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RESUMEN

Histoplasma capsulatum es un complejo de especies cripticas formado por
ascomicetos dimorficos que en su fase levaduriforme (parasitaria-virulenta) son
patdbgenos de mamireros, incluyendo al humano, y causa la micosis sistémica
denominada histoplasmosis. Como muchos hongos microscopicos, H. capsulatum
presenta pocos caracteres morfolégicos que sean Uutiles para su estudio
taxonémico, por lo cual las técnicas de biologia molecular han resultado de gran
importancia para la identificacion de la diversidad genética que presenta este hongo.
En el presente estudio, se utilizaron seis fragmentos génicos en diferentes analisis
multilocus (MLS) de reconstruccion filogenética en forma independiente vy
concatenada, con la finalidad de aportar nuevos datos a la filogenia de H.
capsulatum. Se manejaron las secuencias de los fragmentos génicos arf, H-anti,
olel, tubl, microsatélite (GA)n y la region ITS1-5.8S-ITS2 de 119 aislados de H.
capsulatum, de éstos, las secuenciencias de 65 aislados fueron obtenidas durante
el desarrollo de la tesis y las secuencias de los 54 aislados restantes procedieron
de tres bases de datos. Se lograron nuevos hallazgos filogenéticos que apoyan la
gran diversidad de H. capsulatum, destacando la nueva especie filogenética (NAmM
3) integrada por 16 aislados de H. capsulatum obtenidos de murciélagos infectados
(15 de Tadarida brasiliensis y uno de Mormoops megalophylla) todos capturados al
azar en diferentes regiones de México. Esta especie filogenética esta sustentada
por los métodos de MLS, coalescencia, diversidad nucleotidica y redes CSTs (del
inglés Concatenated Sequence-Types). Interesantemente, un aislado adicional (EH-
696P) de T. brasiliensis se agrup6 con un linaje de Brasil (H153), previamente
reportado. Los resultados obtenidos, confirman la filogeografia del complejo H.
capsulatum, y asimismo, sugieren la existencia de una posible relacion huésped-
especifica, como se ha detectado en la especie filogenética NAm 3 asociada hasta

la fecha s6lo a murciélagos infectados, particularmente de la especie T. brasiliensis.

Palabras clave: Histoplasma capsulatum; reconstruccién filogenética;

coalescencia; diversidad nucleotidica; nuevo clado.



ABSTRACT

Histoplasma capsulatum is a cryptic species complex formed by dimorphic
ascomycetes that in their yeast-like form (parasitic-virulent), are pathogenic to
mammals, including humans, and causes a systemic mycosis, hystoplasmosis. As
many microscopic fungi, H. capsulatum has few morphological characteristics useful
for its taxonomic study; as a result, therefore, molecular biology techniques have
become relevant for the taxonomic identification of the fungus based on its genetic
diversity. In the present study, we used six gene fragments in different multilocus
sequence typing analyses (MLST) aimed at providing new data on the phylogeny of
H. capsulatum. We used the sequences of gene fragments arf, H-anti, olel, tubl,
microsatellite (GA)n, and region ITS1-5.8S-ITS2 of 119 H. capsulatum isolates; of
these, the sequences of 65 isolates were obtained during the development of this
dissertation, and those of the remnaining 54 isolates were from three databases.
New phylogenetic findings were identified that support the large diversity of H.
capsulatum, highlighting the new phylogenetic species (NAm 3) composed of 16
isolates of H. capsulatum obtained from infected bats (15 from Tadarida brasiliensis
and one isolate from Mormoops megalophylla) all randomly captured in different
regions of Mexico. The phylogenetic species NAm 3 is supported by different genetic
analyses performed with the processed markers: MLS, coalescence, nucleotide
diversity and Concatenated Sequence-Types (CST) networks. Interestingly, another
isolate (EH-696P) obtained from T. brasiliensis was grouped with a previously
reported lineage from Brazil (H153). These findings confirm the phylogeography of
the H. capsulatum complex, and suggest the existence of a possible host-specific
relation, as detected in the phylogenetic species NAm 3, preferentially associated,

up to now, only with infected T. brasiliensis bats.

Key words: Histoplasma capsulatum; phylogenetic reconstruction; coalescence;

nucleotide diversity; new clade.



INTRODUCCION

El complejo de especies cripticas Histoplasma capsulatum esta conformado por
hongos dimérficos que presentan una fase micelial (M) infectiva y una fase
levaduriforme (L) parasitaria-virulenta. La fase M es saprobio-geofilica y se
desarrolla en suelos enriquecidos con guano de murciélagos y aves que contiene
altas concentraciones de nutrientes, principalmente nitrégeno y fosforo ademas de
otros oligoelementos y que representan los factores bidticos necesarios para el
crecimiento del hongo. Asimismo, los factores abioticos que este hongo requiere
para su crecimiento son poca luz que favorece la esporulacién, temperaturas
Optimas de ambiente y de suelo en el rango 25-30 °C y humedad relativa > 60%
(Taylor et al. 1999a; 1999b; 1999c; 2000b; Tewari et al. 1998). En el laboratorio, H.
capsulatum presenta crecimiento lento en medios de cultivo y desarrolla colonias
albinas (A) o pigmentadas (B, del inglés “brown”) (Kwon-Chung y Bennett 1992;
Tewari et al. 1998), cuyo color varia de pardo claro a oscuro por la presencia de
melanina en las paredes de hifas y conidios (Nosanchuck et al. 2002). Comunmente,
se registran colonias B que conforme se resiembran en medios de cultivo cambian
a A (Taylor et al. 1999c¢) y, ocasionalmente, presentan un pigmento rojo difusible en
el medio que no esta asociado a las estructuras celulares del hongo y que aun no
ha sido caracterizado (Morris et al. 1986). Microscépicamente, las hifas miden de
1.2-1.5 pm de diametro y forman microconidios y macroconidios. Los microconidios
son redondos, piriformes o claviformes de 1-4 x 2-6 um, sésiles o unidos a
conidiéforos. Los macroconidios tipicos de la especie son redondos o clavados con
paredes gruesas, miden de 8-14 um de diametro y presentan aspecto tuberculado
con proyecciones digitiformes (Tewari et al. 1998). Sin embargo, algunas veces se
observan macroconidios atipicos sin proyecciones. Por lo general, los
macroconidios se encuentran adheridos a las hifas a través de conidioforos cortos
gue suelen formar angulos de aproximadamente 90°.

En México, H. capsulatum se encuentra en lugares especiales que pueden
ser definidos como sitios de alto riesgo de infeccion y que se asocian a la forma

epidémica de la enfermedad, en particular, ambientes cerrados como cavernas,



cuevas, minas, bocaminas, tuneles, puentes, criptas de iglesias y edificios
abandonados, donde se acumulan diferentes tipos de guano de murciélagos.
Histoplasma también se encuentra disperso en los denominados sitios de bajo
riesgo de infeccion asociados a la forma endémica de la enfermedad, en general,
ambientes abiertos como patios caseros, bajo el follaje de los arboles en parquesy
paseos publicos donde se acumula guano de aves y murciélagos (Taylor et al.
2000b).

La fase (L) de H. capsulatum es preferencialmente intracelular. Las levaduras
se desarrollan dentro de macrofagos, polimorfonucleares, células dendriticas,
células epiteliales y endoteliales de huéspedes susceptibles, asi como a 37 °C tanto
en medios de cultivo complejos o sintéticos adicionados con suplementos,
especialmente glucosa y cisteina. Las colonias tienen aspecto cremoso con color
variable del beige claro a oscuro, pueden ser adherentes o no al medio y presentan
superficie rugosa (colonias R) o lisa (colonias S), esta ultima asociada a células
avirulentas sin a-(1,3)-glucana en la pared celular (Eissenberg et al. 1996). La
micromorfologia de las levaduras esta representada por células ovaladas que varian
de 1.3-2 x 2-6 um de diametro, uninucleadas y unigemantes con brotes de base
estrecha (Tewari et al. 1998). Las levaduras también presentan melanina asociada
a la pared celular (Nosanchuck et al. 2002).

Histoplasma capsulatum, es un hongo anamorfo heterotalico que tiene dos
tipos haploides de compatibilidad sexual denominados (a/+) y (a/-), representados
en el locus MAT1 por los idiomorfos MAT1-1 y MAT1-2 respectivamente (Rodriguez-
Arellanes et al. 2013). ElI teleomorfo Ajellomyces capsulatus (=Emmonsiella
capsulata Kwon-Chung, 1972), resultante del apareamiento de estos haplotipos,
presenta cuerpos fructiferos cerrados denominados cleistotecios que contienen
ascas subesféricas evanescentes, donde se forman ascosporas de 1.2-1.5 um de

diametro (Kwon-Chung y Bennett 1992).



Sistematica de Histoplasma capsulatum

La sistematica de H. capsulatum ha sido poco clara, y por tal motivo existen
diferentes clasificaciones para este hongo, la primera clasificacion bioldgica
consideraba al género Histoplasma con una sola especie, H. capsulatum, y tres
variedades taxonomicas: H. capsulatum var. capsulatum Darling, 1906; H.
capsulatum var. duboisii (Vanbreuseghem, 1957) Ciferri, 1960; y H. capsulatum var.
farciminosum (Rivolta, 1873) Weeks, Padhye, et Ajello, 1985, identificadas por
micromorfologia, distribucién geografica, asociacion con el huésped y formas
clinicas de la enfermedad que producen, la cual es actualmente obsoleta. Con el
advenimiento de las técnicas moleculares surgieron otras propuestas de
clasificaciones con base en marcadores moleculares para la genotipificacion del
hongo, destacando la de Vincent et al. (1986) que agrupa cepas clinicas en tres
clases de acuerdo con patrones de RFLP (Restriction Fragment Length
Polymorphism) e hibridacién con sondas de DNA mitocondrial y ribosomal (mtDNA
y rDNA, respectivamente), posteriormente esta clasificacion fue ampliada a 6 clases
por otros autores, como Spitzer et al. (1989; 1990) y Keath et al. (1992).

En la base de datos Mycobank (www.mycobank.org), el género Histoplasma

esta conformado por las especies descritas en la siguiente clasificacion.

Clasificacion de Histoplasma reportada en MycoBank

Reino Fungi
Phylum Ascomycota
Subphylum Ascomycotina
Clase Eurotiomycetes
Orden Onygenales
Familia Ajellomycetaceae
Género Histoplasma
Especies Histoplasma capsulatum sensu stricto
H. duboisii
H. mississippiense*
H. ohiense*
H. suramericanum*



http://www.mycobank.org/

* Especies propuestas por Sepulveda et al. (2017), aunque no han sido validadas a

la fecha por MycoBank.

Por otro lado, en la base de datos Index Fungorum (www.indexfungorum.orq)

el género Histoplasma comprende solo dos especies y enlista todas las sinonimias

para el género, como se describe a continuacion.

Clasificacion de Histoplasma reportada en Index Fungorum

Reino Fungi

Phylum Ascomycota

Subphylum Ascomycotina

Clase Eurotiomycetes

Orden Onygenales

Familia Ajellomycetaceae

Género Histoplasma

Especies Histoplasma capsulatum
H. duboisii

Sinonimias de H. capsulatum Darling, Journal of the American Medical Association
46: 1285 (1906):

Cryptococcus capsulatus (Darling) Castell. & Chalm., Manual of Tropical Medicine
(London): 1076 (1919)

Turolopsis capsulata (Darling) F.P. Almeida, Annais Fac. Med. S&o Paulo 9: 76
(1933)

Posadasia capsulata (Darling) M. Moore, Ann. Mo. Bot. Gdn 21: 348 (1934)
Cryptococcus farciminosus Rivolta en Torino & Speirani, Dei parassiti vegetali: 246-
252, 525-525 (1873)

Saccharomyces farciminosus (Rivolta) Vuill., Rev. Gen. Sci. Pures Appl. 12: 732-

751 (1901)

Endomyces farciminosus (Rivolta) Negre & Bouquet, Bull. Soc. Path. Exot. 10: 274
(2917)

Parendomyces farciminosus (Rivolta) Mello & L. G. Fern., Arg. Hig. Pat. Exot. 6: 29
(1918)

Grubyella farciminosa (Rivolta) M. Ota, Annls Parasit. Hum. Comp. 3: 78 (1952)
Coccidioides farciminosa (Rivolta) Vuill., Encyclop. Mycol. 2: 140 (1931)
Turolopsis farciminosa (Darling) F.P. Almeida, Annais Fac. Med. Sédo Paulo 9: 76
(1933)
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Histoplasma farciminosum (Rivolta) Redaelli & Cif., Boll. Sez. Ital. Soc. Int. Microbiol.
6: 378 (1934)

Zymonema farciminosum (Rivolta) C.W. Dodge, Medical Mycology. Fungous
Deseases of Men and Other Mammals 169 (1935)

Histoplasma capsulatum var. farciminosum (Rivolta) R.J. Weeks, A.A. Padhye &
Ajello, Mycologia 77 (6): 969 (1986)

Saccharomyces equi Marcone, Atti R. Ist. Incoragg. Napoli 8-6: 1-19 (1895)
Histoplasma capsulatum var. capsulatum Darling, Journal of the American Medical
Association 46: 1285 (1906)

Cryptococcus tokishigei Vuill. Ex Guég., Les Champignons parasites de 'homme et
des animaux domestiques : 108 (1907)

Parendomyces tokishigei (Vuill. Ex Guég.) Mello, Arg. Hig. Pat. Exot. 6: 295 (1918)

Sinonimias de H. duboisii Vanbreus., Ann. Soc. Bel. Méd. Trop. 32: 578 (1952):
Histoplasma capsulatum var. duboisii (Vanbreus.) Cif., J. Amer. Med. Assoc. 2: 342
(1960)

Uno de los principales debates que existen en la Biologia moderna es la
definicion de “especie”. En la actualidad existe una gran plasticidad en el concepto
de especie, ya que éste se modifica y se incrementa a la luz de los avances en el
conocimiento de los procesos evolutivos de diferentes organismos (Ereshefsky
2010). Los cambios conceptuales se han dado con base en el empleo de unidades
taxonomicas operativas que han buscado entender como se llevan a cabo procesos
biologicos de interés humano. Los hongos, por ejemplo, son seres vivos cuyas
relaciones evolutivas aun resultan poco conocidas, a pesar de ser un grupo con alta
diversidad biolégica y que desempefia funciones de gran importancia en los
diferentes aspectos de su ecologia (Sanchez-Garcia 2010).

Entre las principales razones por las que existe poca informacion sobre los
procesos evolutivos en hongos, destacan las siguientes: 1) los caracteres macro- y
microscopicos de algunas especies no son suficientemente robustos para apoyar la
identificacion de especies estrechamente relacionadas, sea porque no son
suficientemente informativos o bien presentan demasiada variabilidad
intraespecifica; 2) la existencia de estadios morfologicos distintos (sexual y asexual)

con nombres diferentes dentro de la misma especie; 3) la inadecuada clasificacién



de algunos hongos, a los que no se les ha identificado su fase sexual, en las
divisiones que conforman el Reino Fungi (Fungi Imperfecti); 4) la dificultad de
determinar la posicion taxonémica de hongos que no se pueden cultivar en
laboratorio (Freallé et al. 2005); y 5) la polémica sobre el concepto de especie que
sitle correctamente a los hongos (Gazis et al. 2011).

Delimitacion de especies de H. capsulatum por métodos de reconstruccion
filogenética.

El reconocimiento de especies en Micologia, se hace por lo general utilizando los
conceptos y/o criterios de especie bioldgicos y morfoldgicos, de acuerdo con lo
sefalado por Taylor et al. (2000a), siendo que la mayoria de las especies descritas
se han identificado con base en caracteres fenotipicos como, tipos de esporas y de
micelio, estructuras de reproduccion sexual y asexual, crecimiento a diferentes
temperaturas, produccion de metabolitos secundarios, presencia de pigmentos, etc.
Sin embargo, hay hongos, entre los que destacan patdgenos de plantas y animales
(incluyendo al humano), que no cuentan con caracteres morfolégicos bien
diferenciables o bien presentan una alta variacion intraespecifica, lo que genera una
clasificacion compleja, controversial e incompleta (Freallé et al. 2005; Gazis et al.
2011).

Una herramienta Gtil para apoyar los estudios taxondmicos y evolutivos de
los hongos en general ha sido el uso de datos moleculares los cuales deben ser
corroborados por la comparacion de datos obtenidos con diferentes marcadores. En
el caso de los hongos, los marcadores génicos mas utilizados para inferir relaciones
filogenéticas son los genes ribosomales 18S, 5.8S, 28S y las regiones internas
espaciadoras (del inglés, Internal Transcribed Spacers-ITS); el factor de elongacion
(EF1a); las subunidades de la RNA polimerasa Il (RPB1 y RPB2); los genes que
codifican para B-tubulina; ademas de la subunidad 6 de la ATPasa mitocondrial
(ATP®6) (Hibbet et al. 2007; James et al. 2006; Sanchez-Garcia 2010). Ademas de

los marcadores anteriores, en hongos patégenos de humanos, se han utilizado otros



fragmentos génicos (Denis et al. 2000; Fréalle et al. 2005; 2007; Kasuga et al. 1999;
2003; Taylor et al. 2005; 2012).

En la actualidad, los datos moleculares han contribuido al conocimiento de
procesos genéticos evolutivos, especiaciones, y a la distribucién geografica de
ejemplares fungicos en general (De Luna et al. 2005), asi como han logrado
identificar especies de hongos patdgenos, entre los que destacan Aspergillus flavus,
Cryptococcus neoformans e H. capsulatum, y que permanecieron como cripticas
con base en conceptos morfologicos o bioldgicos y que se desvelaron a través de
los conceptos de especie filogenética, genealdgica o especie filogenética por
concordancia de genes, cuyas hipotesis se han enriquecido en el transcurso de las
tltimas dos décadas y que circunscriben a las especies con base en la variacién de
sus acidos nucléicos (Freallé et al. 2005; Gazis et al. 2011; Kasuga et al. 1999;
2003; Taylor et al. 2000a; Taylor y Fisher 2003).

Los analisis moleculares han sido fundamentales para el conocimiento de las
relaciones filogenéticas del complejo H. capsulatum. Entre los que han aportado
mayor informacién a la clasificacion de hongos patdgenos, se encuentra el analisis
multilocus de secuencias o “Multi-Locus Sequence (MLS)”, el cual emplea
secuencias de diversos genes con suficiente polimorfismo para diferenciar aislados
de la misma especie y es una excelente herramienta molecular para caracterizar la
diversidad genética de microorganismos que son considerados complejos de
especies cripticas, como es el caso de H. capsulatum (Taylor y Fisher 2003). Asi,
hasta el momento, se han realizado analisis MLS, empleando diversos métodos,
tales como UPGMA, neighbor-joining, maxima parsimonia, maxima verosimilitud,
inferencia bayesiana, ya sea empleando las secuencias parciales de algunos genes
(Balajee et al. 2012; Galo et al. 2013; Kasuga et al. 1999; 2003; Rodrigues et al.
2020; Taylor et al. 2005; Teixeira et al. 2016; Vite-Garin et al. 2014, Vite-Garin et al.
2021), o incluso analisis concordancia bayesiana con genomas completos, por
ejemplo, el trabajo de Sepulveda et al. (2017), quienes, basados en el estudio del
genoma completo de 30 aislados provenientes de cuatro areas donde la
histoplasmosis es endémica, proponen al menos cuatro especies taxondmicas:

Histoplasma capsulatum sensu stricto Darling 1906, Histoplasma mississippiense



Sp. nov., Histoplasma ohiense sp. nov. e Histoplasma suramericanum sp. nov. las
cuales son genéticamente distintas entre si y normalmente no se entrecruzan. Sin
embargo, esta propuesta desconsidera la existencia de clados filogeograficos como
el Australiano y el Holandés previamente descritos por Kasuga et al. (2003), quienes
sentaron las bases de la filogenia actual de H. capsulatum.

El estudio filogeografico de Kasuga et al. (2003) incluyé 137 aislados del
hongo procedentes de 25 paises, siendo la mayoria de ellos de origen clinico. Se
analizaron utilizando las secuencias parciales de cuatro genes: factor de ribosilacion
del ADP (arf), precursor del antigeno H (H-anti), desaturasa delta-9 de acido graso
(olel) y a-tubulina (tubl). Como resultado, se propuso una clasificacion filogenética
de la especie, que incluyo los ocho clados (poblaciones genéticas), Norte América
clase 1 (NAm 1); Norte América clase 2 (NAm 2); Latinoamérica grupo A (LAm A);
Latinoamérica grupo B (LAm B); Australia; Holanda; Africa y Eurasia, todos con
excepcion de este ultimo, son considerados especies filogenéticas. Posteriormente,
se realizaron andlisis utilizando los mismos genes con aislados de distinto origen
ylo procedencia, particularmente los de Taylor et al. (2005), quienes sugieren la
existencia de un nuevo clado como resultado del estudio de 14 aislados del hongo
obtenidos de murciélagos naturalmente infectados capturados en México y con
distintos habitos migratorios (Artibeus hirsutus- no migradores y Leptonycteris
nivalis, L. curasoae, Tadarida brasiliensis-migradores), y Teixeira et al. (2016),
qguienes, por medio de un andlisis in silico de 234 aislados, reportaron 11 especies
filogenéticas, entre las que se conservaron Australia, Holanda, Africa, NAm 1y NAm
2 y se incrementaron seis nuevas especies cripticas, RJ, BAC1, LAmMAly LAm A2
(originadas de LAmM A), ademas de LAm B1y LAm B2 (originadas de LAm B). Debido
a lo anterior e incluyendo ademas las aportaciones hechas a la filogenia del hongo
por otros autores como Rodrigues et al. (2020) quienes proponen las especies
filogenéticas LAm C, LAm D y LAm E, Taylor et al. (2022) sefialan que se pueden
considerar alrededor de 14 especies filogenéticas y cuatro linajes independientes
distribuidas en el mundo, siendo 11 de ellas procedentes de las Américas vy
particularizando 9 en Latinoamérica. Almeida-Silva et al. (2021) analizaron datos

filogendmicos segun Sepulveda et al. (2017) ademas de la estructura de poblacion
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de aislados clinicos y ambientales de Brasil, clasificados previamente como LAm A,

identificando por lo menos dos poblaciones de H. suramericanum.

