4B, Table 2). This difference can be used to discriminate between these
284  two clusters of species, and suggest that OD-based growth curves can be a taxonomic
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285 trait that can aid species identification in Histoplasma, but one that does not serve as a
286  diagnostic trait in isolation.

287

288 Yeast cell size differs among Histoplasma species

289  We fit a linear model to compare yeast cell size across species. We found cell size

290 variation among species (F4,126 = 10.31, p = 2.96 x107). Table 3 shows all the pairwise
291 comparisons among species. Histoplasma ohiense had a smaller size than the other
292 four species (Table 3). The significance of the H. ohiense-H. suramericanum pairwise
293 comparison was borderline. Histoplasma suramericanum had a slightly larger cell size
294  than H. missisippiense, but the distributions of the two species were largely overlapping
295 (Table 3). These results indicate that yeast cell size might serve as a diagnostic trait for
296  H. ohiense, but not for the remaining Histoplasma species.

297

298 Taxonomy

299 Table 4 summarizes the results of our phenotypic surveys. The combination of these
300 traits is sufficient to differentiate between the five cryptic species of Histoplasma. Using
301  these phenotyping surveys, we re-describe the three named species of Histoplasma
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302 and provide a dichotomous key to differentiate between the five phylogenetic species in
303 this report.

304

305 Histoplasma mississippiense V.E. Sepulveda, R. Marquez, Turissini, W.E. Goldman &
306 Matute, sp. nov. MB XXXXXX

307 For a detailed description see Sepulveda et al., mBio 8 (6): e01339-17, 12 (2017).
308 Holotype: ATCC 38904, CBS145497 preserved in a metabolically inactive state.

309 previously published as Histoplasma mississippiense V.E. Sepulveda, R. Marquez,
310  Turissini, W.E. Goldman & Matute, mBio 8 (6): e01339-17, 12 (2017), nom. inval., Art.
311 40.7 (Shenzhen), MB 823360]

312

313  Histoplasma ohiense V.E. Sepulveda, R. Marquez, Turissini, W.E. Goldman & Matute,
314 sp. nov. MB XXXXX

315 For a detailed description see Sepulveda et al., mBio 8 (6): e01339-17, 13 (2017).
316  Holotype: ATCC 26032, CBS145495 preserved in a metabolically inactive state.

317  previously published as Histoplasma ohiense V.E. Sepulveda, R. Marquez, Turissini,
318 W.E. Goldman & Matute, mBio 8 (6): e01339-17, 12 (2017), nom. inval., Art. 40.7

319  (Shenzhen), MB 823360]

320

321  Histoplasma suramericanum V.E. Sepulveda, R. Marquez, Turissini, W.E. Goldman &
322  Matute, sp. nov. MB XXXXX

323  For a detailed description see Sepulveda et al., mBio 8 (6): e01339-17, 13 (2017).
324  Holotype: 3_11G, CBS145499 preserved in a metabolically inactive state.

325 previously published as Histoplasma suramericanum V.E. Sepulveda, R. Marquez,
326  Turissini, W.E. Goldman & Matute, mBio 8 (6): e01339-17, 12 (2017), nom. inval., Art.
327  40.7 (Shenzhen), MB 823360]

328
329 Histoplasma dichotomous key
330 1A. OD600 after 196 in HMM is higherthan 2., 2

331 1B. OD600after 196 in HMM is lower than 2......ccoueeeoeeeei e 3
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332 2A. Yeast colony morphology at 37°C is smooth. Yeast size area is 5.106u? + 1.130

1 1 P H. ohiense

334  2B. Yeast colony morphology at 37°C is rough. Yeast size area is larger than 6.0u?

B8 H. capsulatum

336 3A. Yeast colonies show proteolytic activity in HMM media at 37°C... H. mississippiense
337 3B. Yeast colonies show no proteolytic activity in HMM media at 37°C...................... 4

338 4A. Isolate collected in the Americas. H-antigen precursor amplified with the forward

339 primer 5-CGCAGTCACCTCCATACTATC 3' and reverse primer 5'-

340 GCGCCGACATTAACCC-3' (28) harbors three diagnostic SNPs (positions 591, 622,

341  and 716, (Kasuga ef al. 2003))....ccceeeriiiiiiiiiiiiiiiieeiieeeeeee e H. suramericanum
342 4B. Isolate collected in AfriCa.........ovieiiiii African lineage
343

344 DISCUSSION

345

346 Identifying species boundaries has been a challenge in microbial eukaryotes because
347  producing sexual stages and making direct measurements of reproductive isolation, the
348  signature of speciation, is usually impractical and often unfeasible (reviewed in (Taylor
349 et al 2000; Schon et al. 2009; Cai et al. 2011; Chethana et al. 2021)). Measuring the
350 extent of genetic divergence, and identifying reductions in gene flow, has been a

351  powerful substitute to uncover cryptic speciation in fungal pathogens (Birky 2013;

352  Galtier 2019). The incorporation of genomics has opened the door to describe the

353 evolutionary processes that govern speciation and trait diversification in fungal

354 pathogens (Taylor et al. 2000; Matute and Sepulveda 2019). Nonetheless, genome
355 sequencing alone might be impractical for the identification of pathogens, particularly in
356 clinical settings. In this study, we report phenotypic differences that are sufficient to
357 identify three of five named species of Histoplasma, and revise their taxonomic status.
358 In particular, we report that H. ohiense can be identified by its characteristic smooth
359 colonies and small cell size, and H. mississippiense by its extracellular proteolytic

360 activity. Histoplasma suramericanum, H. mississippiense, and the African lineage all
361 have an OD600 asymptote at 196 hours lower than 2, but only H. mississippiense has
362 extracellular proteolytic activity. This makes H. suramericanum and the African lineage
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363 the only species that cannot be differentiated by the morphological traits that we

364 describe in this survey. Nonetheless, H. suramericanum seems to be restricted to the
365 American continent, and the African lineage to Africa. Additionally, the two species can
366  be discriminated with PCR probes (Kasuga et al. 1999, 2003; Sepulveda et al. 2017).
367  Our results are of importance to evolutionary and clinical mycologists alike because the
368 diagnosis of species boundaries is the first step to understanding evolutionary

369 dynamics, broadly defined, and could shed light into the evolution of different virulence
370 mechanisms.

371 Other studies have reported differences in the morphology of Histoplasma

372 isolates, and among clusters of genotypes. Okeke and Muller (Okeke and Mdller 1991)
373 described the presence of extracellular collagenolytic proteinases by Histoplasma

374  capsulatum var. duboisii and Histoplasma capsulatum var. capsulatum. Since these
375 classifications do not follow a phylogenetic framework (Kasuga et al. 1999, 2003), the
376  results are not immediately comparable. Importantly, our results are consistent with
377  Zarnowski et al. (2007), where the extracellularly-secreted serine protease activity was
378 restricted to H. mississippiense isolates (formerly known as RFLP class 1 or NAm 1
379 clade, (Keath et al. 1992; Kasuga et al. 1999, 2003)), demonstrating the methodology
380 and media used in both studies is suitable for the selective identification of H.

381  mississippiense, and can be used reliably. To date, the role of the extracellularly-

382 secreted serine protease activity in H. mississippiense virulence remains unexplored.
383  Muotoe-Okafor et al. (Muotoe-Okafor et al. 1996) detected a similar proteolytic activity
384 in a cluster of African samples. Since no other species besides the Africa clade has
385 been isolated from Africa, these results seem to indicate that some African isolates, but
386 not the ones included in this study, might have serine protease activities similar to the
387 ones in H. mississippiense. These two species are not sisters in the phylogenetic tree
388 and thus, these results suggest that this H. mississippiense specific proteolytic activity
389 might be explained by genomic changes that are specific to that lineage, and might
390 have also evolved in the African clade through parallel mutation or introgression. A

391  second, arguably less likely, possibility is that other species of Histoplasma (H. ohiense,
392  H. capsulatum ss) lost the serine proteinase activity independently. If that is the case,
393 these two species should harbor serine proteinase pseudogenes. Now that species
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394  boundaries have been identified in Histoplasma, studies dissecting the processes that
395 lead to serine proteinases in this genus of fungi are within reach.

396 Yeast colony morphology is arguably the most systematically studied phenotypic
397 difference in Histoplasma. The existence of smooth and rough colony morphology in
398  Histoplasma was first reported as early as 1987 (Klimpel and Goldman 1987). Genetic
399 analyses suggested that the smooth phenotype was exclusive to a cluster of genotypes
400 (RFLP2, NAm 2), now dubbed H. ohiense. Detailed studies of the cell wall with

401  transmission electron microscopy demonstrated that reference strains of H. ohiense and
402  H. capsulatum differ in their cell wall thickness, with H. capsulatum yeast cells showing
403 a greater cell wall thickness compared to H. ohiense and that AGS71 expression is

404  dispensable for H. ohiense virulence (Edwards et al, 2011). a-(1, 3)-glucan is required
405 for virulence in H. capsulatum and H. mississippiense (Rappleye et al, 2004 and

406 Sepulveda et al, 2014 respectively); smooth mutants become avirulent once they are
407 unable to produce this polysaccharide. Histoplasma ohiense has smooth colonies and
408 lacks a-(1, 3)-glucan, and yet it remains virulent. The dissection of the genetic basis of
409 differences in virulence between Histoplasma species is a prime example of the

410 importance of understanding species boundaries in eukaryotic pathogens.