Delimitacién de especies de H. capsulatum con base en el estudio de

estructura de poblaciones.

Distintas estructuras de poblaciones (clonales y recombinantes) de H. capsulatum
han sido referidas (Carter et al. 1996; 1997; 2001; Kasuga et al. 1999; Taylor et al.
1999b). El andlisis de poblaciones genéticas de H. capsulatum con marcadores
bialélicos y, en particular, los multialélicos (microsatélites) que se caracterizan por
tener motivos repetitivos hipervariables y ser altamente polimorficos, fue utilizado
para distinguir aislados individuales e identificar poblaciones fungicas de Estados
Unidos de América y de otras procedencias geograficas (Carter et al. 1997; 2001;
Taylor et al. 2012). Con base en el andlisis de los marcadores microsatélites (GA)n,
(GT)ny GT(A)n, Carter et al. (1997; 2001) observaron diferencias en la estructura
de poblacion de H. capsulatum en un gran nimero de aislados de Estados Unidos
de América y en escasos aislados de Colombia, sugiriendo los autores la separacion
de ambas poblaciones del hongo en distintas especies de acuerdo con el concepto
de especie filogenética.

A partir de nuevos datos obtenidos con los cuatro marcadores antes referidos
(arf, H-anti, olel y tubl) (Taylor et al. 2005) y de resultados recientes de Taylor et
al. (2012) con el microsatélite (GA)n, el cual esta ubicado en el gen HSP60 que
codifica una proteina de choque térmico, se analizaron aislados de H. capsulatum
recuperados de murciélagos con habitat cavernicola y los resultados resaltan la
separaciéon de un grupo de aislados obtenidos del murciélago migratorio T.
brasiliensis constituyéndose en una nuevo clado y/o nueva especie filogenética
(Taylor et al. 2005; 2012; Vite-Garin 2011; 2014; 2016).

Recientemente, Sahaza et al. (2019), a través del andlisis estadistico de
valores de indices de asociacion de aislados clinicos de humanos de H. capsulatum,

reportaron la existencia de una estructura poblacional clonal en Argentina y
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confirmaron una estructura poblacional recombinante para aislados de Colombia y

México.

Delimitaciéon de especies de H. capsulatum por métodos de coalescencia

Los analisis MLS han sido ampliamente utilizados para la delimitacién de especies
en estudios realizados con diversos tipos de organismos, incluyendo animales,
plantas y hongos macro y microscépicos. Sin embargo, se han detectado algunas
desventajas con el uso de éste tipo de analisis, entre ellas, y quiza una de las mas
importantes, es que en ocasiones se pueden obtener arboles con topologias que
presentan altos valores de soporte pero que son incorrectas, pues los analisis MLS
por métodos de reconstruccion filogenética pueden ser sensibles a diversos factores
por ejemplo los parametros seleccionados, el uso de genes paralogos como
marcadores, 0 genes que estan involucrados en eventos tales como hibridacion,
transferencia horizontal, introgresion, sorteo incompleto de linajes y coalescencia
profunda (Carstens y Dewey 2010; Fujita et al. 2012; Heled y Drummond 2010; Liu
et al. 2009; Maddison 1998).

Para resolver este problema se han propuesto diversos métodos basados en
la teoria de la coalescencia (Degnan y Rosenberg 2009; Liu et al. 2009), la cual es
un modelo matematico retrospectivo que se basa en la genealogia de genes, y que
permite describir como se unen los linajes hacia atras en el tiempo hasta encontrar
el ancestro comun mas reciente (Degnan y Salter 2005). Actualmente, se han
propuesto diversos métodos basados en la teoria de la coalescencia que, ademas
del reconocimiento de las relaciones filogenéticas entre especies, permite identificar
linajes evolutivos independientes, y que no caen bajo ningun tipo de concepto de
especie.

En el caso de hongos microscopicos, este tipo de métodos se ha utilizado
como herramienta para delimitar especies y establecer relaciones filogenéticas
entre los géneros Penicillium, Debaryomyces y Alternaria, entre otros. Con respecto
a H. capsulatum la aplicacion de métodos de coalescencia para delimitar especies

es novedosa Yy, de acuerdo con Vite-Garin et al. (2016) los resultados muestran
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diferencias importantes en las relaciones filogenéticas entre clados y/o especies
filogenéticas, cuando se comparan los arboles de especie con las genealogias
multilocus, lo cual, de acuerdo con los autores, puede deberse a procesos de
recombinacién, que ya han sido reportados con anterioridad para el complejo H.
capsulatum (Kasuga et al. 1999).

La delimitacion de especies de hongos de importancia médica como H.
capsulatum es necesaria para el conocimiento de su diversidad biolégica, patrones
geogréaficos y respuesta a cambios ambientales, los cuales son factores
indispensables para el conocimiento de la epidemiologia del patégeno (Estrada-
Béarcenas et al. 2014).

Con el proposito de contribuir al estudio de la diversidad genética de H. capsulatum
gue permita aportar mayor informacion a su filogenia, para el presente trabajo se
seleccionaron varios marcadores ya estudiados en H. capsulatum para realizar
analisis multilocus amplio que permita arrojar datos substanciales para distinguir

diferencias genéticas dentro del complejo H. capsulatum.

PLANTEAMIENTO DEL PROBLEMA

Con base en los antecedentes filogenéticos del complejo H. capsulatum, el andlisis
MLS utilizando un mayor numero de loci altamente polimorficos y de aislados de H.
capsulatum permitiria aportar mas informacién a la gran diversidad genética del
hongo, al generar nuevos datos para inferir una filogenia mas robusta y contribuir al
conocimiento evolutivo del patdgeno, asi como apoyar la epidemiologia de la
enfermedad asociada. Los marcadores propuestos para este estudio son: los
fragmentos de los genes arf, H-anti, olel, tubl, el microsatélite (GA)n (HSP-TC), y
la region ITS1-5.8S-ITS2 del rDNA.

HIPOTESIS

El estudio multilocus con marcadores moleculares muy informativos de aislados de

H. capsulatum obtenidos de diferentes huéspedes, fuentes y procedencias
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geogréficas, permitird generar mayor informacion sobre la diversidad genética del
complejo H. capsulatum la cual podra discriminar nuevos grupos genéticos que

contribuiran a una filogenia mas robusta de este patdgeno.

OBJETIVO GENERAL

Contribuir al mayor conocimiento de la diversidad genética y de la filogenia del
complejo H. capsulatum por medio de varios marcadores moleculares altamente
polimérficos, utilizando aislados de diferentes huéspedes, fuentes y procedencias

geogréficas.

OBJETIVOS PARTICULARES

1) Aportar nuevos conocimientos a la diversidad genética de H. capsulatum, a través
de varios analisis mas robustos de los aislados asociados a diferentes ambientes y
procedencias geograficas.

2) Actualizar la informacion de las especies filogenéticas del hongo, asociadas a su
ambiente y distribucién geogréfica.

3) Buscar nuevas especies filogenéticas del hongo.

4) Identificar la estructura de poblacion de los aislados de H. capsulatum estudiados.

METODOLOGIA

Aislados fangicos

Se utilizaron 65 aislados de H. capsulatum (Tabla 1), obtenidos de: murciélagos
naturalmente infectados y capturados al azar en México y Brasil; guano de
murciélagos y de aves procedentes de México y Guatemala; asi como, aislados
clinicos de pacientes con histoplasmosis procedentes de México, Guatemala,
Colombia y Brasil. Ademas, se utilizaron tres cepas del American Type Culture

Collection (ATCC) consideradas como referencia, dos de Estados Unidos de
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América, G-217B (ATCC-26032) y Downs (ATCC-38904) y G-186B (ATCC-26030)
de Panamd. Todos los aislados y cepas del estudio estan depositadas en el Banco
de Cepas de Histoplasma capsulatum del Laboratorio de Inmunologia de Hongos
del Departamento de Microbiologia y Parasitologia, de la Facultad de Medicina,
UNAM (www.histoplas-mex.unam.mx), la cual esta registrada en el “World Data
Centre for Microorganisms” como LIH-UNAM WDCM817.

Procedimientos de bioseguridad

Debido a que H. capsulatum es clasificado como un patégeno de riesgo biolégico
nivel 3, su manejo se realiz6 en una area restringida de la Unidad de Micologia del
Departamento de Microbiologia y Parasitologia de la Facultad de Medicina, UNAM.
Esta area fue adaptada para funcionar bajo condiciones adecuadas de bioseguridad
de tipo BCL2 Plus y cuenta con un gabinete de bioseguridad para patdogenos
fungicos nivel 3. Asimismo, cercano a esta area se adaptaron espacios especificos
para los diferentes procedimientos de Biologia Molecular. El acceso a cualquiera de
los espacios de trabajo de riesgo biologico y molecular esta limitado al personal de
la Unidad de Micologia y bajo un reglamento especifico. Los desechos de todo el
material biolégico y molecular se manejan de acuerdo con lo establecido por la
Comisién de Manejo de Residuos Bioldgicos y Quimicos de la Facultad de Medicina,
UNAM.

Cultivo de micelio de H. capsulatum y extraccion del DNA

Los aislados de H. capsulatum fueron cultivados en medio GYE-liquido (glucosa 2%
y extracto de levadura 1%), entre 26-28 °C con agitacion constante, hasta alcanzar
un buen rendimiento de biomasa micelial. La biomasa se cosechd por filtracion, se
lavo con TE (Tris-HCI 10mM, EDTA 1 mM a pH 8.0), se sec6 con papel filtro estéril
y se almacend a -20 °C. La extraccién del DNA se realiz6 a partirde 5a 7 g de la
biomasa de micelio agregando suficiente amortiguador de lisis (50 mM Tris-HCI a
pH 7.1,50 mM EDTA a pH 8.0, 3% SDS, 1% B-mercaptoetanol). Se trituré el micelio
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con un homogeneizador ULTRA-TURRAX T8 (IKA® Works Wilmington, NC, EUA),
durante tres pulsos de 1 mim cada uno. El homogeneizado se distribuy6 en tubos
Eppendorf (Brinkmann Instruments Inc., Westbury, NY, EUA) de 1.5 mL y se
centrifugd a 14000 rpm a 4 °C-15 min. Se trataron 0.5 mL del sobrenadante con 5
ML de RNasa, se agit6 en vértex y se incubd a 37 °C-2 h. Enseguida, se agregaron
10 uL de proteinasa K (200 ug/mL), se agit6 en voértex y se incub6 a 60 °C-1 h. Se
adicion6 un volumen de fenol-cloroformo-alcohol isoamilico mezclando por
inversion hasta homogeneizar. Se centrifugd a 14000 rpm-15 min, se recupero la
fase acuosa y se repitié el procedimiento anterior. A la fase acuosa recuperada se
le afiadio acetato de sodio 3 M (1/40 v/v) y dos volumenes de etanol absoluto frio,
agitando suavemente para precipitar el DNA. Se centrifugd a 14000 rpm-2 min. Una
vez descartado el sobrenadante, el precipitado se lavo con etanol al 70%, se
centrifugo a 14000 rpm-1 min, se decanto y se dejo evaporar el etanol. Finalmente,
el DNA obtenido se resuspendié en 100 uL de agua Milli-Q, se cuantifico y se

almacend a —20 °C hasta su uso.

Reaccion en cadena de la polimerasa (PCR)

La PCR para cada uno de los marcadores moleculares de H. capsulatum
seleccionados se realizd siguiendo protocolos previamente establecidos y
probados:

Para arf, H-anti, olel y tub1 (Kasuga et al. 2003; modificado por Taylor et al. 2005).
Los oligonucledtidos utilizados para estos genes fueron: arfl (5'-
AGAATATGGGGCAAAAAGGA-3") y arf2 (5-CGCAATTCATCTTCGTTGAG-3’); H-
anti3 (5"-CGCAGTCACCTCCATACTATC-3) y H-anti4 (5°-
GCGCCGACATTAACCC-3"); ole3 (5'-TTTAAACGAAGCCCCCACGG-3’) y ole4
(5"-CACCACCTCCAACAGCAGCA-3); y tub1 (5-GGTGGCCAAATCGCAAACTC-
3)y tub2 (5'-GGCAGCTTTCCGTTCCTCAGT-3’). La PCR de estos marcadores se
llevé a cabo con las siguientes condiciones: 20 ng de DNA gendmico en una mezcla
de reaccion de 25 pL conteniendo 0.2 pM de los oligonucledtidos (sentido +

antisentido) del marcador a ser amplificado; 1 U de Tag-DNA polimerasa (Applied
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Biosystems Inc. Foster City, CA, EUA); 1 X del amortiguador comercial B10X de la
Tag; 2.5 mM MgCl2 y 200 uM de cada dNTP (Applied Biosystems). La amplificacion
se llevo a cabo en un termociclador MAXYGENE Thermal Cycler (Axygen Scientific,
Inc., Union City, CA, EUA) con el siguiente programa de ciclado: un ciclo inicial a 94
°C-5 min; seguido de 32 ciclos de 94 °C-15 s, 65 °C-30 s, 72 °C-1 min; y un ciclo
final de extension a 72 °C-5 min. La PCR se desarroll6 en un gradiente de
temperatura de “annealing”, iniciando a 65 °C, con reduccion paulatina de 0.7 °C
por ciclo, durante los primeros 12 ciclos. Al llegar a los 56 °C, la temperatura se
mantuvo constante durante los 20 ciclos restantes.

Para (GA)n (HSP-TC) (Carter et al. 1997; 2001; Taylor et al. 2012). Los
oligonucleédtidos utilizados para este microsatélite fueron: HSP-TC/L (5
GAAGCCCTGGAGGTAGACGA-3) y HSP-TC/U (5
GACCACGAGTGGTTCCCGAA-3’). La PCR se llevo a cabo con las siguientes
condiciones: 20 ng de DNA genomico en una mezcla de reaccion de 25 pL
conteniendo 0.2 uM de los oligonucleétidos (sentido + antisentido) del marcador; 1
U de Tag-DNA polimerasa (Applied Biosystems); 1 X del amortiguador comercial
B10X de la Tag; 2.0 mM MgCl. y 200 uM de cada dNTP (Applied Biosystems). La
amplificacion se realizé en un termociclador MAXYGENE Thermal Cycler (Axygen)
con el siguiente programa de ciclado: un ciclo inicial a 94 °C-5 min; seguido de 30
ciclos de 94 °C-1 min, 60 °C-1 min y un ciclo final de extension a 72 °C-5 min.
Para ITS1-5.8S-ITS2 (modificado de Mufiiz et al. 2010). Los oligonucleoétidos son:
ITS4 (5-TCCTCCGCTTATTGATATGC-3’) e ITS5 (5-
GGAAGTAAAAGTCGTAACAAGG-3’). La PCR se llevo a cabo con las siguientes
condiciones: 25 ng de DNA genomico en una mezcla de reaccién de 25 pL
conteniendo 0.2 uM de los oligonucledtidos (sentido + antisentido) del marcador; 1
U de Tag-DNA polimerasa (Applied Biosystems); 1 X del amortiguador comercial
B10X de la Taqg; 1.5 mM MgCl>y 200 uM de cada dNTP (Applied Biosystems). La
amplificacion se realizé en el mismo termociclador y con el mismo programa de

ciclado que se utilizé para los marcadores arf, H-anti, olel y tubl.
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Secuenciacion

Los productos amplificados (amplicones) de cada marcador se resolvieron por
electroforesis (120 V-50 min) en gel de agarosa al 1.5% preparado en amortiguador
TBE 0.5 X, pH 8.0 (Tris-Base 45 mM, &cido boérico 45 mM, EDTA 1 mM) con GelRed
(Biotium, Inc., Hayward, CA, EUA) a 10 000 X (2 uL/mL). Se mezclaron 2 uL de cada
amplicén con 2 puL de solucion indicadora de carga 10 X (azul de bromofenol 0.25%,
xilen-cianol 25% y Ficoll-400 25%) y se aplicaron en cada carril del gel, reservando
el carril extremo para la aplicacion del marcador de tamafio molecular (100-pb DNA
Ladder). El gel se visualiz6 en un Transiluminador UV MultiDoc-It Digital Imaging
System (UVP Inc., Upland, CA, EUA) y la imagen fue fotodocumentada en archivos
digitales formato JPEG. Los amplicones fueron secuenciados en el High-
Throughput Genomics Center (University of Washington, Seattle, WA, EUA). La
secuenciacion se realizO para ambas hebras (sentido y anti-sentido) del DNA,
generando una secuencia consenso para cada marcador, de cada aislado. La
mayoria de las secuencias obtenidas con los marcadores arf, H-anti, olel y tubl

fueron depositadas en GenBank (http://www.ncbi.nlm.nih.gov/Sequin/index.html).

Las secuencias de la region ITS1-5.8S-ITS2 fueron depositadas en la base de datos
del grupo de trabajo “DNA Barcoding of Human and Animal Pathogenic Fungi” de la
‘International  Society for Human and Animal Mycology” (ISHAM)
(http://www.isham.org/; http://its.mycologylab.org).

Andlisis de BLASTn (Basic Local Alignment Search Tool)

El analisis de BLASTn se realizdé segun Altschul et al. (1990), utilizando sélo las
secuencias obtenidas en este estudio para los seis marcadores moleculares y
considerando como referencia los genes completos de la cepa G-217B (ATCC-
26032) reportados en GenBank para arf, H-anti, olel, tubl y (GA)n (HSP-TC)
(nimeros de acceso: L25117.1, U20346.1, X85962.1, M28358.1 y L11390.2,
respectivamente) y de la cepa Downs (ATCC-38904) para la region ITS1-5.8S-ITS2
(nimero de acceso AF322378.1).
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Alineamiento de secuencias

Se alinearon las secuencias de cada gen y se construyeron alineamientos
concatenados con MESQUITE ver. 2.75 (Maddison y Maddison 2014) utilizando: 1)
secuencias generadas para este trabajo, las cuales se editaron manualmente por

medio de Chromas Lite ver. 2.1.1 (http://technelysium.com.au/); 2) secuencias

obtenidas de TreeBase y GenBank. Para las matrices concatenadas se tomaron en
cuenta todos los aislados que tenian al menos tres secuencias de los distintos
marcadores y las secuencias faltantes se consideraron como datos perdidos.

Andlisis de congruencia

La congruencia entre las genealogias de los genes incluidos en este estudio fue
evaluada por medio de la prueba Incongruence Length Difference (ILD) desarrollada
por Farris et al. (1994) e implementada en PAUP* ver. 4.0a136 como Partition
Homogeneity Test (Swofford 2003). Para cada prueba, los caracteres no
informativos fueron excluidos y la particion actual fue comparada con 1000
particiones seleccionadas al azar. Segun la hipotesis nula, para detectar
heterogeneidad entre los conjuntos de datos, se utilizdé el porcentaje de casos
(“instances”) en que la suma de las longitudes de los arboles de cada particion al

azar es mayor que la de la particion actual del conjunto de datos analizados.

Reconstruccion filogenética

La reconstruccion filogenética se realiz6 para cada una de las matrices individuales
y concatenadas (analisis MLS) obtenidas, por medio de los siguientes métodos: 1-
Andlisis de parsimonia, con TNT ver. 1.1 (Goloboff et al. 2008) a partir de un arbol
inicial generado al azar y 1000 iteraciones (Nixon 1999), donde los caracteres se
consideraron desordenados y con pesos iguales. 2- Analisis probabilisticos por
medio de maxima verosimilitud (ML) e inferencia Bayesiana (IB). El analisis de ML
fue realizado en RAXMLGUI ver. 1.31 (Silvestro y Michalak 2012), utilizando como
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modelo de sustitucion el “General Time Reversible (GTR)” con distribuciéon Gamma.
El analisis de IB se llevé a cabo en MrBayes ver. 3.2 (Ronquist et al. 2012) con
cuatro cadenas y un total de 100,000,000 de generaciones y muestreo de arboles
cada 10,000 generaciones. La convergencia de las cadenas y los valores de
tamafos efectivos de muestra (ESS) fueron corroborados con Tracer ver. 1.6

(http://beast.bio.ed.ac.uk/Tracer). Los modelos de sustitucién utilizados para cada

particion fueron seleccionados con base en el resultado del analisis “Bayesian
information criteria” realizado por medio de jModeltest ver. 2.1.4 (Posada 2008), a
saber: K80 para H-anti; K80+G con cuatro categorias para arf y tubl; K80+l para
olel; TrN+G para (GA)n y HKY para la regién ITS1-5.8S-ITS2.