411 There is extensive precedent that once fungal species are identified, phenotypic
412  differences between the newfound taxa are subsequently found. In the case of

413  Coccidioides—the first fungal pathogen to undergo a taxonomic revision (Koufopanou et
414  al. 1997, 2001; Kirkland and Fierer 2018), the two different species, C. posadassi and
415  C. immitis show differences in thermotolerance, which might be of importance for yeast-
416  to-mycelium transformation and in determining their geographic range (Mead et al.

417  2020). Similarly, different species of Paracoccidioides show differences in antifungal
418  resistance (Cruz et al. 2013) and yeast morphology (Turissini et al. 2017), but also in
419  the host response they elicit in their mammalian hosts (Teixeira ef al. 2014; Siqueira et
420 al. 2015; De Macedo et al. 2019; Hahn et al. 2019). Even though reports of phenotypic
421  variability existed in these fungi (e.g., (Klimpel and Goldman 1988)), ascribing these
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422  differences to species boundaries was only possible once isolated lineages were

423  described in genera that were considered monotypic for almost 100 years.

424 Our study focuses on five lineages identified through genome sequencing, but
425  there is precedent suggesting that Histoplasma contains additional differentiated

426 lineages. Initial surveys using multilocus-sequence typing reported the existence of over
427 adozen lineages that might fulfill the criteria for phylogenetic species. Sequencing of
428 samples from other locations has revealed additional clades that fulfill the requirements
429  to be considered monophyletic species (Rio de Janeiro in Brazil: (Almeida-Silva et al.
430 2021; India: Jofre et al. 2022). Genomic studies that quantified the different trajectories
431  along the genome in a worldwide sample are sorely needed. Multiple studies have

432 reported inter-isolate differences in the Histoplasma genus, but a systematic survey that
433 includes not only reference isolates, but also a variety of other strains is needed. For
434  example, the reference isolate of H. ohiense (G217B) is more virulent than its

435 counterpart in H. mississippiense (WU24) in mouse inoculations (Sepulveda et al.

436  2014). Similarly, a clinical isolate of H. mississippiense is more resistant to fluconazole
437  than the reference isolate of H. ohiense (Goughenour et al. 2015; Goughenour and

438 Rappleye 2017), highlighting the importance of considering which species is responsible
439 for causing disease in a patient when deciding on the course of treatment. Finally, the
440 reference strain of H. capsulatum (G186A) induces a higher infiltration of monocytic

441  cells in the lungs of mice inoculated with a low dose (102 yeast) than the representative
442 isolates of H. mississippiense and H. ohiense (Sepulveda et al. 2014); Jones et al.

443  2021). All these surveys suffer from the same shortcoming, which is that differences
444  between isolates might not be representative of the differences among species.

445 Nonetheless, they are powerful starting points to propel surveys that quantify the extent
446  of inter- and intraspecies variation.

447 The case of Histoplasma will require a more systematic exploration than that of
448  Coccidioides or Paracoccidioides because the number of lineages in Histoplasma

449  appears to be much higher than in either of those other fungal pathogens. There is

450 already indication that other unnamed Histoplasma lineages show important phenotypic
451  differences. For example, a phylogenetic species restricted to Rio de Janeiro, Brazil
452  seems to have a higher likelihood of causing hemorrhages than other genotypes
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453  (Almeida-Silva et al. 2021). It is imperative as we define species boundaries that we
454  also make a systematic effort to find phenotypic traits to aid species identification, as
455 they can become useful tools in the clinical setting and could have an impact on the
456  type of antifungal therapy used to treat infections. Our work demonstrates that

457  morphological differences among Histoplasma species do exist and provides a blueprint
458  for future surveys.
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654 FIGURE LEGENDS

655

656

657 FIGURE 1. Colony morphology in Histoplasma species. Fungal strains were grown
658 on agarose-solidified HMM plates. Smooth morphology occurs in the absence of a-
659 (1,3)-glucan in the cell walls. Histoplasma ohiense is the only species that shows a
660 smooth colony morphology due to the lack of a-(1,3)-glucan.

661
H. capsulatum H. ohiense H. mississippiense
H. suramericanum Africa lineage
662

663


https://doi.org/10.1101/2024.01.08.574719
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.08.574719; this version posted January 11, 2024. The copyright holder for this preprint
(which 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
available under aCC-BY 4.0 International license.

664 FIGURE 2. Demonstration of extracellular proteolytic activity in Histoplasma

665 isolates. Fungal strains were grown on agarose-solidified HMM supplemented with

666  1.5% skim milk. Secreted proteolytic activity is visible as transparent clearance halos
667 around fungal colonies was assessed after 10 days of growth at 37°C in 5% COa. The
668 presence of extracellular proteases was observed only in H. mississippiense strains (A).
669 The size of the halo varied within H. mississippiense (B). The other four species of

670  Histoplasma included in this report showed no proteolytic activity (i.e., no halo; C and
671 D).

B. Halo size
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674 FIGURE 3. Four-parameter logistic models for the rate of growth of five

675 Histoplasma species. All experiments were done in HMM broth media at 37°C with 5%
676  CO2. Growth was measured by recording the optical density (OD600) of liquid cultures
677  at different time points (0, 24, 48, 72, 120, 144, 168, and 192). A. Histoplasma
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678 capsulatum. B. African lineage C. Histoplasma mississippiense D. Histoplasma ohiense
679 E. H. suramericanum. Semitransparent lines show 1,000 bootstrapped model fits.
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681

682 FIGURE 4. Intercept and asymptote distributions of bootstrapped regressions. A.
683 Intercept (ain Equation 1). B. Asymptote (d in Equation 1). Each boxplot shows 1,000

684  values of bootstrapped non-linear regressions (shown as semitransparent lines in
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685  Figure 3). capsu: H. capsulatum ss, H. missi: H. mississippiense, H. ohien: H. ohiense,

686  H. suram: H. suramericanum.

A. Logistic regression intercept

Y

OD intercept (a)

1 |
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B. Logistic regression asymptote
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TABLE 1. Histoplasma Isolates used in this study.
Isolate | Phylogeneti Phylogenetic Origin Year Other
C species species sensu collected | Designations
sensu Sepulveda et al.
Kasuga et al. (2017)
(2003)
G186A H81 lineage H. capsulatum Panama 1967 or ATCC 26029
before CBS145494
1967 or ATCC 26027
G184A H81 lineage H. capsulatum Panama before
G217B NAm 2 H. ohiense Louisiana/US 1973 or ATCC 26032
A before CBS145495
Cl_17 NAm 2 H. ohiense Missouri/lUSA | Unknown | CBS145496
Wu24 NAmM 1 H. mississippiense | Missouri/lUSA 2004 CBS145497
Cl_19 NAmM 1 H. mississippiense | Missouri/lUSA 2003 CBS145498
3 11G N/A H. suramericanum Guatemala 2011 CBS145499
21 14 N/A H. suramericanum Guatemala 2014 N/A
27 14 N/A H. suramericanum Guatemala 2014 N/A
H. H.capsulatum var. N/A
duboisii Africa duboisii ? Unknown
H88 Africa N/A Belgium, 1975 or ATCC 32281
probably from before Rv26821
a former
Belgian colony
H143 Africa N/A South Africa 1954 CBS 287.54
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TABLE 2. Pairwise comparisons between two of the parameters of the logistic

regression, a and d. a corresponds to the intercept, d corresponds to the asymptote.

The lower triangular matrix shows the W from the Wilcoxon test. Upper triangular

matrix shows the p-value. Each parameter estimate is estimated from the non-linear

regression; the standard error (SE) was calculated from the distribution of the 1,000

bootstrap samplings shown in Figure 3. capsu: H. capsulatum ss; Africa: African

lineage; miss: H. missisippiense; ohien: H. ohiense; suram: H. suramericanum.

Paramete
r SE Species
(bootstrap

Species |[Estimate |) capsu africa missi ohien sura
9.224x10"
5

capsu 9.312x104 ¥ 5.338x 10 |5.68x 10-19]<1 x 1010 [<1 x 1010

4.775x 10

2.906x10"

Africa 3 6.539x10% 454,346  |* 3 <1 x 1070 |<1 x 1010
5.708 x10-

a missi 2 1.903x10% (419,071  |462,616 * 3.57x 107|<1 x 1010

-1.128x10

ohien 2 2.272x10° 296,769 (370,934 433,831 | <1 x 10710
5.461x10"

suram 2 1.294x104 (130,447 [216,910 292,041 [296,485 [

capsu 2138 9.654x104 [* <1 x 1010 [<1x 1070 [«1 x 10710 |<1 x 1010

africa 1.871 8.610x10+|998,001 |* <1 x 1010 [<1 x 1010 |<1 x 1010

d missi 1.879 2.318x102 (998,001  [997,996 * <1 x 1070 |<1 x 1010
ohien 2 261 2.390x102 (993,006 [296,455 2 * <1 x 10710
suram 1.541 1.427x10% (998,001 [998,001 996,801 [998,001 [
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702  TABLE 3. Tukey HSD pairwise comparisons show that H. ohiense has a smaller yeast cell
703 size than other species of Histoplasma. sd: Standard deviation. capsu: H. capsulatum ss;
704  Africa: African lineage; miss: H. mississippiense; ohien: H. ohiense; suram: H.