Los valores de bootstrap (bt) para parsimonia y ML se obtuvieron por medio
de una busqueda heuristica de 1000 réplicas con el método “Tree-Bisection-
Reconnection” (TBR). Para IB, se seleccion6 un “maximum clade credibility tree”
con un limite de probabilidad posterior de 0.95, utilizando TreeAnotator ver. 1.8.2
implementado en *BEAST (Drummond et al. 2012; Heled y Drummond 2010). Se
generaron arboles no enraizados para todos los analisis de reconstruccion
filogenética. Asimismo, de modo alterno, se realizaron analisis de IB para generar
arboles enraizados individuales so6lo con arf, olel, tub1 e ITS1-5.8S-ITS2, utilizando
como grupo externo las secuencias del hongo Blastomyces dermatitidis disponibles
en GenBank, considerando que de los seis marcadores estudiados, sélo éstos
tienen secuencias depositadas para B. dermatitidis en las bases de datos. Se
generaron también arboles concatenados enraizados, incluyendo H-anti y (GA)n
como datos faltantes.

En las figuras, las cepas de H. capsulatum reportadas por Kasuga et al. (2003) como
H81, H82 y H83 aparecen con su nombre original de G-184B, G-186A y G-186B,

respectivamente.

Andlisis de coalescencia

Se realiz6é un analisis de coalescencia por medio de *BEAST implementado en
BEAST ver. 1.8.2 (Drummond et al. 2012; Heled y Drummond 2010). Se generd un
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archivo XML con los alineamientos de algunos de los loci estudiados por medio de
BEAULi ver. 1.8.2. Se utilizé6 K80 como modelo de sustitucion para arf, H-anti, olel
y tubl, y se consider6 distribucion Gamma para arf y tubl y sitios invariables para
olel; para (GA)n se utilizoé el modelo TrN vy distribucion Gamma. Para todas las
particiones, se emplearon frecuencias de bases empiricas. Debido a que *BEAST
utiliza IB para generar el arbol de especies, los parametros incluidos en este analisis
fueron los mismos que se describieron para la reconstruccién filogenética con IB.
Se comparo el resultado obtenido con reloj molecular estricto y relajado, asimismo
se aplicaron las pruebas de “stepping-stone” y “marginal likelihoods” por medio de
Mr.Bayes ver. 3.2 (Ronquist et al. 2012). Las tasas de mutacion consideradas para
estos cinco genes fueron las siguientes: arf- 0.86 x 10°, H-anti- 1.17 x 107, olel-
0.87 x 10°, tubl- 1.63 x 10° (Kasuga et al. 2003), (GA)n (HSP-TC)- 2.39 x 10°°
(Taylor et al. 2012).

Diversidad nucleotidica

Se estimo la diversidad nucleotidica (=) intra e inter-especifica de las secuencias de
H. capsulatum utilizadas con el programa para Windows DnaSP ver. 5.10 (Librado
y Rozas 2009), a partir de las matrices concatenadas tomando en consideracion los

grupos generados por los analisis de IB.

Redes CSTs (Concatenated Sequence-Types)

Se realizé un analisis de CSTs, con la matriz concatenada de los genes arf, H-anti,
olel y tubl y se generd una red no enraizada construida con el algoritmo median-
joining (Bandelt et al. 1999), a través del sofware Network ver. 4.613 (www.fluxus-

engineering.com).
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RESULTADOS

Aislados fungicos

Segun las caracteristicas del tipo de huésped, fuente de aislamiento y procedencia
geogréfica de los aislados seleccionados, 15 se obtuvieron a partir de muestras
clinicas de pacientes con histoplasmosis de México, Guatemala, y Colombia, dos
de guano de aves de Guatemala y 48 de distintas especies de murciélagos
capturados en México y Brasil, incluyendo Mormoops megalophylla, Artibeus
hirsutus, Leptonycteris nivalis, L. curasoae, Tadarida brasiliensis, Desmodus
rotundus, Molossus molossus y M. rufus (Tabla 1), los cuales presentan diferentes
habitos migratorios y alimenticios (Tabla 2). El hongo fue aislado de diferentes
organos internos de murciélagos y el mayor nimero de aislamientos corresponde a

murciélagos migratorios-insectivoros (Tablas 1y 2).

Secuencias

En este estudio se incluyeron en total 544 secuencias procedentes de los seis
marcadores utilizados (Tabla 3 y 4), distribuidas en diferentes analisis. De éstas,
171 se obtuvieron durante el curso del presente estudio: 31 para arf, 34 para H-anti,
30 para olel, 30 para tubl, 10 para (GA)n y 36 para la region ITS1-5.8S-ITS2 y las
373 secuencias restantes derivaron de las bases de datos GenBank, TreeBase y
BOLD Systems. Algunas secuencias del GenBank y del TreeBase fueron
depositadas previamente para la publicacién de dos trabajos asociados al desarrollo
de la tesis (Vite-Garin et al. 2014; Vite-Garin et al. 2017) (ver Anexo 1). Asimismo,
se depositaron secuencias de la region ITS1-5.8S-ITS2 en el BOLD Systems, para
la publicacion de un articulo (Estrada-Barcenas et al. 2014) donde Vite-Garin

particip6 como coautora (ver Anexo 1).
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Andalisis de BLASTn

Se realiz6 un andlisis de BLASTn de las 171 secuencias obtenidas para este trabajo,
el cual revel6 una similitud entre 95 y 99% con respecto a la mayoria de las
secuencias de H. capsulatum reportadas en las bases de datos y de 94% de
similitud para las secuencias de aislados del hongo procedentes de gatos infectados
originarios de Texas (Balajee et al. 2012).

Alineamiento de secuencias

Se construyeron matrices individuales para cada uno de los genes estudiados
(Anexo 2) y se determinaron los sitios de inicio y término de cada fragmento génico
con respecto a las secuencias completas de cepas de referencia depositadas en el
GenBank para arf, H-anti, olel, tubl y (GA)n de la cepa G-217B; mientras que para
laregion ITS1-5.8S-ITS2 se comparo con la secuencia de la cepa Downs. Los datos
de cada fragmento génico estudiado representados en cada matriz se muestran en
la tabla 4, donde se refieren los numeros totales de secuencias analizadas, el
tamafo del fragmento obtenido (que correspondio en su totalidad al fragmento
esperado de cada gen), sitios de inicio y término de cada fragmento génico, los sitios
variables e informativos, asi como las mutaciones unicas, los indels y los nUmeros
de transiciones y transversiones. En relacion con los marcadores moleculares
individuales la region ITS1-5.8S-ITS2 fue la que presentd un mayor niumero de
pares de bases (625 nt) seguida de arf (458 nt), mientras que el fragmento mas
corto correspondio al microsatélite (GA)n (240 nt). Con respecto a los sitios de inicio
y término de cada marcador comparado con las secuencias de los genes completos
de la cepa de referencia G-217B, se determind lo siguiente: arf present6 un total de
5 exones y 4 intrones; H-anti 6 exones y 5 intrones; olel con 2 exones y 1 intrén;
tubl presenté 6 exones y 5 intrones; y finalmente el microsatélite (GA)n se
encuentra incluido en el exén 3 del gen HSP60. La region ITS1-5.8S-ITS2, que es
en si un intrén, fue analizada completa incluyendo 33 nt del gen 18S y 35 nt del gen

28S (Tabla 4). Entre los marcadores, los que presentaron mayor nimero de sitios
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variables fueron tubl y H-anti, mientras que el microsatélite (GA)n y la regién ITS1-
5.8S-ITS2 fueron menos variables. En consecuencia, los marcadores con mas y
menos sitios informativos correspondieron a tubl y H-anti, asi como el microsatelite
(GA)n y la region ITS1-5.8S-ITS2, respectivamente (Tabla 4). Las mutaciones
Unicas fueron més frecuentes en la region ITS1-5.8S-ITS2 (36 nt), mientras que las
menos frecuentes fueron en el microsatélite (GA)n (19 nt) y en tubl (15 nt).

Se generd una matriz concatenada con un tamafio molecular de 2404 nt,
utilizando las secuencias de los seis marcadores estudiados en 119 aislados (113
de arf, 119 de H-anti, 109 de olel, 116 tubl, 51 de (GA)n y 36 de la region ITS1-
5.8S-ITS2) (Tabla 4). Los datos de las secuencias reportadas en TreeBase,
GenBank y BOLD Systems se describen en la tabla 3.

Andlisis de congruencia

La prueba de ILD encontré que no hay heterogeneidad entre las genealogias. La
suma de las longitudes del arbol generado con la particion original no fue
significativamente menor que la suma de las longitudes en los arboles de cualquiera
de las 1000 particiones determinadas al azar para el conjunto de datos estudiados
(Tabla 5). Asimismo, el analisis visual de los arboles individuales, reveld los mismos
grupos en cada arbol, a saber: los clados previamente descritos por Kasuga et al.
(2003); la agrupacion de los aislados del hongo obtenidos de gatos infectados
dentro del clado NAm 1, segun lo descrito previamente por Balajee et al (2012); el
clado asociado a murciélagos T. brasiliensis; y la agrupacion del aislado EH-696P
obtenido de T. brasiliensis con el aislado clinico H153, procedente de Brasil (linaje
H153/EH-696P). Sin embargo, se detectaron incongruencias en relacién con la
ubicacion de algunos clados en los arboles generados con los diferentes

marcadores (Figuras 1-18).
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Reconstruccion filogenética

Se construyeron, por los métodos de parsimonia, ML e IB, arboles de las matrices
individuales de cada marcador y de la matriz concatenada de seis marcadores (arf,
H-anti, olel, tubl, (GA)n y laregion ITS1-5.8S-ITS2). En general, los andlisis de los
marcadores individuales y concatenados generaron arboles no enraizados (Figuras
1-21) y enraizados (Figuras 22-26) con topologias similares. A continuacion, se
describen las topologias de cada arbol.

Arboles individuales- En los analisis de los arboles de arf, H-anti, olel y
tubl se recuperaron todos los clados previamente descritos para el complejo H.
capsulatum, mientras que, con los dos marcadores restantes, s6lo se identificaron
los clados LAm Ay NAm 1 para la region ITS1-5.8S-ITS2, asi como LAm Ay NAm
2 para el microsatélite (GA)n. En todos los arboles individuales, se formé un unico
clado, el cual se denomind NAm 3, conteniendo un aislado procedente de M.
megalophylla y 15 aislados de H. capsulatum obtenidos de murciélagos de la
especie T. brasiliensis. Un aislado adicional (EH-696P) también procedente de T.
brasiliensis se agrup6 con el aislado H153, previamente descrito como linaje para
Brasil (ahora considerado linaje H153/EH-696P) (Figuras 1-18). Los aislados 154-
04 y 190-03, recuperados de las especies de murciélagos Molossus molossus y M.
rufus, respectivamente, ambos capturados en Sao Paulo, Brasil, se agruparon en el
clado LAm B (Figuras 1-18), mientras que el aislado clinico 1980 de Colombia se
incluyo en el clado NAm 2 en la mayoria de los arboles generados (Figuras 1-6; 10-
18). Finalmente, los aislados de H. capsulatum obtenidos de otras especies de
murciélagos (Leptonycteris nivalis, L. curasoae, Artibeus hirsutus y Desmodus
rotundus), asi como los aislados clinicos restantes, se concentraron en el clado LAm
A.

Los analisis individuales de cada marcador se describen a continuacion. En
arf, el clado formado con aislados obtenidos de T. brasiliensis compartié un nodo
con los clados Holanda, Australia, Africa, LAm B, NAm 1, NAm 2 y todos los linajes,
mientras que el clado LAm A se formé de manera independiente (Figuras 1-3). En

H-anti, se observaron tres grupos: uno conteniendo tres subgrupos (NAm 3 y NAm
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2, NAm 1y H167 (aislado clinico de Argentina), linaje H153/EH-696P y Holanda; el
segundo grupo se formo con los clados Africa, LAm B y Australia, ademas de los
linajes H140/H185 de Perl, H66 y H69 de Colombia y Panama que incluye los
aislados G-184B, G-186A, G186B; el tercer grupo se generd con los clados LAm A
y Eurasia (Figuras 4-6). En olel, la topologia resultante fue muy similar a la de arf.
Los clados Holanda, Australia, Africa, LAm B, NAm 1, NAm 2, NAm 3 y la mayoria
de los linajes, comparten un sélo nodo, mientras que el clado LAm A se formo de
manera independiente, aunque cercano a éste se ubicd el linaje H140/H185
(Figuras 7-9). En tub1, también se observé un nodo a partir del cual se generaron
los subgrupos Australia, Holanda y el linaje H153/EH-696P; NAmM 3 y NAm 2; el
clado NAm 1 y los linajes H167 y Panama. Los clados LAm B, Africa y el linaje
H140/H185 compartieron otro nodo vy, finalmente, los clados LAm A y Eurasia se
formaron de modo independiente (Figuras 10-12). En (GA)n, se recuperaron los
subgrupos 1b y Ic descritos previamente por Taylor et al. (2012). Asimismo, se
observo que NAm 3 compartié un nodo con las ramas formadas por las secuencias
del clado NAm 2 (cepa G-217B y el aislado 1980) y la cepa G-186B (Linaje de
Panama), ademas de los aislados de Brasil 154-04 y 190-03 (ambos agrupados en
LAm B con los otros marcadores) y el aislado EH-696P (Linaje H153/EH-696P)
(Figuras 13-15). Finalmente, en ITS1-5.8S-ITS2, se confirmaron los clados LAm A
y NAm 3y, de manera independiente, se formaron dos ramas, una con la secuencia
de la cepa Downs (NAm 1) y otra con las secuencias del aislado EH-696P (linaje
H153/EH-696P) y de la cepa G-186B (linaje de Panama) (Figuras 16-18).

En los andlisis independientes de cada marcador, destaca que algunos
clados, linajes y el aislado EH-376 (obtenido de un murciélago de la especie
Artibeus hirsutus), cambiaron de ubicacién en los arboles de genes, dependiendo
del marcador con el cual fue generado (Figuras 1-18). Los arboles enraizados
utilizando como grupo externo las secuencias de B. dermatitidis para arf, olel e
ITS1-5.8S-ITS2 (Figuras 22-25), revelaron la misma distribucion de los clados y
linajes para la mayoria de los marcadores analizados en los arboles no enraizados
(Figuras 3; 9; 12), mientras que en el arbol generado para tub1l los aislados de los

diferentes clados y linajes se distribuyeron de forma aleatoria. Sin embargo, en
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todos los arboles enraizados destacan que la raiz del arbol se ubico en diferentes
clados, segun el marcador analizado (ver Figuras 22-25).

Arboles concatenados- En los arboles generados por analisis MLS se
discriminaron dos grandes grupos: uno donde se incluyeron los clados LAm A con
la mayoria de los aislados estudiados y Eurasia, los cuales se originaron de un
mismo nodo; el otro también compartié un mismo nodo, donde derivaron los clados
Africa, Holanda, Australia, NAm 1, NAm 2, LAm B y la mayoria de los linajes
descritos por Kasuga et al (2003), destacando el clado NAm 3 y el linaje H153/EH-
696P que incluyeron los aislados del hongo obtenidos de T. brasiliensis (Figuras 19-
21).

Se generd un arbol concatenado enraizado con B. dermatitidis (grupo
externo) incluyendo los seis marcadores, considerando H-anti y (GA)n como datos
faltantes, sin embargo, el arbol resultante mostr6 valores poco confiables tanto de
tamafo efectivo de muestra (ESS) como de probabilidad posterior, lo cual fue
atribuido a la ausencia de aproximadamente la mitad de los datos del alineamiento
para el grupo externo. Asimismo, se generé otro arbol enraizado considerando los
marcadores arf, olel, tubl e ITS (Figura 26), el cual mostré una topologia similar a
su correspondiente MLS sin enraizar (Figura 21). Asimismo, como en los arboles
individuales enraizados (Figuras 22-25), en el concatenado la rama del grupo

externo fue mas larga que las ramas internas (ver Figura 26).

Analisis de coalescencia

Se gener6 un arbol de especies utilizando arf, H-anti, olel, tubl y (GA)n, el cual se
compar6é con los arboles filogenéticos. Para este analisis se asumidé un reloj
molecular estricto con base en los resultados de los métodos “stepping-stone” y
“‘marginal likelihoods” aplicados a la matriz concatenada por medio de Mr.Bayes ver.
3.2. Las tasas de mutacion consideradas para estos cinco genes fueron
mencionadas en material y métodos. mientras que las edades absolutas de los

clados calculadas a través de BEAULi ver. 1.8.2. se muestran en la figura 27.
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A diferencia de los arboles filogenéticos, el clado NAm 3 se comporté como
grupo hermano de LAm A. Asimismo, el aislado EH-696P se aparto6 del resto de los
clados formados, corroborandolo como en los demas analisis su comportamiento

como un linaje independiente (Figura 28).

Diversidad nucleotidica

De acuerdo con los andlisis de diversidad intra-especifica (Tabla 6), los grupos que
presentaron la mayor diversidad fueron NAm 3 (1= 0.00788) y LAm A (1= 0.00704),
mientras que los grupos con menor diversidad intra-especifica fueron Australia,
Holanda y LAm B (11= 0.00026, 1= 00.00066 y 1= 00.00082, respectivamente).

Con respecto a los analisis de diversidad inter-especifica (Tabla 6), el grupo
gue presentd la mayor diversidad fue el linaje H167 con respecto a los linajes de
Colombia H66 (1= 0.02881) y H69 (11= 0.02808), mientras que el menor valor de 11
se presentd entre Holanda vs. Eurasia (11= 0.00066) y entre Australia vs. LAm B (1=
0.00110).

Redes CSTs

Por medio del analisis de CSTs de la matriz concatenada de 119 secuencias de arf,
H-anti, olel y tub 1 obtenidas de 103 aislados de H. capsulatum, se encontraron 58
CSTs (Figura 29). Con esta red se confirmé que el clado LAm A fue el mas diverso
(24 CSTs), seguido de NAm 3 (9 CSTs), NAm 2 (3 CSTs), Eurasia (3 CSTs), LAmM
B (3 CSTs) y Africa (3 CSTs). Los clados menos diversos fueron NAm 1 (2 CSTs),
Holanda (2 CSTs) y Australia (2 CSTs). De los 58 CSTs encontrados, siete fueron
asociados con los seis linajes descritos en la figura 29.

De acuerdo con las distancias genéticas entre las CSTs, los clados LAM Ay
NAm 1 fueron los mas distantes entre si, Eurasia emergio de LAm A y NAm 3
compartié ancestros comunes con NAm 2, mientras que Africa, Holanda y Australia

fueron genéticamente cercanos (Figura 29). Esta uUltima asociacién también se
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observo en los arboles filogenéticos no enraizados, representados en las figuras 1-
21.

DISCUSION

Caracteristicas relevantes de los aislados de H. capsulatum estudiados

Este trabajo destaca por reunir el mayor nimero de aislados del complejo H.
capsulatum obtenidos de murciélagos naturalmente infectados reportados en la
literatura cientifica hasta la fecha. El uso de este tipo de aislados de H. capsulatum
ha sido privilegiado por el grupo de investigacion asociado al Laboratorio de
Inmunologia de Hongos de la Facultad de Medicina de la UNAM. En los ultimos
afos, junto con colaboradores internacionales, se han generado publicaciones que
consecutivamente van perfilando informaciones sobre el complejo H. capsulatum
(Kasuga et al. 2003; Teixeira et al. 2016; Taylor et al. 2005; Vite-Garin et al. 2014;
Vite-Garin et al. 2021), con énfasis en aquellos aislados obtenidos del murciélago
guanero T. brasiliensis, los cuales han revelado caracteristicas muy peculiares.

La obtencion de aislados de H. capsulatum no es un evento comun incluso
cuando proceden de muestras clinicas y mas raro aun resulta su aislamiento de
reservorios y dispersores naturales como es el murciélago. De los 119 aislados del
hongo utilizados en los analisis, 48 procedieron de murciélagos infectados
capturados al azar principalmente en las zonas Centro y Sur-Sureste de México, los
cuales tienen diversos habitos migratorios y alimenticios (Tablas 1 y 2). Estos
aislados confieren relevancia a este estudio, ya que los andlisis genéticos a partir
de muestras ambientales enriqguecen la informacién asociada a la diversidad
genética de este patdégeno, asi como, aportan informacion sobre eventos de
dispersion natural del hongo y permiten reconstruir una posible histora evolutiva de
su distribuciéon geografica, considerando que al ser obtenidos de animales
infectados podrian arrojar informacién mas fehaciente sobre la coevolucion de este
patégeno con su hospedero natural como ha sido demostrado para otros patdgenos

de murciélagos (Akbar et al., 2012), tomando en cuenta tanto el papel de los
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murciélagos no migratorios (que se mueven en zonas cercanas a su hbitat) y los
migratorios (que son fieles a sus rutas migratorias). En contraste, los aislados
clinicos de H. capsulatum, que son los més utilizados en investigacion, presentan
inconvenientes para definir su area de procedencia, debido a la migracién erratica
de los humanos, la cual sesga la informacion filogeografica del hongo.

Marcadores filogenéticos y analisis BLASTn de las secuencias generadas

Los seis marcadores empleados en esta tesis se seleccionaron tomando como
referencia su utlidad para discriminar grupos o genotipificar aislados de H.
capsulatum. La mayoria de los trabajos de reconstruccion filogenética de este
hongo, publicados a la fecha, fueron realizados solo con marcadores individuales o
abordando analisis de matrices construidas a partir de 3 o 4 marcadores
concatenados. En un esfuerzo por dar mas robustez a los hallazgos filogenéticos,
se incremento el numero de muestras obtenidas de la naturaleza, particularmente
de murciélagos naturalmente infectados, el niumero de marcadores moleculares
utilizados y se realizaron analisis mas informativos no comiunmente aplicados en
este hongo. Ademas, se incluyeron secuencias procedentes de otros trabajos
asociados a la presente tesis (Estrada-Barcenas et al. 2014; Rodriguez-Arellanes
et al. 2013; Damasceno et al. 2019a; 2019b; Vite-Garin et al. 2014) y de
colaboraciones del Laboratorio de Inmunologia de Hongos con otros grupos de
investigacion (Kasuga et al. 1999; 2003; Teixeira et al. 2016; Taylor et al. 2005;
2012). Para determinar sus porcentajes de similitud, las secuencias obtenidas se
compararon por medio de BLASTn con secuencias previamente reportadas en
diferentes bases de datos. Los valores obtenidos mostraron que las secuencias
analizadas presentaron alta similitud con la mayoria de las secuencias depositadas
en las bases de datos, por lo que se descarta cualquier posibilidad de que no

correspondan al modelo fungico de estudio.
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Congruencia filogenética

Los marcadores seleccionados se analizaron de manera independiente y
concatenada. El uso de MLS como herramienta para proponer filogenias
moleculares de organismos aporta informacién util, siendo que en el caso del
complejo H. capsulatum ha sido relevante para entender las relaciones filogenéticas
de diferentes cepas y o aislados del hongo (Kasuga et al. 1999, 2003; Taylor et al.
2005; Balajee et al. 2012; Vite-Garin et al. 2014, Teixeira et al. 2016). Sin embargo,
existe una inconveniencia con el empleo de los analisis MLS, ya que procesos como
el sorteo incompleto de linajes, la hibridacion, la introgresiéon y la recombinacion
pueden resultar en incongruencia filogenética entre marcadores moleculares no
ligados. Esta, se puede incrementar segln se afiadan mas marcadores al analisis.
En el pasado, Kasuga et al. (1999) reportaron incongruencias entre los arboles de
genes de H. capsulatum generados con los cuatro fragmentos génicos arf, H-anti,
olel y tubl, las cuales no tuvieron efecto en la filogenia realizada por MLS; en
consecuencia, estos autores explicaron que la incongruencia encontrada se derivo
de procesos de recombinacion. En esta tesis, para identificar posibles
incongruencias se realizaron dos pruebas. La primera, consistié en un analisis visual
de los arboles individuales obtenidos, el cual mostré incongruencia entre sus
topologias, donde algunos clados y linajes presentaron diferentes posiciones segun
el marcador analizado, siendo que en todos los casos fue posible reconocer los
clados y linajes previamente reportados por Kasuga et al. (2003), a saber: LAmM A,
LAm B, NAm 1, NAm 2, Holanda, Africa, Australia, Eurasia, la mayoria de los linajes
Unicos, y el clado asociado a murciélagos denominado BAC1 por Texeira et al.
(2017) y ahora considerado como la especie filogenética NAm 3 por Vite-Garin et
al. (2021). La segunda prueba, denominada ILD, no detect6 incongruencias, lo cual
posiblemente se debid a los bajos valores de soporte de las ramas de los arboles,
segun lo referido por Farris et al. (1994). Ademas, segun estos autores, la medicion
de laincongruencia, sea por observacién de los datos o por la aplicacion de indices,
es intuitiva y arbitraria puesto que no hay criterios que indiquen que tan grande debe

ser un indice para demostrarla (Farris et al. 1994). Asimismo, Hipp et al. (2004)
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sefialaron que las pruebas de incongruencia no siempre son conclusivas, ya que al
concatenar genes no se pueden demostrar errores en la filogenia. En consecuencia,
las distintas posiciones de algunos clados y linajes, derivadas de la prueba visual
gue contradice los resultados de la prueba ILD, no deben ser consideradas como
criticas para establecer las relaciones filogenéticas de las secuencias de los

aislados del complejo H. capsulatum estudiados.

Reconstruccién filogenética

Los andlisis filogenéticos individuales y concatenados revelaron que el clado LAm
A (Kasuga et al. 2003) fue el mejor representado y el que muestra la mayor
diversidad genética, lo cual coincide con lo reportado previamente y que es
claramente sefalado por Taylor et al. (2022) quienes mencionan que en
Latinoamérica coexisten por lo menos 9 especies filogenéticas, a saber: Nam 3,
LAm Al, LAm A2, LAm B1, LAm B2, RJ, LAm C, LAm D, LAm E y algunos linajes.
Sin embargo, en la presente tesis, no se pudo corroborar la separacion de LAm B
en varias poblaciones, debido a que esta especie esta conformado sélo por aislados
de Suramérica y carecemos de aislados fungicos de esta region, aunque los
resultados de los analisis MLS y CSTs sugieren que los dos Unicos aislados de
Brasil (154/04 y 190/03) podrian corresponder a distintas poblaciones dentro de
LAm B, por lo que se considera aqui, que para clarificar las relaciones filogenéticas
de estos aislados seria necesario realizar nuevos analisis incluyendo mayor nimero
de aislados provenientes de Suramérica, privilegiando los aislados obtenidos de
animales naturalmente infectados.

La presencia de dos clados monofiléticos, LAm B1 y LAm B2 reportados por
Teixeira et al. (2016) dentro del clado LAm B previamente descrito por Kasuga et al.
(2003) para Suramérica, apoya la hipotesis de que LAm B ha pasado por un proceso
de especiacion reciente como refiere Teixeira et al. (2016), el cual esta asociado a
la expansion de poblaciones representadas en un unico grupo. Una caracteristica
de los arboles generados con secuencias de H. capsulatum es que comunmente

presentan bajos valores de bty pp, lo cual coincide con lo observado en organismos
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gue se diversifican rapidamente en periodos de tiempo evolutivo cortos (JW Taylor,
comunicacion personal).

Como se refirid en resultados, los arboles individuales de arf, H-anti, olel y
tubl mostraron los mismos clados y linajes descritos por Kasuga et al. (2003),
aunque es necesario destacar que algunos aislados tienden a distribuirse de
manera aleatoria en los arboles para tubl, posiblemente por la alta tasa de mutacién
gue presenta este gen con respecto al resto de los marcadores estudiados, lo cual
indicaria que este gen, al menos para H. capsulatum, se mantiene en constante
cambio. Aun asi, la topologia del &arbol individual permite diferenciar de manera
general los principales clados. Se realizaron los andlisis correspondientes a cada
uno de los marcadores estudiados pero debido a la ausencia de secuencias en los
bancos de datos para aislados del hongo, provenientes de Australia, Holanda,
Africa, Eurasia y algunos linajes Gnicos, en los analisis para la region ITS1-5.8S-
ITS2 y el microsatélite (GA)n solo se formaron los clados LAm Ay NAm 1 asi como
LAm Ay NAm 2, respectivamente.

En estudios previos, el aislado EH-696P de H. capsulatum obtenido de T.
brasiliensis se ubicaba separado del resto de los demas aislados fungicos en
diferentes andlisis filogenéticos, tanto individuales como concatenados (Vite-Garin
2011; Vite-Garin et al. 2014). Los resultados actuales lo agrupan con el aislado
clinico H153 de Brasil, reportado por Kasuga et al. (2003), formando el linaje
H153/EH-696P. Tal hallazgo es interesante porque sugiere la gran dispersion del
hongo asociado al desplazamiento de su huésped y dispersor natural, el murciélago
migratorio T. brasiliensis, que ha sido asociado a migraciones de grandes distancias
continentales (Wilkins 1989; McCracken et al. 1994). Por otro lado, los aislados EH-
672B y EH-672H referidos como un posible linaje independiente en Vite-Garin et al.
(2021), se incluyeron en el clado NAm 3 tanto en los andlisis individuales como
concatenados, posiblemente debido al aumento en el nimero de secuencias
analizadas de aislados fungicos de los murciélagos T. brasiliensis infectados
(Figuras 1-18).

Sorprendentemente, el aislado clinico 1980 de un paciente nativo de

Colombia, que refiri6 nunca haber salido de su pais, se incluy6 en el clado NAm 2
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en los andlisis realizados con la mayoria de los marcadores (Figuras 1-6; 10-18),
constituyendo el primer reporte del clado NAm 2 en Sudamérica. Los clados de
Norteamérica NAm 1 y NAm 2 coexisten en la misma area geogréafica (Kasuga et
al. 2003) y, segun Teixeira et al. (2016), son consideradas poblaciones monofiléticas
y no se ha detectado flujo génico entre ellas.

Coalescencia

El arbol de especies (Figura 28) generado a través del analisis de coalescencia,
mostré algunas incongruencias con respecto a la topologia del resto de los analisis
realizados, al asociar la especie NAm 3 con LAm A y Eurasia, sin embargo, estas
diferencias pudieran estar dadas por la disminucién de la variacion genética en la
matriz estudiada, pues esta se construyé solo con cinco de los seis genes
estudiados debido a que no se pudo calcular la tasa de mutacion para la region
ITS1-5.8S-ITS2 (sexto marcador). Sin embargo, el aislado EH-696P de un
murciélago T. brasiliensis capturado en México mostré un comportamiento similar
al observado en los arboles generados mediante analisis de reconstruccion
filogenética, pues coincidentemente, este analisis sugiere que EH-696P junto con el
aislado clinico de Brasil H153 conforman un linaje independiente tal como fue

reportado previamente (Kasuga et al. 2003; Vite-Garin et al. 2021).

Diversidad nucleotidica

Los analisis de diversidad nucleotidica muestran la alta diversidad genética que
existe entre las diferentes especies de Histoplasma, pero también resaltan la alta
diversidad que existe entre aislados de una misma especie, destacando los valores
de 1T de NAm 3 (1m= 0.00788) y LAm A (11=0.00704). En andlisis de coalescencia
realizados para cada gen individual de las secuencias que conforman el clado LAm
A, establecido por Kasuga et al. (2003), se observé que este grupo esta conformado
por al menos 16 especies (datos no presentados), lo cual resulta congruente con el

valor de 1, y fue corroborado en 2016 por Teixeira et al., quien dividié el clado en
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varios clados nuevos. Esta gran diversidad sugiere que lo que reconocemos como
LAm A es un grupo que estd aun pasando por un proceso de especiacion. Con
respecto a NAm 3, es necesario reunir un mayor numero de secuencias para
observar si en los analisis para obtener valores de 1T intraespecifica, lo cual podra
sugerir si se trata también de un solo clado o de varios.

De acuerdo con los valores de diversidad intra-especifica para los clados
Australia (1= 0.00026) y LAm B (1= 0.0082), en estos dos clados la diversidad es
menor, lo cual sugiere que existe menor flujo genético entre individuos, asociado a
las rutas migratorias de los murciélagos, y en el caso de Australia a que es un
continente aislado lo cual podria limitar el flujo génico entre cepas distintas del
hongo.

Redes CSTs

Las redes CSTs fueron generadas para investigar la diversidad y la relacion entre
todos los aislados de H. capsulatum estudiados. Con base en el nimero de CSTs
encontrados en cada clado, el mas diverso fue nuevamente LAm A seguido de LAm
B, del nuevo clado NAm 3y de NAm 2, independientemente del nUmero de aislados
analizados en cada clado. Los aislados de H. capsulatum del clado NAm 3
comparten una alta similitud entre sus CSTs y en sus analisis por reconstruccion
filogenética. Asi, es factible considerar el clado NAm 3 como una especie
filogenética, con base en el concepto de especie filogenética y de acuerdo con el
concepto de concordancia genealdgica (Freallé et al. 2005; Gazis et al. 2011; Taylor
et al. 2000a).

Finalmente, los analisis obtenidos para el microsatélite (GA)n y para la region
ITS1-5.8S-ITS2, junto con los resultados de los cuatro marcadores (arf, H-anti, olel
y tubl), mostraron que la diversidad genética del complejo de especies Histoplasma
capsulatum se asocia a su distribucion geogréfica y, asimismo, que algunas
especies del complejo H. capsulatum pudieran presentar una relacién huésped-

especifica, conocida como estenoxenismo, como se ha detectado en las especies
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flogenéticas del hongo obtenidas de murciélagos T. brasiliensis naturalmente

infectados.

CONCLUSIONES

Actualmente, las filogenenia de las relaciones entre las especies del complejo H.
capsulatum, se encuentran en constante cambio debido al andlisis de nuevos
aislados y el apoyo de técnicas moleculares y genémicas novedosas y mas
informativas. Por medio de aportaciones recientes, ha quedado de manifiesto la
gran diversidad genética de H. capsulatum, particularmente en Latinoamérica.

En esta tesis, destaca la formacién de un clado previamente sugerido por
Taylor et al. (2005), Vite-Garin et al. (2014) y Texeira et al. (2016), que ha sido
considerado por Vite-Garin et al. (2021) como una nueva especie filogenética
referida aqui como NAm 3. Oportunamente, esta especie debera ser nombrada
siguiendo las reglas de nomenclatura biolégica. Esta especie filogenética esta
sustentada por la mayoria de los aislados fungicos de T. brasiliensis conteniendo
también los aislados EH-672B/EH-672H que se clasificaron previamente como
linaje independiente en Vite-Garin et al. (2021) y que en este estudio se asociaron
con NAm 3 después de los analisis realizados, posiblemente por la inclusion de
otros genes en el andlisis que estén aportando mayor informacion acerca de la
diversidad de estos aislados. Asimismo, los resultados obtenidos dieron mayor
robustez al linaje H153 con la incorporacién del aislado de T. brasiliensis EH-696P

y ademas revelaron por primera vez la presencia de un aislado NAm 2 en Colombia.

PERSPECTIVAS INMEDIATAS Y FUTURAS

Cada dia surgen nuevos métodos para trabajar con datos moleculares, o los ya
existentes son optimizados. Es por esto que para microorganismos como
Histoplasma, que presentan poca variabilidad fenotipica, es indispensable que
ademas de los analisis moleculares clasicos, se exploren nuevas herramientas que
permitan inferir relaciones filogenéticas mas confiables, conocer la dinamica

poblacional en forma mas precisa y que ademas permitan conocer con mayor
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detalle la genética del complejo H. capsulatum, ademas de la necesidad de obtener
un mayor numero de aislados de distintas fuentes, particularmente aquellos

provenientes de la naturaleza, ya que estos reflejan mejor la distribucion natural del
hongo en el mundo.
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Tabla 1. Datos de las cepas y/o aislados seleccionados para el estudio

Cepa y/o aislado

(especie filogenética)*

EH-315 (linaje)
EH-372 (LAm A)
EH-373 (LAM A)
EH-374 (LAm A)
EH-375

EH-376 (LAm A)
EH-377 (LAM A)
EH-378 (LAm A)
EH-383H

EH-383|

EH-383P (LAm A)
EH-384H

EH-384I

EH-384P

EH-391 (LAM A)
EH-393 (LAM A)
EH-394B (LAm A)
EH-394H (LAm A)
EH-394P (LAm A)
EH-395B (LAm A)
EH-395P (LAm A)
EH-398P (LAm A)
EH-408H (LAM A)
EH-408P (LAm A)
EH-436

EH-437

EH-449B

EH-449]

EH-449P (LAm A)
EH-450H

EH-521

EH-522

EH-626B

EH-655I

EH-655P
EH-658H
EH-658P
EH-659P
EH-670B
EH-670H
EH-671B
EH-671H
EH-671P
EH-672B
EH-672H
EH-696P

154/04

190/03

CEPA 2 (LAm A)
L-100-91 (LAm A)
CEPA 3 (LAm A)

Huésped

Mormoops megalophylla

Artibeus hirsutus
A. hirsutus
. hirsutus
. hirsutus
. hirsutus
. hirsutus
A. hirsutus

A
A
A
A

Leptonycteris nivalis

L. nivalis
L. nivalis

Tadarida brasiliensis

. brasiliensis
. brasiliensis
. nivalis

. nivalis

. curasoae

. curasoae

. curasoae

. curasoae

. curasoae

. curasoae

. nivalis

. nivalis

A. hirsutus

rrrrrCrrr—-

Desmodus rotundus

. nivalis

. nivalis

. nivalis

. curasoae

. hirsutus

. hirsutus

. curasoae

. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis
. brasiliensis

A4ddd4 44444 44r>>rrr

Molossus molossus

M. rufus
Zanate
Zanate
Humano

Fuente

Intestino
Intestino
Pulmén
Bazo
Pulmén
Pulmén
Pulmén
Pulmén
Higado
Intestino
Pulmén
Higado
Intestino
Pulmén
Higado
Bazo
Bazo
Higado
Pulmén
Bazo
Pulmén
Pulmoén
Higado
Pulmoén
Pulmén
Pulmoén
Bazo
Intestino
Pulmén
Higado
Pulmén
Pulmoén
Bazo
Intestino
Pulmén
Higado
Pulmén
Pulmén
Bazo
Higado
Bazo
Higado
Pulmén
Bazo
Higado
Pulmén
ND

ND
Guano
Guano
Peritoneo

Procedencia

GR, MX
MS, MX
MS, MX
MS, MX
MS, MX
MS, MX
MS, MX
MS, MX
MS, MX
MS, MX
MS, MX
OC, MX
OC, MX
OC, MX
MS, MX
MS, MX
MS, MX
MS, MX
MS, MX
OC, MX
OC, MX
OC, MX
PL, MX
PL, MX
MS, MX
MS, MX
MS, MX
MS, MX
MS, MX
OC,MX
MS, MX
MS, MX
MS, MX
CS, MX
CS, MX
CS, MX
CS, MX
CS, MX
CS, MX
CS, MX
MN, MX
MN, MX
MN, MX
HG, MX
HG, MX
NL, MX
SP, BR
SP, BR
GT, GT
GT, GT
GT, GT
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EH-46 Humano Higado GR, MX

EH-53 Humano Sangre HG, MX
EH-317 Humano Sangre MS, MX
AP Humano LCR** CO
GeM Humano ND CO
WCh Humano Sangre (6{0)
1980 Humano ND CO
H.1.02.W (LAm A) Humano ND GT, GT
H.1.04.91 (LAm A) Humano ND GT, GT
H.1.11.94 (LAm A) Humano Esputo GT, GT
H.1.12.96 (LAm A) Humano ND GT, GT
Downs (NAm 1)*** Humano Vagina IL, EUA
G-186B (linaje)*** Humano ND PA
G-271B (NAmM 2)*** Humano ND LA, EUA

Abreviaturas: Brasil (BR) - SP: Sao Paulo; Colombia (CO); Estados Unidos de América (EUA) -
lllinois (IL); LA: Louisiana; Guatemala (GT); México (MX) - CS: Chiapas; GR: Guerrero; HG: Hidalgo;
MN: Michoacan; MS: Morelos; NL: Nuevo Le6n; OC: Oaxaca; PL; Puebla; Panama (PA).

*Cepas de distintas especies filogenéticas clasificadas por Kasuga et al. (2003).