705  suramericanum.

Species
Species Mean sd capsu africa missi ohien suram
(Hm?)

capsu 6.819 1.591 * * * * *

africa 6.511 1.473 0.949 * * * *

missi 7.256 1.568 0.837 0.335 * * *
ohiens 5.106 1.130 2.413x10- | 1.768x10- [ 3.00x107 * *

4 3
suram 6.080 1.362 0.405 0.814 0.030 0.065 *

706

707  TABLE 4. Phenotypic differences among five different species of Histoplasma. Species
708  diagnostic traits are underlined.

Trait
Species Yeast colony Proteolytic Yeast cell OD after
morphology activity size 196 hours
H. ohiense Smooth No Small (5.106 |[>2.0
pum?2+ 1.130)
H. missisippiense | Rough Yes Large, ~ <20
7.256 um?
H. suramericanum | Rough No Large, ~ <20
6.080 um?
H. capsulatum ss | Rough No Large, ~ >2.0
6.819 um?2
Africa Rough No Large, ~ <2.0
6.511 pm?
709
710

711
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712  SUPPLEMENTARY MATERIAL

713

714  TABLE S1. AIC values for the best fitting dose-response and linear functions for the
715 growth curve of each Histoplasma species.

716
AIC
Species Linear Dose-response
H. suramericanum -5.038041 [-20.2201
H. ohiense 16.69309 |-8.40372
H. mississippiense 9.61138 -8.56707
H. capsulatum ss 13.66652  |-41.2338
Africa 1.258701  |[-71.5962
717

718  TABLE S2. Effect of different optimization values for the dose-response
719  functions.

720
721
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Species Starting Parameters AIC Inferred Parameters

a=0.97, b=10, c=100,
H. suramericanum d=1.8 -20.22012 |a 0.05461

b 10.00000

€99.70641

d 1.54093

a=0.97, b=10, c=10,
H. suramericanum ad=1.8 38.83496 |a 0.4198

b 10.0000

¢ 160.0000

d 2.0000

H. suramericanum a=0.97, b=12, ¢=20, d=2 |-20.22012 |a 0.05460

b 10.00000

€99.70616

d 1.54093

H. ohiense a=0.97, b=10, ¢=30, d=2 (-8.403715 [a-0.01128

b 5.13518

€76.21559

d 2.26046

H. ohiense a=0, b=50, c=80, ad=1 -8.403715 |a-0.01128

b 5.13521

€76.21554

d 2.26045

H. ohiense a=0.5, b=50, c=180, d=1 [-8.403715 [a-0.01128
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b 5.13516

€76.21556

d 2.26046

H. mississippiense a=.97, b=10, ¢=30, d=6 |-8.567065 |a 0.00401

b 5.58656

¢ 110.24761

d 2.08720

H. mississippiense a=.07, b=10, c=130, d=6 |-8.567065 [a 0.00401

b 5.58656

¢ 110.24761

d 2.08720

H. mississippiense a=1, b=50, c=130, d=2 -8.567065 |a 0.00401

b 5.58656

c110.24761

d 2.08720

H. capsulatum ss a=0, b=1, ¢=50, d=2 -41.2338 |a9.231e-05

b5.150

¢ 7.449e+01

d2.138e+00

H. capsulatum ss a=0, b=10, c=100, d=2 -30.06304 |a 0.11000

b 5.76204

€76.18363

d 2.11889
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H. capsulatum ss a=0, b=10, c=150, d=2 -13.03278 |a-0.06824

b 3.02782

€ 81.79755

d 2.50000

Africa a=6, b=4, c=30, d=3 -33.68027 |[a 6.738e-03

b 3.384e+00

¢ 1.000e+02

d2.207e+00

Africa a=1, b=4, ¢=30, d=3 -71.59624 |a 0.002906

b 5.196654

€ 86.218632

d 1.870503

Africa a=1, b=40, c=30, d=3 -4.478411 |a -0.1266

b 1.5113

€200.0000

d 4.4355
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