** | CR= Liquido cefalorraquideo.

*** Cepas de referencia de H. capsulatum cominmente utilizadas.
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Tabla 2. Datos migratorios y alimenticios de los murciélagos incluidos en el estudio

Especie Habito No. de individuos
(Procedencia)
Migratorio  Alimenticio

Mormoops megalophylla Migratorio Insectivoro 1 (GR)
Artibeus hirsutus Residente Frugivoro 10 (MS)
Leptonycteris nivalis Migratorio Polinivoro-nectarivoro 8 (MS), 2 (PL)
L. curasoae Migratorio Polinivoro-nectarivoro 4 (MS), 4 (OC)
Tadarida brasiliensis Migratorio Insectivoro 7 (CS), 2 (HG),
3 (MN), 1 (NL),
3 (0C)
Desmodus rotundus Residente Hematdéfago 1(MS)
Molossus molossus Migratorio Insectivoro 1(SP, BR)
M. rufus Migratorio Insectivoro 1(SP, BR)

Abreviaturas: BR: Brasil; CS: Chiapas; CDMX: Ciudad de México; GR: Guerrero; HG: Hidalgo; MN:

Michoacan; MS: Morelos; NL: Nuevo Ledn; OC: Oaxaca; PL; Puebla; SP: Sao Paulo.
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Tabla 3: No. de acceso de las secuencias depositadas en diferentes bases de datos

Aislado

EH-315

EH-372

EH-373

EH-374

EH-375

EH-376

EH-377

EH-378

EH-383H

EH-383I

EH-383P

EH-384H

arf
TreeBase
S1063
GenBank
AF495595
GenBank
AF495599
GenBank
AF495603
GenBank
AF495607
GenBank
AF495611
GenBank
AF495615
TreeBase S1063

No depositada

GenBank
AF495619
GenBank
AF495623

Sin secuencia

H-anti
TreeBase
S1063
GenBank
AF495596
GenBank
AF495600
GenBank
AF495604
GenBank
AF495608
GenBank
AF495612
GenBank
AF495616
TreeBase S1063

No depositada

GenBank
AF495620
GenBank
AF495624

No depositada

Marcador molecular

olel
TreeBase
S1063
GenBank
AF49559
GenBank
AF495601
GenBank
AF495605
GenBank
AF495609
GenBank
AF495613
GenBank
AF495617
TreeBase S1063

No depositada

GenBank
AF495621
GenBank
AF495625

No depositada

tubl
TreeBase
S1063
GenBank
AF49559
GenBank
AF495602
GenBank
AF495606
GenBank
AF495610
GenBank
AF495614
GenBank
AF495618
TreeBase S1063

No depositada

GenBank
AF495621
GenBank
AF495625

Sin secuencia

(GA)n
No depositada

GenBank
GQ223269
GenBank
GQ223270
GenBank
GQ223271
GenBank
GQ184595
GenBank
GQ223272
GenBank
GQ223273
GenBank
GQ219669
GenBank
GQ219672
GenBank
GQ219670
GenBank
GQ219671
GenBank
GQ180984

ITS1-5.85-ITS2
BOLD Systems
HIST002-13

Sin secuencia

BOLD Systems
HIST004-13
BOLD Systems
HIST020-13
BOLD Systems
HIST005-13
BOLD Systems
HIST021-13

No depositada

BOLD Systems
HIST022-13
BOLD Systems
HIST023-13

Sin secuencia

Sin secuencia

No depositada
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EH-384|

EH-384P

EH-391

EH-393

EH-394B

EH-394H

EH-394P

EH-395B

EH-395P

EH-398P

EH-408H

EH-408P

EH-436

EH-437

GenBank
AF495627
GenBank
AF495631
TreeBase
S1063
GenBank
AF495635

Sin secuencia
No depositada
GenBank
AF495640

No depositada
No depositada
No depositada
GenBank
AF495644
GenBank

AF495647

No depositada

No depositada

GenBanK
AF495628
GenBank
AF495632
TreeBase
S1063
GenBank
AF495636

No depositada
No depositada
GenBank
AF495639

No depositada
No depositada
No depositada
GenBank
AF495643
GenBank

AF495648

No depositada

No depositada

GenBank
AF495629
GenBank
AF495633
TreeBase
S1063
GenBank
AF495637

No depositada
No depositada
GenBank
AF495641

No depositada
No depositada
No depositada
GenBank
AF495645
GenBank

AF495649

No depositada

No depositada

GenBank
AF495629
GenBank
AF495633
GenBank
GQ223274
GenBank
AF495638

No depositada
No depositada
GenBank
AF495642

Sin secuencia
Sin secuencia
No depositada
GenBank
AF495646
GenBank

AF495650

No depositada

No depositada

GenBank
GQ180983
GenBank
GQ180982
GenBank
GQ223274
GenBank
GQ219673
GenBank
GQ225774
GenBank
GQ225773
GenBank
GQ225775
GenBank
GQ225776
GenBank
GQ254644

No depositada

GenBank
GQ223265
GenBank
GQ223264
GenBank
GQ223266
GenBank
GQ223276

Sin secuencia
Sin secuencia
BOLD Systems
HIST006-13
BOLD Systems
HIST007-13
No depositada
Sin secuencia
BOLD Systems
HISTO008-13
Sin secuencia

Sin secuencia

BOLD Systems
HIST009-13
Sin secuencia
Sin secuencia

Sin secuencia

No depositada
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EH-449B

EH-449

EH-449P
EH-450H

EH-521

EH-522

EH-626B

EH-655I

EH-655P

EH-658H

EH-658P

EH-659P
EH-670B

EH-670H

EH-671B
EH-671H

GenBank
KT601373

No depositada

No depositada

Sin secuencia

Sin secuencia

Sin secuencia

No depositada

No depositada

GenBank
KT601374
GenBank
KT601375

No depositada

Sin secuencia
GenBank
KT601376
GenBank
KT601377

No depositada

No depositada

GenBank
KT601437

No depositada

No depositada
No depositada

No depositada

No depositada

No depositada

Sin secuencia

GenBank
KT601438
GenBank
KT601439

No depositada

No depositada
GenBank
KT601440
GenBank
KT601441

No depositada

No depositada

GenBank
KT601410

No depositada

No depositada
No depositada

No depositada

No depositada

No depositada

No depositada

GenBank
KT601411
GenBank
KT601412

No depositada

Sin secuencia
GenBank
KT601414
GenBank
KT601415

Sin secuencia

Sin secuencia

GenBank
KT601455

No depositada

No depositada

Sin secuencia

No depositada

No depositada

No depositada

No depositada

GenBank
KT601458
GenBank
KT601459

No depositada

Sin secuencia
GenBank
KT601460
GenBank
KT601461

No depositada

No depositada

GenBank
GQ223280
GenBank
GQ223277
Sin secuencia
GenBank
GQ223278

Sin secuencia

GenBank
GQ223279
GenBank
GQ223267
GenBank
GQ180986
GenBank
GQ180985
GenBank
GQ0180987
GenBank
GQ254643
Sin secuencia
GenBank
GQ180988
GenBank
GQ180989
No depositada

No depositada

Sin secuencia

No depositada

No depositada

Sin secuencia

BOLD Systems
HIST026-13
BOLD Systems
HIST027-13
BOLD Systems
HIST028-13
No depositada

BOLD Systems
HIST012-13
BOLD Systems
HIST013-13

Sin secuencia

No depositada

No depositada

BOLD Systems
HIST015-13
No depositada

Sin secuencia

44



EH-671P

EH-672B

EH-672H

EH-696P

154-04

190-03

CEPA 2

L-100-91

CEPA 3

EH-46

EH-53

EH-317

AP

GeM

No depositada

GenBank
KT601378
GenBank
KT601379
GenBank
KT601380

No depositada

No depositada

TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
GenBank
AF495541
GenBank
KT601352
GenBank
KT601354

No depositada

GenBank
KT601442
GenBank
KT601443
GenBank
KT601444

No depositada

No depositada

TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
GenBank
AF495542
GenBank
KT601427
GenBank
KT601445

No depositada

GenBank
KT601413
GenBank
KT601416
GenBank
KT601417

No depositada

No depositada

TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
GenBank
AF495543
GenBank
KT601389
GenBank
KT601391

No depositada

GenBank
KT601456
GenBank
KT601457
GenBank
KT601462

No depositada

No depositada

TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
GenBank
AF495544
GenBank
KT601471
GenBank
KT601473

No depositada
No depositada
No depositada
No depositada
GenBank
FJ977617
GenBank
FJ977617

Sin secuencia
Sin secuencia
Sin secuencia
No depositada
GenBank
GQ223268

No depositada

Sin secuencia

Sin secuencia

BOLD Systems
HIST016-13
BOLD Systems
HIST017-13
BOLD Systems
HIST029-13
BOLD Systems
HIST018-13

Sin secuencia
Sin secuencia
Sin secuencia
Sin secuencia
Sin secuencia
BOLD Systems
HIST019-13
BOLD Systems
HIST001-13
BOLD Systems
HIST003-13

Sin secuencia

Sin secuencia
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WCh

1980
H.1.02.W

H.1.04.91

H.1.11.94

H.1.12.96

Downs

G-186B

G-217B

CA-1

CA-2

CO-1

CO-2

CO-3

TX-1

GenBank
KT601362
No depositada
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
GenBank
L25117.1
GenBank
JX033954.1
GenBank
JX033960.1
GenBank
JX033948.1
GenBank
JX033951.1
GenBank
JX033957.1
GenBank

GenBank
KT601454
No depositada
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
GenBank
U20346.1
GenBank
JX033955.1
GenBank
JX033961.1
GenBank
JX033949.1
GenBank
JX033952.1
GenBank
JX033958.1
GenBank

GenBank
KT601399
Sin secuencia
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
GenBank
X85962.1

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

GenBank
KT601481
No depositada
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
GenBank
M28358.1
GenBank
JX033956.1
GenBank
JX033962.1
GenBank
JX033950.1
GenBank
JX033953.1
GenBank
JX033959.1
GenBank

Sin secuencia

No depositada

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

No depositada

GenBank

L11390.2

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

No depositada

No depositada

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia
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G-184B

G-186A

H11

H60

H61

H62

H63

H66

H67

H69

H77

H79

H87

H97

JX033963.1
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

JX033964.1
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

JX033965.1
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia
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H126

H127

H137

H139

H140

H144

H146

H147

H148

H149

H150

H151

H152

H153

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

48



H155

H157

H158

H159

H160

H161

H162

H163

H164

H165

H166

H167

H176

H178

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

TreeBase

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia
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H179

H185

H187

H189

H192

H194

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063
TreeBase
S1063

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia

Sin secuencia
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Tabla 4. Datos genéticos de los alineamientos estudiados

Gen Numero Tamafio Sitios Mutaciones Indels NUumero de Numero de
de del Unicas Transiciones Transversiones
secuencias fragmento
(nt) Inicio Término Variables Informativos
(nt) (nt) (nt) (nt)
arf 112 458 415 872 65 41 22 10 25 25
H-anti 119 394 394 786 82 63 15 6 32 19
olel 109 415 37 451 66 46 19 9 38 13
tubl 114 274 590 863 87 72 13 82 50 25
(GA)Nn 49 239 1971 2209 30 21 6 20 15 6
ITS1-5.85- 37 624 33(18S9)* 35(28S)* 55 18 37 31 37 25
ITS2

Los datos referidos en la tabla se generaron para cada secuencia obtenida, comparandolas con las secuencias completas de las cepas de
referencia G-217B [para arf, H-anti, olel, tubl y (GA)n] y Downs (para ITS1-5.8S-ITS2) depositadas en GenBank.
*El fragmento de la region ITS1-5.8S-ITS2 incluy6 los dltimos 33 nt del gen 18S y los primeros 35 nt del gen 28S como sitios de inicio y término,

respectivamente.
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Tabla 5: Resultados del andlisis Incongruence Length Diference (ILD) usando los marcadores

estudiados
Particion Suma de las longitudes de los arboles Valor P
Particion Rango de
original Réplicas

arf vs. H-anti 121 136

arf vs. olel 114 153-154 0.002000
arf vs. tubl 152 173-174 0.002000
arf vs. (GA)n 67 71 0.002000
arf vs. ITS1-5.8S-ITS2 73 84-89 0.002000
H-anti vs. olel 131 174-176 0.002000
H-anti vs. tubl 169 189-190 0.002000
H-anti vs. (GA)n 84 85 0.002000
H-anti vs. ITS1-5.8S-ITS2 90 99-101 0.002000
olel vs. tubl 162 196-199 0.002000
olel vs. (GA)n 77 74-82 0.0026000
olel vs. ITS1-5.8S-ITS2 83 89-99 0.002000
tubl vs. (GA)n 115 112-119 0.208000
tubl vs. ITS1-5.8S-ITS2 121 123-132 0.002000
(GA)n vs. ITS1-5.8S-ITS2 36 37-40 0.006000
6 genes 319 448-452 0.0100000
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Tabla 6: Analisis de diversidad nucleotidica (1)

Africa

EH-672B/  0.01295  0.01222
EH-672H

G-184B 0.01397  0.01412  0.01435 0.01305

G-186A

G-186B

H66 0.00899  0.00762  0.00833  0.00675 0.01196  0.01989

H140 0.01516  0.01328  0.01611  0.01159 0.01176  0.02244  0.01235 0.01277

H185

H167 0.01506  0.01110 0.01963  0.01124  0.01563  0.02562 0.02881 0.02808  0.01738  0.02420

LAm B 0.01364  0.00110  0.00655 0.01277  0.01002  0.01244 0.00387 0.00491  0.00727 0.01132 0.00738  0.00883

NAm 2 0.01873  0.02118  0.01013  0.01901  0.01439 0.01900 0.00851  0.01031 0.01304  0.01674 0.01075 0.01033  0.01449 0.02674

1 intra
especifica 0.00356  0.00026  0.00385 0.00143  0.00409  0.00066 0.00150  0.00396 0.00704 0.00082 0.00480 0.00158 0.00788
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Fig.1. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de arf, utilizando el método de parsimonia. Se obtuvo el
arbol de consenso estricto a partir del analisis de 112 secuencias, considerando

valores de bt 270%, los cuales se indican en los nodos correspondientes.
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Fig.2. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de arf, utilizando el método de maxima verosimilitud. Se
obtuvo el arbol a partir del andlisis de 112 secuencias, considerando valores de bt

270%, los cuales se indican en los nodos correspondientes.
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Fig.3. Arbol filogenético no enraizado de H. capsulatum generado por una matriz

individual de secuencias de arf, utilizando el método de inferencia bayesiana. Se

obtuvo el arbol de “Maximum-clade credibility” a partir del analisis de 112

secuencias, considerando valores de pp 295%, los cuales se indican en los nodos

correspondientes.
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Fig.4. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de H-anti, utilizando el método de parsimonia. Se obtuvo
el arbol de consenso estricto a partir del analisis de 119 secuencias, considerando

valores de bt 270%, los cuales se indican en los nodos correspondientes.
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Fig.5. Arbol filogenético no enraizado de H. capsulatum generado por una matriz

individual de secuencias de H-anti, utilizando el método de maxima verosimilitud.

Se obtuvo el arbol a partir del analisis de 119 secuencias, considerando valores de

bt 270%, los cuales se indican en los nodos correspondientes.
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Fig.6. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de H-anti, utilizando el método de inferencia bayesiana. Se
obtuvo el arbol de “Maximum-clade credibility” a partir del analisis de 119
secuencias, considerando valores de pp 295%, los cuales se indican en los nodos

correspondientes.

60



LAm B

G-184A
G-186A | 153/EH-696P .
G-186B :
H140/H185 NAM 1
LAm B H167
87
84 95
H69 % Africa
H66 N
99 100

Australia

90 97 == Holanda

Eurasia

83

NAm 3

LAmA

=09
Fig.7. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de olel, utilizando el método de parsimonia. Se obtuvo el
arbol de consenso estricto a partir del andlisis de 109 secuencias, considerando

valores de bt 270%, los cuales se indican en los nodos correspondientes.
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Fig.8. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de olel, utilizando el método de maxima verosimilitud. Se
obtuvo el arbol a partir del andlisis de 109 secuencias, considerando valores de bt

270%, los cuales se indican en los nodos correspondientes.
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Fig.9. Arbol filogenético no enraizado de H. capsulatum generado por una matriz

individual de secuencias de olel, utilizando el método de inferencia bayesiana. Se

obtuvo el arbol de “Maximum-clade credibility” a partir del analisis de 109

secuencias, considerando valores de pp 295%, los cuales se indican en los nodos

correspondientes.
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Fig.10. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de tubl, utilizando el método de parsimonia. Se obtuvo el
arbol de consenso estricto a partir del analisis de 114 secuencias, considerando

valores de bt 270%, los cuales se indican en los nodos correspondientes.
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Fig.11. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de tub1l, utilizando el método de maxima verosimilitud. Se
obtuvo el arbol a partir del andlisis de 114 secuencias, considerando valores de bt

270%, los cuales se indican en los nodos correspondientes.
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Fig.12. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de tubl, utilizando el método de inferencia bayesiana. Se
obtuvo el arbol de “Maximum-clade credibility” a partir del analisis de 114
secuencias, considerando valores de pp 295%, los cuales se indican en los nodos

correspondientes.
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Fig.13. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias del microsatélite (GA)n, utilizando el método de
parsimonia. Se obtuvo el arbol de consenso estricto a partir del analisis de 49
secuencias, considerando valores de bt 270%, los cuales se indican en los nodos

correspondientes.
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Fig.14. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias del microsatélite (GA)n, utilizando el método de maxima
verosimilitud. Se obtuvo el arbol a partir del andlisis de 49 secuencias, considerando

valores de bt 270%, los cuales se indican en los nodos correspondientes.
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Fig.15. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias del microsatélite (GA)n, utilizando el método de inferencia
bayesiana. Se obtuvo el arbol de “Maximum-clade credibility” a partir del andlisis de
49 secuencias, considerando valores de pp 295%, los cuales se indican en los

nodos correspondientes.
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Fig.16. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de la region ITS1-5.8S-ITS2, utilizando el método de
parsimonia. Se obtuvo el arbol de consenso estricto a partir del andlisis de 36
secuencias, considerando valores de bt 270%, los cuales se indican en los nodos

correspondientes.
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Fig.17. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de la region ITS1-5.8S-ITS2, utilizando el método de
maxima verosimilitud. Se obtuvo el arbol a partir del analisis de 36 secuencias,
considerando valores de bt 2=70%, los cuales se indican en los nodos

correspondientes.
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Fig.18. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
individual de secuencias de la region ITS1-5.8S-ITS2, utilizando el método de
inferencia bayesiana. Se obtuvo el arbol de “Maximum-clade credibility” a partir del
analisis de 36 secuencias, considerando valores de pp 295%, los cuales se indican

en los nodos correspondientes.
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Fig.19. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
concatenada, utilizando el método de parsimonia. Se obtuvo el arbol de consenso
estricto a través del andlisis de una matriz concatenada construida con las
secuencias de seis fragmentos génicos (arf, H-anti, olel, tubl, (GA)n e ITS1-5.8S-
ITS2) de 119 aislados de H. capsulatum. Se consideraron valores de bt 270%, los

cuales se indican en los nodos correspondientes.
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Fig.20. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
concatenada, utilizando el método de maxima verosimilitud. El arbol fue obtenido a
traves del andlisis de una matriz concatenada construida con las secuencias de seis
fragmentos génicos (arf, H-anti, olel, tubl, (GA)n e ITS1-5.8S-ITS2) de 119 aislados
de H. capsulatum. Se consideraron valores de bt 270%, los cuales se indican en los

nodos correspondientes.
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Fig.21. Arbol filogenético no enraizado de H. capsulatum generado por una matriz
concatenada, utilizando el método de inferencia bayesiana. Se obtuvo el arbol de
“‘Maximum-clade credibility” a través del analisis de una matriz concatenada
construida con las secuencias de seis fragmentos génicos (arf, H-anti, olel, tubl,
(GA)N e ITS1-5.85-ITS2) de 119 aislados de H. capsulatum. Se consideraron

valores de pp 295%, los cuales se indican en los nodos correspondientes.
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Fig.22. Arbol filogenético enraizado de H. capsulatum generado por una matriz
individual de secuencias de arf, utilizando el método de inferencia bayesiana. Se
obtuvo el arbol de “Maximum-clade credibility” a partir del andlisis de 112 secuencias
de H. capsulatum utilizando B. dermatitidis como grupo externo. Se consideraron
los valores de pp 295%, los cuales se indican en los nodos correspondientes.
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Fig.23. Arbol filogenético enraizado de H. capsulatum generado por una matriz
individual de secuencias de olel, utilizando el método de inferencia bayesiana. Se
obtuvo el arbol de “Maximum-clade credibility” a partir del andlisis de 109 secuencias
de H. capsulatum, utilizando B. dermatitidis como grupo externo. Se consideraron

los valores de pp 295%, los cuales se indican en los nodos correspondientes.
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Fig.24. Arbol filogenético enraizado de H. capsulatum generado por una matriz
individual de secuencias de tubl, utilizando el método de inferencia bayesiana. Se
obtuvo el arbol de “Maximum-clade credibility” a partir del andlisis de 114 secuencias
de H. capsulatum, utilizando B. dermatitidis como grupo externo. Se consideraron
los valores de pp 295%, los cuales se indican en los nodos correspondientes.
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Fig.25. Arbol filogenético enraizado de H. capsulatum generado por una matriz
individual de secuencias de la region ITS1-5.8S-ITS2, utilizando el método de
inferencia bayesiana. Se obtuvo el arbol de “Maximum-clade credibility” a partir del
analisis de 36 secuencias de H. capsulatum, utilizando B. dermatitidis como grupo
externo. Se consideraron los valores de pp 295%, los cuales se indican en los nodos

correspondientes.
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Fig.26. Arbol filogenético enraizado de H. capsulatum generado por una matriz
concatenada, utilizando el método de inferencia bayesiana. Se obtuvo el arbol de
“‘Maximum-clade credibility” a través del analisis de una matriz concatenada
construida con las secuencias de cuatro fragmentos génicos (arf, olel, tubl, e ITS1-
5.8S-ITS2) de 119 aislados de H. capsulatum, utilizando B. dermatitidis como grupo
externo. Se consideraron los valores de pp 295%, los cuales se indican en los nodos

correspondientes.
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Fig.27. Arbol de especies de H. capsulatum generado por el método de delimitacion

de especies con base en coalescencia. Se obtuvo el arbol de “Maximum-clade

credibility” a través del analisis de una matriz concatenada construida con las

secuencias de cinco fragmentos génicos (arf, H-anti, olel, tubl y (GA)n) de 119

aislados de H. capsulatum. Se consideré un reloj molecular estricto y valores de pp

295%. En cada nodo se muestran las edades de los clados, estimadas mediante

BEAULti 1.8.2.
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Fig.28. Arbol de especies de H. capsulatum generado por el método de delimitacion

de especies con base en coalescencia. Se obtuvo el arbol de “Maximum-clade

credibility” a través del analisis de una matriz concatenada construida con las

secuencias de cinco fragmentos génicos (arf, H-anti, olel, tubl y (GA)n) de 119

aislados de H. capsulatum. Se considerd un reloj molecular estricto y valores de pp

295%, los cuales se indican en los nodos correspondientes.
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Fig.29. Red de dispersion del complejo H. capsulatum de acuerdo con los tipos de
secuencias concatenadas (CSTs, del inglés concatenated sequence-types) de 119
aislados estudiados. Un total de 58 CSTs fueron generados a partir de 1538-nt
alineados y analizados por el método “median-joining network”, utilizando los cuatro
fragmentos génicos concatenados arf, H-anti, olel y tubl. La longitud de las ramas
en la red es proporcional al numero de substituciones y el tamafio relativo de los
circulos es proporcional con la frecuencia de las CSTs. Cada nodo (circulo negro)
indica una CST hipotética perdida. Los colores de cada CST corresponden a los

diferentes clados y linajes descritos.
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Abstract: Histoplasma capsulatum is a dimorphic fungus associated with respiratory and systemic
infections in mammalian hosts that have inhaled infective mycelial propagules. A phylogenetic
reconstruction of this pathogen, using partial sequences of arf, H-anti, olel, and tub1 protein-coding
genes, proposed that H. capsulatum has at least 11 phylogenetic species, highlighting a clade (BAC1)
comprising three H. capsulatum isolates from infected bats captured in Mexico. Here, relationships
for each individual locus and the concatenated coding regions of these genes were inferred using
parsimony, maximum likelihood, and Bayesian inference methods. Coalescent-based analyses, a
concatenated sequence-types (CSTs) network, and nucleotide diversities were also evaluated. The
results suggest that six H. capsulatum isolates from the migratory bat Tadarida brasiliensis together with
one isolate from a Mormoops megalophylla bat support a NAm 3 clade, replacing the formerly reported
BAC1 clade. In addition, three H. capsulatum isolates from T. brasiliensis were classified as lineages.
The concatenated sequence analyses and the CSTs network validate these findings, suggesting that
NAm 3 is related to the North American class 2 clade and that both clades could share a recent
common ancestor. Our results provide original information on the geographic distribution, genetic
diversity, and host specificity of H. capsulatum.

Keywords: Histopl: capsulatum; bat host; NAm 3 clade; new lineage; phylogenetic reconstruction;

concatenated sequence-types network

1. Introduction

Histoplasma capsulatum is a pathogenic ascomycete that infects humans and other
mammals. This fungus is distributed worldwide and is usually found in bird and bat
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droppings. Its saprobe and infective mycelial morphotype grow in environmental condi-
tions that favor the production of aerosolized mycelial propagules, mainly microconidia
and hyphal fragments that are inhaled by susceptible hosts, initiating respiratory and
systemic infections.

Bats are able to develop natural and experimental histoplasmosis infections [1-6].
Infected bats could act as reservoirs and dispersers of H. capsulatum in favorable envi-
ronments, playing a possible role in the incorporation of the fungus in new ecological
niches [7-9].

Over the last three decades, H. capsulatum has been the subject of several genotyping
studies that have engaged its DNA polymorphism using molecular tools such as restriction
fragment length polymorphism and random amplified polymorphic DNA methods [10-16],
analyses of individual and concatenated genes [17-26] and whole genomes [27,28], which
have contributed to the knowledge of the genetic diversity and phylogeny of this pathogen.
Currently, H. capsulatum consists of various groups of isolates that differ genetically and cor-
relate with particular geographic distributions, which are considered as a complex of cryptic
species [20,26]. Phylogenetic analyses using molecular markers have been a useful tool for
species recognition and for studying the evolutionary genetics of microbial pathogens in
the fields of the host—parasite relationship, epidemiology, and medicine [29,30].

In general, fungal species recognition is based on biological or morphological species
concepts; however, the description of several cryptic species among micromycetes have
been proposed by exploring different methods and concepts to delimit species, such as the
phylogenetic species concept and its derivatives [29]. In regard to the H. capsulatum species
delimitation, the genealogical concordance phylogenetic species recognition (GCPSR)
concept, mentioned by Taylor et al. [29], is one of the most validated concepts because it
allows the analysis of micromycetes with certain characteristics, highlighting the lack of
morphological characters, the absence of sexual spores, and the heterothallic species.

Kasuga et al. [20] studied the phylogenetic relationships of 137 H. capsulatum isolates
from 25 countries and interpreted the results by applying the GCPSR concept. They used
multilocus sequence typing (MLST) analyses of partial DNA sequences of four protein-
coding genes: ADP ribosylation factor (arf), H-antigen precursor (H-anti), delta-9 fatty
acid desaturase (ole1), and alpha-tubulin (tub1). Based on the analyses of these isolates
with different geographical origins and sources, they identified eight H. capsulatum clades
corresponding to genetically distinct geographical populations: North American class
1 (NAm 1), North American class 2 (NAm 2), Latin American group A (LAm A), Latin
American group B (LAm B), Australian, Netherlands, Eurasian, and African. Seven of
these clades (NAm 1, NAm 2, LAm A, LAm B, Australian, Netherlands, and African) were
recognized as phylogenetic species belonging to the H. capsulatum complex. These authors
also proposed the existence of seven lone lineages, which delimit an isolate or a small
group of isolates that have a single multilocus genotype. Taylor et al. [21], using the same
molecular markers, suggested the existence of a particular clade of H. capsulatum isolates,
which contained one isolate from a Mormoops megalophylla bat (Chiroptera: Mormoopidae)
and two isolates recovered from different tissues of the free-tailed bat, Tadarida brasiliensis
(Chiroptera: Molossidae), all captured in Mexico. Later, Vite-Garin et al. [25], in their
overview of the genetic diversity of H. capsulatum, referred to this clade when more
H. capsulatum isolates were analyzed from T. brasiliensis bats.

Based on criteria involving MLST and population structure analyses, after examining
the sequences of 234 isolates deposited in different databases, Teixeira et al. [26] proposed
that H. capsulatum has at least 11 cryptic phylogenetic species, six of which are always
concordant (R, LAm A1, LAm A2, LAm B1, LAm B2, and BAC1) and reported as new
phylogenetic species. According to Teixeira et al. [26], the population structure of the
highly diverse LAm A clade has three phylogenetic species (R], LAm A1, and LAm A2);
besides, although the LAm B phylogenetic species showed low variation compared to other
clades [17,20], its analysis suggests the presence of two monophyletic clades (LAm B1 and
LAm B2) within LAm B.
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Recent information about H. capsulatum genetic diversity is based on a precise ap-
proach reported by Sepiilveda et al. [27], using whole-genome resequencing data and the
phylogenetic analyses of Histoplasma isolates from endemic areas of histoplasmosis, mainly
from the United States of America (USA). Sepulveda et al. [27] studied 30 isolates from five
phylogeographical clusters (Panama lineage-H81, NAm 1, NAm 2, LAm A, and African)
and considering their results, renamed four of them: H. capsulatum sensu stricto Darling
1906 (comprising three isolates from the Panama lineage-H81), H. mississippiense sp. nov.
(comprising 10 isolates from the NAm 1clade); H. ohiense sp. nov. (comprising 11 isolates
from the NAm 2 clade); and H. suramericanum sp. nov. (comprising four isolates from
Colombia, previously classified as the LAm A clade). The African phylogenetic species
remains without a taxonomic modification in the H. capsulatum complex.

The aim of this study was to contribute to the phylogenetic understanding of the
H. capsulatum complex, by incorporating an important number of isolates from bats, the
main wild host of this fungus. We analyzed the sequences of 176 isolates, 30 of which were
isolated from wild bats. The H. capsulatum phylogeny, based on the GCPSR criterion, was
reconstructed using individual locus and concatenated analyses of four protein-coding
genes. To do this, we used parsimony, maximum likelihood, and Bayesian inference
methods, as well as the coalescence-based methods. A concatenated sequence-types
network and nucleotide diversity were also generated. Overall, these analyses provide
robust support for the existence of a species-level clade containing seven H. capsulatum
isolates from bats.

2. Materials and Methods
2.1. New Histoplasma capsulatum Isolates Studied

The sequences of 42 isolates were analyzed for the first time. These isolates are
deposited in the H. capsulatum Culture Collection of the Fungal Immunology Laboratory
(http:/ /www.wfcc.info/ccinfo/index.php /strain/display /817 /fungi/), Department of
Microbiology and Parasitology, School of Medicine-UNAM, where they are maintained.
This collection is registered in the database of the World Data Centre for Microorganisms
as LIH-UNAM WDCMB817. The data on bats and clinical H. capsulatum isolates used in this
study are accessible in the culture collection catalogue, partially published by Rodriguez-
Arellanes et al. [31] and in a website (https:/ /www.facmed.unam.mx/histoplas-mex/).

For the isolation of H. capsulatum from randomly captured bats, only those species not
in danger of extinction were processed, and they were used solely for research purposes.
In all cases, national regulations for bat species protection, capture, and processing were
strictly complied with, and we adhered to ethical recommendations and to the guidelines
published by Gannon, Sikes, and the Animal Care and Use Committee of the American
Society of Mammalogists [32]. Bats were processed for fungal isolation in accordance with
the Ethics Committee of the School of Medicine, UNAM, following the recommendations
of the Animal Care and Use Committee of the UNAM and the Mexican Official Guide
(NOM 062-Z00-1999).

Clinical isolates from Mexico were obtained from different hospitals in the country.
Clinical isolates from Argentina and Colombia were donations to our collection by the INEI-
ANLIS-“Dr. Carlos G. Malbran” and the Corporacion para Investigaciones Biologicas institutions,
respectively. All clinical isolates were obtained as part of standard care procedures for
fungal diagnosis, in hospital microbiology laboratories.

This study was approved by the School of Medicine Research and Ethics Committee
(Ref. No. 017/2014).

2.2. Histoplasma capsulatum Sequences

Sequences of four individual loci from a total of 176 isolates were analyzed, consid-
ering the 42 new isolates here processed (details in Table 1) together with 134 isolates
previously reported by Kasuga et al. [20]. Of the 134 isolates studied by Kasuga et al. [20],
17 of them derived from infected bats captured in Mexico. Incomplete sequences of three
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isolates (EH-325, EH-383, and H190) were omitted from the total 137 isolates studied by
Kasuga et al. [20]. Four sequences of H. capsulatum reference strains, whose genomes are
available at the National Center for Biotechnology Information (https://www.ncbi.nlm.
nih.gov/bioproject) were considered in all phylogenetic analyses of the present study:
G-217B (accession number PRINA12653) from the NAm 2 clade; H143 (accession num-
ber PRINA29161) and H88 (accession number PRJNA29163) from the African clade; and
G-186A (accession number PRJNA12635) from the Panama lineage. In this study, it is
important to remark that the H. capsulatum strains named by Kasuga et al. [20] as H8, H81,
H82, and H83, here are reported as G-217B, G-184B, G-186A, and G-186B, respectively.

Table 1. Data about the new H. capsulatum isolates reported in the present study.

Isolate Related Phylogenetic- Origin GenBank (Accession Numbers)

Acronym Source Species/Lineage # arf H-anti olel tubl
1558 Human LAmB (*) AR KT601344 KT601418 KT601381 KT601463
1739 Human LAmB (¥ AR KT601345 KT601419 KT601382 KT601464

92590 Human LAm B (LAm B1) AR KT601346 KT601420 KT601383 KT601465
951814 Human LAm B (LAm B1) AR KT601347 KT601421 KT601384 KT601466
993444 Human LAm B (LAm B1) AR KT601348 KT601423 KT601385 KT601467
993445 Human LAm B (LAm B1) AR KT601349 KT601424 KT601386 KT601468
993446 Human LAm B (LAm B1) AR KT601350 KT601425 KT601387 KT601469
993267 Human LAm B (LAm B1) AR KT601351 KT601422  KT601388 KT601470
AP Human LAm A (LAm A1) cO KT601352 KT601427 KT601389 KT601471
DS Human LAm A (¥) CcOo KT601353 KT601428 KT601390 KT601472
GeM Human LAm A (LAm A1) co KT601354 KT601445 KT601391 KT601473
GLi Human LAm A (LAm A2) cO KT601355 KT601446 KT601392 KT601474
Hz Human LAm B (LAm B1) cO KT601356 KT601449 KT601393 KT601475
JG Human LAm B (LAm B1) cO KT601357 KT601450 KT601394 KT601476
LA Human LAm A (LAm A2) co KT601358 KT601451 KT601395 KT601477
LF Human LAm A (*) co KT601359 KT601452  KT601396 KT601478
MZ2 Human LAm A (LAm A2) co KT601360 KT601426 KT601397 KT601479
RG Human LAm A (LAm A1) co KT601361 KT601453 KT601398 KT601480
WCh Human LAm A (LAm A1) co KT601362 KT601454 KT601399 KT601481
H.1.02W Human LAm A (LAm A2) GT KT601363 KT601447 KT601400 KT601482
H.1.12.96 Human LAm A (LAm A2) GT KT601364 KT601448 KT601401 KT601483
EH-323 Human LAmA (*) MX KT601365 KT601429 KT601402 KT601484
EH-324 Human LAmA (*) MX KT601366 KT601430 KT601403 KT601485
EH-326 Human LAmA (*) MX KT601367 KT601431 KT601404 KT601486
EH-327 Human LAmA (*) MX KT601368 KT601432 KT601405 KT601487
EH-328 Human LAm A (LAm A1) MX KT601369 KT601433 KT601406 KT601488
EH-355 Human LAm A (*) MX KT601370 KT601434 KT601407 KT601489
EH-356 Human LAm A (*) MX KT601371 KT601435 KT601408 KT601490
EH-357 Human LAm A (*) MX KT601372 KT601436 KT601409 KT601491

EH-3831P L. nivalis LAm A (LAm A1) MX AF495619 AF495620 AF495621 F495622

EH-383P P L. nivalis LAm A (LAm Al) MX AF495623 AF495624 AF495625 AF495626

EH-3841° T. brasiliensis NAm 3 (BAC1) MX AF495627 AF495628 AF495629 AF495630

EH-384P P T. brasiliensis NAm 3 (BAC1) MX AF495631 AF495632 AF495633 AF495634

EH-408H P L. nivalis LAm A (LAm A1) MX AF495644 AF495643 AF495645 AF495646

EH-449B L. nivalis LAm A (LAm Al MX KT601373 KT601437 KT601410 KT601455

EH-655P T. brasiliensis NAm 3 (BAC1) MX KT601374 KT601438 KT601411 KT601458

EH-658H T. brasiliensis NAm 3 (BAC1) MX KT601375 KT601439 KT601412 KT601459

EH-670B T. brasiliensis NAm 3 (BAC1) MX KT601376 KT601440 KT601414 KT601460

EH-670H T. brasiliensis NAm 3 (BAC1) MX KT601377 KT601441 KT601415 KT601461

EH-672B T. brasiliensis NAm 3 (*) MX KT601378 KT601442 KT601413 KT601456

EH-672H T. brasiliensis NAm 3 (*) MX KT601379 KT601443 KT601416 KT601457

EH-696P T. brasiliensis H153-lineage (*) MX KT601380 KT601444 KT601417 KT601462

? Phylogenetic species of the new isolates studied, based on the classification as Kasuga et al. [20] and, in parenthesis, as Teixeira et al. [26].
b Isolates previously studied by Taylor et al. [21], without phylogenetic classification. (*) H. capsulatum isolates not included previously in
any phylogenetic species. Bat species: L. nivalis = Leptonycteris nivalis; T. brasiliensis = Tadarida brasiliensis. NAm 3: North American 3. AR:
Argentina; CO: Colombia; GT: Guatemala; MX: Mexico.
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2.3. DNA Extraction, PCR, and Sequencing of Histoplasma capsulatum Isolates

DNA extraction was performed on the 42 new isolates, according to Taylor et al. [9].
We processed PCR products of the H. capsulatum gene fragments (arf, H-anti, olel, and
tubl) as described by Kasuga et al. [20] with minor modifications as per Taylor et al. [21].
Amplicons were sequenced at the High-Throughput Genomics Center (University of
Washington, Seattle, WA, USA). DNA sequencing reactions were implemented for both
DNA strands and a consensus sequence was generated for each gene fragment using
MESQUITE version 3.01 (http://mesquiteproject.org) and Chromas Lite version 2.1.1
(http:/ /technelysium.com.au/. Sequences of the 42 new H. capsulatum isolates were
deposited in the GenBank (see Table 1). The sequences from Kasuga et al. [20] are available
on the TreeBASE database (study ID S1063).

2.4. Histoplasma capsulatum Sequence Alignments and BLASTn Analyses

The sequences of 176 isolates were assembled and aligned manually using MESQUITE
(http:/ /mesquiteproject.org). A concatenated matrix containing the four gene fragments
studied was used for phylogenetic reconstruction.

A BLASTn analysis [33] was conducted with the complete genes reported in the
GenBank (accession numbers: L25117.1, U20346.1, X85962.1, and M28358.1 for arf, H-anti,
olel, and tub1, respectively) for the G-217B strain (American Type Culture Collection-26032)
from Louisiana/USA, which is considered the most representative strain of the NAm 2
phylogenetic species.

2.5. Congruence Analysis

Congruence of the four gene genealogies was evaluated with the incongruence length
difference (ILD) test developed by Farris et al. [34] and implemented in PAUP* version 4.
2003 as the partition homogeneity test (http://paup.csit.fsu.edu/downl.html). For each
test, uninformative characters were excluded, and the sum of tree lengths of the actual
partition was compared to the sum of tree lengths of 1000 randomly assigned partitions,
where the null hypothesis is that the arf, H-anti, olel, and tub1 partitions are congruent (the
sequences are drawn from a single, homogeneous group of characters). The percent of
instances where the sum of the tree lengths of each random partition exceeded that of the
true partition was used to detect incongruence between data sets.

2.6. Phylogenetic Reconstruction

The four gene regions were subjected to two-way comparisons in all possible combi-
nations and analyzed by different methods. (1) Parsimony analysis was performed with
TNT version 1.1 [35] using a random starting tree with 1000 ratchet iterations [36]; all
characters were treated as unordered and assigned equal weights. (2) Probabilistic analyses
were performed with maximum likelihood (ML) and Bayesian inference (BI). ML analysis
was conducted in RAXMLGUI version 1.31 [37] using the general time reversible (GTR)
substitution model with a gamma distribution. BI was performed in MrBayes version
3.2 [38] using four chains with a total of 100,000,000 generations and sampling trees every
10,000 generations. Convergence of the chains was evaluated with the effective sample size
(ESS) values and corroborated with Tracer version 1.6 (http:/ /beast.bio.ed.ac.uk/Tracer).
Both probabilistic analyses were implemented in jModeltest version 2.1.4 [39]. Based on
the results of the Bayesian information criterion of jModeltest, the substitution models
considered for each partition were K80 (H-anti), K80 + G (arf and tubl), and K80 + I (olel).

Bootstrap (bt) values for parsimony and ML analyses were based on the heuristic
search of 1000 replicates, using tree-bisection-reconnection. For the BI, the maximum clade
credibility tree was selected with a posterior probability (pp) limit of 0.95, using TreeAn-
notator version 1.8.2, implemented with *BEAST [40]. Unrooted trees were constructed
using concatenated and individual sequence alignments. In special cases, rooted trees were
generated with Blastomyces dermatitidis as an outgroup, using the sequences available in
the GenBank database (accession numbers: arf-XM002628904.1; ole1-XM002625814.1; and
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tub1-JN562337.1). In the concatenated analyses, the H-anti gene fragment was considered
as missing data.

2.7. Coalescence Analysis

A coalescence-based analysis was conducted using the *BEAST method, which was
implemented in BEAST version 1.8.2 [40,41]. An XML file was generated for the alignments
of the four loci using BEAUi version 1.8.2 [41]. The K80 substitution model with empirical
base frequencies was applied to the four loci, and the gamma distribution was included for
arf and tubl, whereas invariant sites were included in the model for olel. The remaining
parameters used in the *BEAST coalescence analysis were the same as those used in the BI
phylogenetic analysis. The final run of the coalescence analysis assumed a strict molecular
clock based on the results of the stepping-stone and marginal likelihoods methods imple-
mented in MrBayes software version 3.2 [38,41], which tested strict clock vs. no clock or
strict clock vs. some sort of relaxed clock. Here, we used the nucleotide substitution rates
reported by Kasuga et al. [20], which were estimated considering two divergence times
from Eurotiomycetes, 127.8 million years ago for Histoplasma and 31.8 million years ago for
Blastomyces; arf: 0.86 x 102, H-anti: 1.17 x 10~?, ole1: 0.87 x 10~%, and tub1: 1.63 x 10~
substitutions/site/year.

2.8. Concatenated Sequence-Types (CSTs) Network

The concatenated matrix of four nuclear genes was used to generate an unrooted
network constructed by the median-joining algorithm [42] with Network version 4.613 (
www.fluxus-engineering.com).

2.9. Nucleotide Diversity (7t)

Estimation of intraspecific 7t values for arf, H-anti, olel, and tubl gene fragments of the
H. capsulatum isolates studied was performed on the concatenated alignment using DnaSP
version 5.10 [43].

3. Results

Of the 42 newly reported isolates, 13 were obtained from naturally infected bats
captured in different Mexican regions and 29 were isolated from human clinical samples (8
from Argentina, 11 from Colombia, 2 from Guatemala, and 8 from Mexico) (see Table 1).

3.1. Histoplasma capsulatum BLASTn Analysis

High similarity (95-99%) was found by BLASTn among all the sequences studied,
when compared with the sequences of the four complete genes (arf, H-anti, olel, and tubl)
of the G-217B reference strain.

3.2. Congruence Analysis

The concatenated matrix of the four gene fragments had a total of 1538 nucleotides
(nt), of which 321 sites were variable and 226 were parsimony informative (Table 2). The
length of each gene fragment studied was as follows: arf-457 nt, H-anti-397 nt, ole1-414 nt,
and fub1-270 nt.
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Table 2. Genetic diversity of each gene fragment analyzed.

Nucleotide
Gene Fragments Sites
Size 2 Start/End . Parsimonious
@) @) Variable
Informative ~ Uninformative
arf 457 415/871 70 4“4 26
H-anti 397 394/789 91 59 32
olel 414 37/450 69 49 20
tubl 270 590/862 91 74 17
Total 1538 321 226 95
2 Reference data came from each complete gene of the G-217B H. capsulatum strain deposited in GenBank (see
Materials and Methods).

The ILD test found no significant heterogeneity among the four gene genealogies
(Table 3).

Table 3. Data for the incongruence length difference test using the sequences of the four genes studied.

Sum of Tree Lengths
Partition Original Partition Range of Replicates p Value

Four genes 1243 1243-1242 0.997
arf vs. H-anti 161 161-0 1

arf vs. olel 156 156-157 0.941

arf vs. tubl 193 193-194 0.997
H-anti vs. olel 168 168-169 0.748
H-antivs. tubl 217 2170 1

olel vs. tubl 202 202-0 1

The ILD test was performed with the 176 H. capsulatum isolates.

3.3. Phylogenetic Reconstruction

In all phylogenetic analyses of the concatenated alignments, using the sequences of
the 176 H. capsulatum isolates studied, the eight clades described by Kasuga et al. [20]
and the LAm A1, LAm A2, LAm B1, and BAC1 clades named by Teixeira et al. [26] were
recognized (see Figure 1A-C).

Due to the ML and BI trees have similar topologies in the individual analysis for the
alignments of each locus studied; they were represented as BI trees. The support for each
branch was included as bt values for ML/ pp values for BI analyses (see Supplementary
Material, Figures S1-54).

The parsimony analysis of the concatenated alignment resulted in eight most parsimo-
nious trees, a tree length of 514 steps, a consistency index of 0.654, and a retention index of
0.934 (Figure 1A).

According to our data, most of the new H. capsulatum isolates analyzed match with
LAm A phylogenetic species described by Kasuga et al. [20]. In addition, 28 of these new
isolates clustered together with some isolates previously classified by Teixeira et al. [26]
as belonging to the phylogenetic species LAm A1, LAm A2, LAm B1, and BAC1, with the
exception of isolates 1558 and 1739 from Argentina, DS and LF from Colombia, as well
as EH-323, EH-324, EH-326, EH-327; EH-355, EH-356, EH-357, EH-672B, EH-672H, and
EH-696 from Mexico, which formed different independent groups (see Table 1).
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Figure 1. Unrooted phylogenetic trees of H. capsulatum isolates generated by different inference
methods. The analyses were performed with a concatenated matrix of 1538-nt constructed with four
gene fragments (arf, H-anti, olel, and tubl). (A) Parsimony strict consensus tree with a bt > 70%;
(B) maximum likelihood tree with a bt > 70%; (C) Bayesian inference maximum clade credibility
tree was selected with a pp limit of 0.95. The support values of bt and pp are indicated on their
corresponding tree nodes (details under Materials and Methods).
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In agreement with the results by Kasuga et al. [20], the present data showed that LAm
A forms a clade that also contains the Eurasian isolates. Furthermore, LAm A is connected
to almost all the other isolates by a long and well-supported internal branch. A branch
leading to the two isolates, EH-672B and EH-672H, is always attached to this long internal
branch in the concatenated analyses (Figure 1A-C).

Unrooted phylogenetic trees (Figure 1A-C) had similar topologies and showed slight
differences between parsimony (Figure 1A) and BI (Figure 1C) trees.

In the present analyses, the EH-315 isolate obtained from a M. megalophylla bat cap-
tured in Mexico and classified as a lone lineage by Kasuga et al. [20], forms a particular
clade (bt >70% and pp > 0.95), together with six H. capsulatum isolates (EH-3841, EH-384P,
EH-655P, EH-658H, EH-670B, and EH-670H) obtained from T. brasiliensis bats captured
in different regions of Mexico (Figure 1A-C); although isolates EH-3841, EH-384P, and
EH-315 were slightly divergent. This clade forms a polytomy with several others in the
parsimony tree (Figure 1A), including LAm B, Netherlands—Australian, African, and
NAm 1, as well as NAm 2; however, notably in the ML and BI analyses, this clade is the
sister group of NAm 2 (Figure 1B,C). Given its relationship to NAm 2, we propose naming
this new clade formed here with seven H. capsulatum isolates as NAm 3, highlighting that
this clade incorporated three H. capsulatum isolates that had been previously described by
Taylor et al. [21] and later considered as a new phylogenetic species denominated BAC1 by
Teixeira et al. [26].

Another of the new H. capsulatum isolates, EH-696P, obtained from a T. brasiliensis bat
captured in the state of Nuevo Leon in northwestern Mexico had similar sequences to the
isolate H153 (100% bt; 1.0 pp) from a Brazilian patient, which had formerly been classified
as a lone lineage by Kasuga et al. [20] and Teixeira et al. [26].

Here, we also found a new lone lineage composed of H. capsulatum isolates EH-672B
and EH-672H, both obtained from a T. brasiliensis bat captured in the state of Hidalgo,
Mexico. This lone lineage had high support values in parsimony (bt = 100, Figure 1A) and
BI (pp = 1, Figure 1C) analyses, although a bt < 70% was found in the ML analysis. The
relationships of the EH-672B/EH-672H isolates to all other clades and lone lineages are
unclear in the analyses using the concatenated matrix (Figure 1A-C), and in H-anti, olel,
and tubl individual trees, these isolates are included in different clades (see Supplementary
Material, Figures S2-54); regarding the arf gene, the amplified fragments generated for
these isolates showed a lower query cover than the compared reference sequences of the
GenBank, affecting their analyses.

All phylogenetic rooted trees were constructed using B. dermatitidis sequences as an
outgroup. The results showed similar topologies to those for unrooted trees, although the
branch between the outgroup and the H. capsulatum isolates was longer in the individual
gene trees (Supplementary Material, Figures S5-S8).

3.4. Coalescence Analysis

Convergence among runs was found in the *BEAST analysis using a strict molecular
clock; the ESS values were >200. The *BEAST analysis was also performed using a relaxed
molecular clock, and the same topology was recovered. However, the topology of the
resulting species tree (Figure 2) was different from those of all phylogenetic analyses. It
showed that the Nam 3 clade and most of the lone lineages were closely related with the
Latin American and the Eurasian clades (0.84 pp) described by Kasuga et al. [20], except
for a lone lineage H167 from Argentina that was sister to NAm 1 (0.99 pp) and for the
lone lineage formed by H153 and EH-696P isolates (0.99 pp), which was sister to all other
phylogenetic species. The Australian and Netherlands clades grouped together (0.94 pp),
as found in the MLST analyses performed by Kasuga et al. [20]. In the coalescence analysis
(Figure 2), the EH-672B/EH-672H lone lineage is a close relative of the newly-named NAm
3 clade (0.99 pp).
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Figure 2. Species tree generated by coalescent-based species delimitation methods of the H. capsulatum complex. Maximum-
clade-credibility tree of the concatenated gene fragments arf, H-anti, olel, and tubl was selected from the *BEAST analysis,
using a strict molecular clock (see Materials and Methods). The values of pp are indicated on their corresponding branches
of the tree nodes.

3.5. Concatenated Sequence-Types (CSTs) Network

Concatenated sequence-types (CSTs) network analysis found a total of 110 distinctive
CSTs from the four loci concatenated matrix of the 176 H. capsulatum isolates (Figure 3). In
the CSTs analysis it was possible to confirm that the LAm A clade was the most genetically
differentiated (52 CSTs), followed by the LAm B (13 CSTs), NAm 2 (11 CSTs), Eurasian
(9 CSTs), NAm 3 (6 CSTs), and African (5 CSTs) clades. The least genetically differentiated
clades were NAm 1 (2 CSTs), Netherlands (2 CSTs), and Australian (2 CSTs). Of the
110 CSTs, nine occurred as lone lineages (Figure 3).
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Figure 3. Dispersion of the H. capsulatum complex associated with concatenated sequence-types (CSTs) from the 176 isolates
studied. A total of 110 CSTs were generated using a median-joining network based on the analysis of the 1538-nt alignment
of four concatenated gene fragments. The branch lengths are proportional to the number of substitutions, and the relative
sizes of circles are proportional to their corresponding CST frequencies. Each node (black circle) indicates a hypothetical
missing CST. The CST colors correspond to different H. capsulatum clades and the lone lineages are in yellow.

In terms of distance among CSTs, the LAm A and the LAm B clades were the most
distant, the Eurasian CSTs emerged from LAm A, the new EH-672B/EH-672H lone lineage
was connected to LAm A, and the NAm 3 clade was associated to NAm 2. The African,
Netherlands and Australian clades were closely grouped (Figure 3). These last relationships
can also be seen in all phylogenetic analyses using a concatenated matrix (Figure 1A-C).

3.6. Nucleotide Diversity (1)

In regard to genetic diversity, intraspecific 7 values for clades ranged from the most
diverse (LAm A = 0.00835) to the least diverse (Australian = 0.00027). The NAm 3 clade
had a 7 value of 0.0061 rather the African clade (7 = 0.00622). The nucleotide diversity of
the lone lineages revealed 7 values in the range of 0.00528 (EH-672B/EH-672H) to 0.00342
(H153/EH-696P).

4. Discussion

The role of bats in spreading H. capsulatum in the environment was proposed many
years ago, particularly by Hoff and Bigler [7]; however, the relationship between the
behavior of bats and H. capsulatum ecology remains ambiguous, especially the potential
connection of their movements and migrations with this pathogen’s dispersion in nature [8].

Regarding the bat—Histoplasma interplay, the first important finding to this binomial
relationship concerns a lone lineage (EH-315) described by Kasuga et al. [20], which was
formed by one H. capsulatum isolate from an infected M. megalophylla bat captured in
Mexico. According to our novel data and major sequence analyses, a cluster comprising
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six H. capsulatum isolates (EH-3841, EH-384P, EH-655P, EH-658H, EH-670B, and EH-670H)
associated with T. brasiliensis bats, together with the EH-315 isolate, formed a NAm 3
clade that was supported in the phylogenetic reconstruction analyses with values of
bt > 70% and pp > 0.95 and was well defined in the CSTs network. Thus, it is reasonable
to consider the NAm 3 clade as a phylogenetic species, based on the GCPSR concept
recognized by Taylor et al. [29] and Mayden [44], in agreement with Kasuga et al. [20] and
Teixeira et al. [26]. The two wild bat species from which these H. capsulatum isolates were
recovered are colonial and share some attributes, such as insectivorous feeding, habitats,
and migratory behavior [45,46].

Considering the inclusion of an important number of new H. capsulatum isolates
from different sources, our results support the high genetic diversity of this pathogen
by using multifaceted methods for phylogenetic and species tree inference. The present
study confirms the earlier molecular phylogenetic relationships of the H. capsulatum species
complex, reported by Kasuga et al. [20] and Teixeira et al. [26], and it replaces the BAC1
clade (with only three isolates) proposed by Teixeira [26] with the NAm 3 clade (containing
seven isolates), which revealed itself to be more closely related to the NAm 2 phylogenetic
species, by concatenated sequence analyses and CSTs network findings.

Tadarida brasiliensis was the major bat species associated with H. capsulatum isolates
from the NAm 3 phylogenetic species, the lone lineage EH-672B/EH-672H, and the EH-
696P isolate that clustered together with the lone lineage H153, previously described by
Kasuga et al. [20]. This bat species was captured in different states of the Mexican territory
included in North or Central America (see Figure 4). In the past, Taylor et al. [9] described
that the GACG(GA)11GA haplotype of the (GA)n microsatellite and its flanking regions
is associated with nine H. capsulatum isolates from T. brasiliensis captured in the southern
region of Mexico (Chiapas and Oaxaca states); of these nine H. capsulatum isolates, six
(EH-3841, EH-384H, EH-655P, EH-658H, EH-670B, and EH-670H) were classified here as
belonging to the NAm 3 phylogenetic species. Based on these findings, it is reasonable
to consider that gene flow mechanisms could displace H. capsulatum genetic patterns in
the environment, mainly associated with special wild hosts. Particularly, according to our
findings, it is possible to expect that T. brasiliensis has at least three different migratory routes
in the Mexican territory (see Figure 4), based on the genetic diversity of the H. capsulatum
isolates recovered from this bat species. Interestingly, the subspecies T. brasiliensis mexicana
has a migratory route that extends from the southwestern regions of the USA to the northern
and central-southeastern regions of Mexico [47]. Thus, the geographic distribution of
H. capsulatum could be related to the migratory behavior of infected bats, considering their
possible evolutionary history with this pathogen in shared natural habitats [9,20,21,26].
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Figure 4. Distribution of H. capsulatum isolated from the migratory bat T. brasiliensis in Mexico. Geographically, Mexico is in
North and Central America, and the boundary of both regions is delimited by the Isthmus of Tehuantepec (arrowhead).
T. brasiliensis bats were captured in different states of Mexico, which are distributed in either the Northern or Central
American regions of the Mexican territory. CS: Chiapas; HG: Hidalgo; MN: Michoacan; NL: Nuevo Leén; OC: Oaxaca.

In regard to the motivating data published by Septlveda et al. [27], who by using
phylogenomic species recognition, which presented the Histoplasma American phylogenetic
species as H. capsulatum sensu stricto, H. mississippiense, H. ohiense, and H. suramericanum, it
is noteworthy that none of the new H. capsulatum isolates analyzed here were compatible
with the phylogenetic species reported by Sepulveda et al. [27], probably because we
followed different methodologies for species recognition.

With respect to the congruence analysis, in contrast to the report by Kasuga et al. [17],
we found no evidence of incongruence among individual gene trees by the ILD test [34] (see
Table 3). This discrepancy may be due to our inclusion of additional isolates, which may
increase support for branches among species and reduce it within species. Besides, even if
incongruence is detected, it may not provide a conclusive demonstration that concatenation
of data produces phylogenetic error [48].

The present results also improve our understanding of Latin American H. capsulatum
phylogeographic distribution. Based on phylogenetic reconstruction and coalescence
analyses, it was found that most of the H. capsulatum isolates from Mexico and Colombia
here studied are in the LAm A clade. However, two new H. capsulatum isolates from
Colombia and all the new isolates from Argentina detailed in Table 1 were shown to belong
to the LAm B clade according to Kasuga et al. [20] or LAm B1 considering the modified
classification of Teixeira et al. [26]. In consequence, there may be an association between
Latin American clades and geography in South America.

In our study, unrooted phylogenetic trees were primarily generated; additionally,
rooted trees were also constructed using B. dermatitidis as an outgroup and only considering
the accessible sequences for arf, olel, and tubl. It is important to comment that H-anti was
not used in the construction of the rooted trees because its sequences were not available
for B. dermatitidis or any fungus that could be used as an outgroup, such as B. parvus,
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Paracoccidioides brasiliensis, P. lutzii or Emmonsia crescens. Overall, the topologies of rooted
trees agreed with each clade generated by unrooted trees, as mentioned in the results
section. Slight discrepancies in the topologies of unrooted trees, involving short internal
branches of some clades, could be explained by the different phylogenetic analyses used,
which is consistent with an early and short period of H. capsulatum radiation.

The H. capsulatum isolates from the NAm 3 phylogenetic species share a high similarity
among their CSTs (see Figure 3) and in their phylogenetic reconstruction (see Figure 1A-C).
Our data also highlight that NAm 3 has strong support in the four unrooted individual
gene trees and does not contain other taxa.

The CST network is a general evolutionary representation that infers ancestral types,
variants, and estimates dating and provides strong support to investigate the relationships
among all H. capsulatum isolates studied. Based on the number of CSTs found for each
clade, LAm A was the most diverse and the best sampled. Besides, NAm 3 was also diverse,
irrespective of the number of isolates analyzed.

The coalescence analysis using the *BEAST method is a useful tool for inferring rela-
tionships among groups of isolates, but in a few cases, it revealed conflicting relationships
when compared with other phylogenetic and network methods, which have somewhat
lower support. However, the lower bt and pp values shown in this coalescent-based
method are possibly due to the lack of more molecular data. This occurred in the present
analyses as well as in other reports [20].

Regarding the independent lineages previously described by Kasuga et al. [20], the
present results also support a close relationship between the lone lineages H81 (G-184B),
H66, and H69 and the LAm B clade (see Figure 1A-C) even though branch support is low.
Considering the results reported by Kasuga et al. [20], the discrepancy in branch support
reported here could be explained by the use of different methods that often give contrasting
results for the same organism, as sustained by Sites and Marshall [49]. In addition, the
sister relationship between the Brazilian H153 and the Mexican EH-696P isolates is well
supported in the species tree as a lone lineage, although the phylogenetic position of this
lineage with respect to other H. capsulatum isolates remains unclear. This latter issue should
be investigated further with more loci.

Intraspecific 7t values were obtained for H. capsulatum isolates only to detect gene
diversity among isolates of the same clade or the same lone lineage, whereas determination
of interspecific 7t values were unnecessary because divergences among clades and lineages
were well sustained by all phylogenetic analyses reported here. Our data indicate that
the intraspecific variation in NAm 3 (7t = 0.0061), LAm A (7 = 0.00835), and African
(7t = 0.00622) clades was homogeneous. Finally, considering the number of CSTs (6 CSTs)
and the 7t value (7t = 0.0061), the existence of a different evolutionary line supports the new
phylogenetic species NAm 3.

5. Conclusions

The present information about the interaction between the fungal pathogen H. cap-
sulatum and one of its most important wild hosts is unique. We analyzed sequences of
nine H. capsulatum isolates from T. brasiliensis: six (EH-3841, EH-384P, EH-655P, EH-658H,
EH-670B, and EH-670H) belong to the NAm 3 phylogenetic species, while the other three
(EH-672B, EH-672H, and EH-696P) are proposed as lone lineages. Concatenated sequence
analyses and the CSTs network support these findings in the H. capsulatum complex. In-
terestingly, the NAm 3 phylogenetic species and the EH-672B/EH-672H lineage reported
here are known only from naturally infected bats captured in Mexico, which may suggest
that specific mammals are susceptible to particular genotypes of H. capsulatum, a possi-
bility that warrants future comparison of their genomes. Thus, the detection of fungal
genotypes associated with geographical patterns in infected bats randomly captured in
the environment could contribute as a molecular biomarker to monitor the movements
and migrations of bats and also to generate an epidemiological map of H. capsulatum,
according to its distribution in nature. Furthermore, our results highlight the importance
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of histoplasmosis as a global health issue, including the unusual aspects of the pathogen
H. capsulatum involving naturally infected bats.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/jof7070529/51, Figure S1: Unrooted phylogenetic tree of the arf gene fragment for H. capsulatum
isolates. The Bayesian inference maximum clade credibility tree was selected with a pp limit of 0.95.
The bt and pp values are indicated on their corresponding tree nodes (details under Materials and
Methods). Supporting values are indicated as follows: bt/pp in maximum likelihood /Bayesian
inference, respectively. Figure S2: Unrooted phylogenetic tree of the H-anti gene fragment for
H. capsulatum isolates. The Bayesian inference maximum clade credibility tree was selected with
a pp limit of 0.95. The bt and pp values are indicated on their corresponding tree nodes (details
under Materials and Methods). Supporting values are indicated as follows: bt/pp in maximum
likelihood /Bayesian inference, respectively. Figure S3: Unrooted phylogenetic tree of the olel gene
fragment for H. capsulatum isolates. The Bayesian inference maximum clade credibility tree was
selected with a pp limit of 0.95. The bt and pp values are indicated on their corresponding tree
nodes (details under Materials and Methods). Supporting values are indicated as follows: bt/pp in
maximum likelihood /Bayesian inference, respectively. Figure S4: Unrooted phylogenetic tree of the
tubl gene fragment for H. capsulatum isolates. The Bayesian inference maximum clade credibility
tree was selected with a pp limit of 0.95. The bt and pp values are indicated on their corresponding
tree nodes (details under Materials and Methods). Supporting values are indicated as follows: bt/pp
in maximum likelihood /Bayesian inference, respectively. Figure S5: Rooted phylogenetic tree of
the arf gene fragment for H. capsulatum isolates. A Bayesian inference maximum clade credibility
tree was selected with a pp limit of 0.95. The pp values are indicated on their corresponding tree
nodes. A B. dermatitidis sequence was used as an outgroup (see Materials and Methods). Figure S6:
Rooted phylogenetic tree of the olel gene fragment for H. capsulatum isolates. A Bayesian inference
maximum clade credibility tree was selected with a pp limit of 0.95. The pp values are indicated on
their corresponding tree nodes. A B. dermatitidis sequence was used as an outgroup (see Materials
and Methods). Figure S7: Rooted phylogenetic tree of the tubl gene fragment for H. capsulatum
isolates. A Bayesian inference maximum clade credibility tree was selected with a pp limit of 0.95.
The pp values are indicated on their corresponding tree nodes. A B. dermatitidis sequence was used as
an outgroup (see Materials and Methods). Figure S8: Rooted phylogenetic tree of the concatenated arf,
olel, and tublgenes of H. capsulatum isolates generated by a Bayesian inference method. Maximum-
clade-credibility tree was constructed with a concatenated matrix with three gene fragments. The
pp = 0.95 values are indicated on their corresponding branches of the tree nodes. B. dermatitidis
sequences of the three gene fragments available in the GenBank were used as an outgroup.
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The MATI-1and MATI-2 idiomorphs associated with the MATI locus of Histoplasma capsulatum were identified by PCR. A
total of 28 fungal isolates, 6 isolates from human clinical samples and 22 isolates from environmental (infected bat and contami-
nated soil) samples, were studied. Among the 14 isolates from Mexico, 71.4% (95% confidence interval [95% CI], 48.3% to
94.5%) were of the MAT1-2 genotype, whereas 100% of the isolates from Brazil were of the MATI-1 genotype. Each MATI

idiomorphic region was ed and aligned, using the

es of the G-217B (+ mating type) and G-186AR (— mating

4

type) strains as references. BLASTn analyses of the MATI-1 and MAT1-2 sequences studied correlated with their respective +
and — mating type genotypes. Trees were generated by the maximum likelihood (ML) method to search for similarity among
isolates of each MAT1 idiomorph. All MATI-1 isolates originated from Brazilian bats formed a well-defined group; three isolates
from Mexico, the G-217B strain, and a subgroup encompassing all soil-derived isolates and two clinical isolates from Brazil
formed a second group; last, one isolate (EH-696P) from a migratory bat captured in Mexico formed a third group of the
MATI-1 genotype. The MATI-2 idiomorph formed two groups, one of which included two H. capsulatum isolates from infected

bats that were closely related to the G-186AR strain. The other group was formed by two h isol

and six i from

infected bats. Concatenated ML trees, with internal transcribed spacer 1 (ITS1) -5.85-1TS2 and MAT1-1 or MAT1-2 sequences,
support the relatedness of MATI-1 or MATI-2 isolates. H. capsulatum mating types were associated with the geographical origin
of the isolates, and all isolates from Brazil correlated with their environmental sources.

Histoplasma capsulatum is a heterothallic ascomycete that has
an anamorphic or asexual stage with two types of sexual com-
patibility, + and —, represented at the mating locus (MATI) by
the idiomorphic regions MAT1-1 and MAT1-2, respectively. The
teleomorphic (sexual) stage that results from + and — mating was
first described as Emmonsiella capsulata by Kwon-Chung (1-4).
Nowadays it is known as Ajellomyces capsulatus, which temporar-
ily exhibits the dikaryotic and diploid phases that form haploid
ascospores after two meiotic reductions. Thus, the species H. cap-
sulatum and A. capsulatus constitute the same holomorphic or-
ganism. The classical studies of sexual compatibility in H. capsu-
latum were performed by mating fungal specimens in culture
plates. However, this procedure is difficult because H. capsulatum
isolates rapidly lose the ability to mate in vitro (5); therefore, mo-
lecular methods were developed to identify the mating type in this
microorganism (6-8).

To date, there have been a few relevant studies in the United
States about the use of genetic tools to determine sexual compat-
ibility in H. capsulatum, in which the — mating type predominates
(6-8). Recent findings have involved the product of the Velvet A
gene (VeA), which belongs to the proteins of the Velvet family, in
mating structure formation (cleistothecial) and virulence of H.
capsulatum (9). H. capsulatum isolates exhibit a wide distribution
and an important genetic diversity, as has been documented in
Latin America (10-16). However, the frequency and genetic di-
versity of the + and — mating types are not well documented in
most countries where H. capsulatum is found, and data reported
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in the United States are not necessarily representative of other
geographical areas.

In the present work, we studied indigenous H. capsulatum iso-
lates from Mexico (North America) and Brazil (South America) to
determine the frequency and genetic diversity of the sexual com-
patibility types of H. capsulatum in these two distant geographical
areas. Most of the isolates studied were obtained from naturally
infected bats and contaminated soils, although some isolates from
human clinical cases were also analyzed. PCR was used to identify
and to perform genetic analyses of the MATI-1 and MATI-2
idiomorphs. The internal transcribed spacer 1 (ITS1)-5.8S-ITS2
region of the H. capsulatum isolates of each MATI idiomorph was
used for concatenated phylogenetic analyses of both genomic re-
gions to increase the genetic relatedness of H. capsulatum isolates
from different mating types. Therefore, our contribution is origi-
nal, mainly for its frequency data and because it is the first one to
use the MATT1 locus as a geographical marker for H. capsulatum.
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TABLE 1 General data and sexual compatibility of the H. capsulatum
isolates studied

TABLE 2 Database accession numbers of H. capsulatum MAT1
sequences analyzed

Associated Isolate GenBank accession no.
clinic“al . Ge'o'gr‘aphical Mati'lng MATI-1 isolates
Isolate form' Source’ origin type EH-696P KC282441
EH-46 D Human (liver) GR-Mexico - EH-315 KC282442
EH-53 D Human (blood) HG-Mexico — EH-317 KC282443
EH-317 D/HIV+ Human (blood) MS-Mexico + EH-521 KC282444
EH-315 NA Mormoops megalophylla (gut) GR-Mexico + 37307 KC282445
EH-373 NA Artibeus hirsutus (lung) MS-Mexico - 18H KC282446
EH-374 NA Artibeus hirsutus (spleen) MS-Mexico - RPS51 KC282447
EH-376 NA Artibeus hirsutus (lung) MS-Mexico - 1GS19 KC282448
EH-378 NA Artibeus hirsutus (lung) MS-Mexico  — ACO05 KC282449
EH-391 NA Leptonycteris nivalis (liver) MS-Mexico  — 1gS4/5 KC282450
EH-405 NA Leptonycteris nivalis (lung) PL-Mexico - TIO1 KC282451
EH-449B NA Leptonycteris nivalis (spleen) ~ MS-Mexico  — CO2 KC282452
EH-521 NA Artibeus hirsutus (lung) MS-Mexico  + CO4 KC282453
EH-672H NA Tadarida brasiliensis (liver) HG-Mexico — 247BL KC282454
EH-696P NA Tadarida brasiliensis (lung) NL-Mexico + M396/08 KC282455
M975/08 KC282456
18H D/HIV+  Human (blood) RJ-Brazil + M487/08 KC282457
37307 D/HIV+  Human (bone marrow) RJ-Brazil + M1084/08 KC282458
247BL ND Human (ND) MS-Brazil +
M396/08 NA Molossus molossus (NR) SP-Brazil + MAT]I-2 isolates
M1084/08 NA Molossus molossus (NR) SP-Brazil + EH-46 KC282431
M487/08 NA Molossus molossus (NR) SP-Brazil + EH-53 KC282432
M975/08 NA Molossus molossus (NR) SP-Brazil + EH-373 KC282433
ACO05 NA Soil RJ-Brazil + EH-374 KC282434
TIO1 NA Soil RJ-Brazil * EH-376 KC282435
1GS19 NA Soil RJ-Brazil + EH-378 KC282436
RPS51 NA Soil RJ-Brazil + EH-672H KC282437
COo2 NA Soil RJ-Brazil + EH-391 KC282438
CO4 NA Soil RJ-Brazil + EH-449B KC282439
1gS4/5 NA Soil RJ-Brazil + EH-405 KC282440
“ Abbreviati D, Di i d hi: . is; HIV+, human immunodeficiency

virus positive; NA, not applicable; ND, not determined.

" ND, not determined; NR, not registered.

“ The state and country are shown. The country is shown after the hyphen, and the state
is shown before the hyphen as follows: in Mexico, GR, Guerrero; HG, Hidalgo; MS-
Mexico, Morelos, Mexico; PL, Puebla; NL, Nuevo Le6n; in Brazil, R}, Rio de Janeiro;
MS-Brazil, Mato Grosso do Sul, Brazil; SP, Sao Paulo.

4 The + mating type has the MATI-1 idiomorphic region, and the — mating type has
the MATI-2 idiomorphic region.

MATERIALS AND METHODS

Histoplasma capsulatum. We studied 28 Histopl, capsul isol

(14 from Mexico and 14 from Brazil) obtained from different infectious
sources (Table 1). The isolates were maintained in the yeast phase by
culture at 37°C in brain heart infusion broth (Bioxon; Becton, Dickinson,
Mexico City, Mexico) supplemented with 0.1% L-cysteine and 1% glu-
cose.

Identification of sexual compatibility types. We followed the proto-
cols for yeast DNA extraction and the processing of PCR products of
Bubnick and Smulian (6) with minor modifications. We used two sets of
primers designed for the MATI locus: (i) for the MATI-1 sequence,
MATI1-1S (5'-CGTGGTTAGTTACGGAGGCA-3') and MAT1-1AS (5'-
TGAGGATGCGAGTGATGGGA-3'), which generated an amplicon of
440 bp; and (ii) for the MATI-2 sequence, MAT1-2S (5'-ACACAGTAG
CCCAACCTCTC-3') and MAT1-2AS (5'-TCGACAATCCCATCCAAT
ACCG-3'), which generated an amplicon of 528 bp. The PCR was
performed in a 25-pl reaction mixture, containing 200 pM each deoxy-
nucleoside triphosphate (ANTP) (Applied Biosystems Inc., Foster City,
CA, USA), 1.5 mM MgCl,, 50 ng/pl of each primer, 2.5 U Tag DNA
polymerase (New England BioLabs Inc., MA, USA), 1X Taq commercial
buffer, and 75 ng/pl of each DNA sample.

PCR assays were performed in a Thermal iCycler (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA) programmed as follows: (i) 3 min at 95°C;
(ii) 35 cycles, consisting of 30 s at 95°C, 30 s at 58°C,and 1 min 30 sat 72°C;
and (iii) 10 min at 72°C. The PCR products were resolved by 1.5% agarose

1034 ecasm.org

gel electrophoresis under the same conditions described by Bubnick and
Smulian (6). The 100-bp DNA ladder was used as a molecular marker.

ITS1-5.85-ITS2 PCR. The PCR assay was performed by the method of
Muniz et al. (13), using the following primers: ITS4 (5'-TCCTCCGCTT
ATTGATATGC-3') and ITS5 (5'-GGAAGTAAAAGTCGTAACAAGG-
3'), which generated an amplicon of 607 bp.

Sequencing. The resolved PCR products were purified using the Mon-
tage PCR centrifugal filter devices kit (Millipore Corporation, Bedford,
MA, USA). The purified products were sent to the Molecular Biology Unit
of the Cellular Physiology Institute, Universidad Nacional Auténoma de
México (UNAM)-Mexico, for sequencing in an ABI automated apparatus
(Applied Biosystems). Sequencing was performed for both DNA strands.
The generated consensus MATI-1 and MATI-2 or ITS1-5.85-ITS2 se-
quences for each isolate are deposited in GenBank or in the Fungi Barcode
of Life Database (Bold System) and their available accession numbers are
shown in Tables 2 and 3.

Genetic analy Seq es were aligned with Clustal-W in MEGA
version 5.0 (MEGA-5) (http://www.megasoftware.net) and edited manu-
ally.

The sequences of the MATI-1and MAT1-2idiomorphs from all the H.
capsulatum isolates studied were compared by searching the GenBank
database for homologous nucleotide sequences with the BLASTn algo-
rithm. The sequence of the G-217B strain from Louisiana-United States,
ATCC 22636 (GenBank accession number EF433757), was used as a ref-
erence for the MAT1-1 idiomorphic region. The sequence of the G-186AR
strain from Panama, ATCC 22635 (GenBank accession number
EF433756), was used as a reference for the MATI-2 idiomorphic region.

The aligned sequences were submitted to evolutionary analyses to as-
sume the similarity or divergence among isolates of each mating type,
using the maximum likelihood (ML) method. Concatenated ML trees,
with ITS1-5.85-1TS2 and MATI-1 or MATI-2 sequences, were processed
to provide more-robust phylogenetic data. Unrooted ML trees were con-
structed in MEGA-5, based on the Hasegawa-Kishino-Yano (HKY)
model (17) for MAT1 idiomorphs and Tamura-Nei (TrN) model for con-
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TABLE 3 Database accession numbers of H. capsulatum ITS1-5.85-1TS2
sequences analyzed

The MAT1 Locus of H. capsulatum Isolates

TABLE 4 Variable sites within the MATI-1 idiomorph sequences of H.
capsulatum

Isolate Accession no.”

Mexican isolates

EH-46 HIST019-13
EH-53 HIST001-13
EH-315 HIST002-13
EH-317 HIST003-13
EH-373 HIST004-13
EH-374 HIST020-13
EH-376 HIST021-13
EH-378 HIST022-13
EH-391 HIST006-13
EH-449B HIST025-13
EH-521 HIST026-13
EH-672H HIST029-13
EH-696P HIST018-13
Brazilian isolates
1gS4/5 GU320945.1
TIo1 GU320964.1
cOo2 KF114466
CO4 KF114465
37307 KF114464
247BL KF114463
18H KF114471
M396/08 KF114467
RPS51 GU320962.1
M975/08 KF114469
1GS19 GU320944.1
M487/08 KF114468
ACO05 GU320980.1
M1084/08 KF114470

“ The Mexican isolates were deposited in the Fungi Barcode of Life Database (Bold
System), and the Brazilian isolates were deposited in GenBank.

catenated analyses (18). Gaps and missing data were eliminated. A boot-
strapping algorithm was implemented on the data set for 1,000 replicates.
The highest bootstrap values were registered in each node of each ML tree.

Statistics. The MATI-1 and MATI-2 idiomorph frequencies were es-
timated in relation to each mating genotype, taking into account all H.
capsulatum isolates from Mexico or Brazil studied. In regard to frequency
data, the 95% confidence interval (95% CI) was calculated by normal
distribution.

RESULTS AND DISCUSSION

Previous studies of the clinical and environmental H. capsulatum
strains in the United States using conventional mating tests with
the fungal mycelial phase reported a higher frequency of the —
mating type in clinical strains than in strains isolated from soil
samples (5, 19). However, the predominance of the — genotype in
clinical strains in the United States, even if supported by a large
number of H. capsulatum samples from different sources as indi-
cated by Kwon-Chunget al. (5, 19), is not necessarily true in other
geographical areas. Although the above-published data have em-
phasized interesting findings about the disequilibrium of the —
and + mating types in human clinical isolates associated with the
clinical form of the disease (5, 6, 19), these findings may not apply
to clinical isolates from other geographical areas, since H. capsu-
latum isolates exhibit a wide distribution and a significant genetic
diversity as has been documented in Latin America (11). On the
basis of our present results, it was impossible to infer a disequilib-
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Variable site in the MAT1I-1 idiomorph sequence
Noninformative sites common to all MATI-1 isolates
Transitions
Guanine to adenine at nt 807, 813, and 822
Cytosine to thymine at nt 856

Informative sites for nine isolates from R]J, Brazil®
Transitions
Cytosine to thymine at nt 782 and 1127
Thymine to cytosine at nt 865
Guanine to adenine at nt 1023

Informative sites for five isolates (four from SP, Brazil, and one from MS,
Brazil)*
Transition
Guanine to adenine at nt 1000

“R]J, Rio de Janeiro; SP, Sdo Paulo; MS, Mato Grosso do Sul.

rium of — and + mating types due to the small number of human
clinical isolates studied, and in regard to the environmental iso-
lates, we did not find any evidence of disequilibrium.

Currently, DNA-based mating studies have been used to evaluate
the distribution of the sexual compatibility types of Ophiostoma quer-
cusin different geographical areas (20). According to this antecedent,
in the present paper, by PCR of the MAT1 locus, we determined the
mating types of 6 autochthonous clinical isolates and 22 native envi-
ronmental isolates (infected bats and contaminated soil) of H. capsu-
latum from two distant regions within the Americas (Mexico and
Brazil) (Table 1). The MATI-2 genotype was predominant in Mex-
ico, representing 71.4% (95% CI, 48.3 to 94.5%) of the isolates,
whereas 100% of the isolates originating in Brazil were of the MATI-1
genotype.

Hence, the frequencies of H. capsulatum mating types were
mainly associated with the geographical origin of the isolates and
most likely correlate with their environmental sources.

Given that the — mating type is more widely distributed in the
H. capsulatum isolates from the United States and Mexico (North
America) and the + mating type is more frequent in Brazil (South
America), as revealed by the present results, we suggest that the
different mating types of H. capsulatum are distinctively spread
across the American continent. In addition, the presence of two
sexual compatibility types in the same geographical region, albeit
unequally distributed, suggest that genetic dispersion of the
MATT1 locus in the environment could be associated with natural
reservoirs of H. capsulatum.

For the MAT1-1idiomorph, 18 sequences from nucleotide (nt)
778 to 1171 were analyzed, whereas 10 sequences from nt 3038 to
3,584 were analyzed for the MATI-2 idiomorph. The sequences
obtained for each idiomorph were aligned with the matching se-
quences of the H. capsulatum reference strains obtained from
GenBank, G-217B (MAT1-1) or G-186AR (MATI-2).

Based on the known sequence of reference strain G-217B, the
sequences of the MAT-1 idiomorph region (14 from Brazilian H.
capsulatum isolates and four from Mexican H. capsulatum iso-
lates) were aligned by using MEGA-5, showing four noninforma-
tive sites common to all isolates (Table 4). In the MATI-1 geno-
type, four informative sites stand out, these sites were shared by
nine isolates (seven isolates from soil samples and two isolates

ecasmorg 1035

117



Rodriguez-Arellanes et al.

TABLE 5 Variable sites within the MAT1-2 idiomorph sequences of
H. capsulatum

Variable site in the MAT1-2 idiomorph sequence
Noninformative sites ¢ to all MAT1-2 isolates
Transitions
Cytosine to thymine at nt 3098 and 3248
Adenine to guanine at nt 3125 and 3285
Thymine to cytosine at nt 3200
Transversion
Thymine to adenine at nt 3068

Informative sites for eight isolates from MS, Mexico”
Transitions
Thymine to cytosine at nt 3156
Guanine to adenine at nt 3284
Adenine to guanine at nt 3449
Transversions
Thymine to adenine at nt 3130 and 3212
Cytosine to adenine at nt 3163 and 3188

“ MS, Morelos.

from human clinical samples) from Rio de Janeiro, Brazil. In ad-
dition, one informative site was shared by four isolates recovered
from Molossus molossus bats from Sao Paulo State and one human
isolate from Mato Grosso do Sul State, Brazil (Table 4).

Two isolates from Mexico (EH-317 from a clinical case and
EH-315 from an infected bat) with the MATI-I genotype exhib-
ited the same mutations, a transition (cytosine to thymine at nt
940) and a transversion (guanine to thymine at nt 955). The Mex-
ican H. capsulatum isolate EH-521 was the most similar to refer-
ence strain G-217B, whereas the H. capsulatum isolate EH-696P,
from the migratory Tadarida brasiliensis bat captured in Mexico,
was the most divergent from all MATI-1 H. capsulatum isolates
studied (data not shown).

The MAT1-2 sequences of the 10 Mexican isolates were compared
to the MAT1-2 sequence of reference strain G-186AR (GenBank)
using MEGA-5, showing six noninformative sites common to all iso-
lates (Table 5). In addition, eight isolates from Morelos State, Mexico,
shared three transitions and four transversions (Table 5). However,
four out of these eight H. capsulatum isolates, which were recovered
from bats captured in the same cave of Morelos, diverge from this
group by the absence of mutations between nt 3510 and 3513 (data
not shown).

Two informative sites (both transversions, adenine to thymine
at nt 3052 and guanine to thymine at nt 3480) were found only in
isolates EH-374 and EH-672H (data not shown).

Alignment analysis showed that isolate EH-696P from Mexico,
which had been recovered from a bat captured at the northeastern
Mexican border, exhibited the greatest number of point muta-
tions in its MATI-1 sequence, whereas the EH-374 and EH-672H
isolates showed fewer mutations among the MATI-2 sequences
(data not shown).

BLASTn analysis of nucleotide sequences of the MATI-1
idiomorph region of 18 H. capsulatum isolates demonstrated that
five of the Brazilian isolates exhibited 99% similarity to the se-
quence of reference strain G-217B. The fact that these isolates
came from a circumscribed geographical region in Brazil, that
four of the isolates (M396/08, M487/08, M975/08, and M1084/08)
were recovered from M. molossus bats from Sao Paulo and one
isolate (247BL) came from a human clinical sample from Mato
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Grosso do Sul State, which borders Sao Paulo State, suggest that an
unusual MATI-1 genotype is prevalent in this particular region.
Likewise, nine Brazilian isolates from Rio de Janeiro (seven iso-
lates from soil, isolates AC05, CO2, CO4, 1gS4/5, IGS19, RPS51,
and TI01, and two isolates from human samples, isolates 18H and
37307) exhibited 98% similarity. Three Mexican isolates (EH-315,
EH-317, and EH-521) showed 98% similarity and the Mexican
EH-696P isolate from the migratory bat T. brasiliensis was de-
tected to have 96% similarity to the G-217B reference strain. The
BLASTn algorithm search for similarities among sequences of the
MAT1-1 genotype revealed only a very low similarity of 6.8% with
the gene sequence of a hypothetical protein of the ascomycete
Pyrenophora teres f. sp. teres, which supports the close relationship
of all MATI-1 H. capsulatum isolates studied.

A) L s 30
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Af ‘59@,"
& f 3
* % ey

%

FIG 1 Maximum likelihood trees for the MATI locus of the H. capsulatum
isolates studied. (A) MATI-I tree. (B) MATI-2 tree. The ML analysis was
based on the HKY model. The trees were generated by 1,000 replications, as
outlined in Materials and Methods. The bootstrap values that were =70% are
shown at the nodes. The G-217B (MATI-1) and G-186AR (MATI-2) se-
quences were obtained from the GenBank database and were used as reference
strains. The black and gray bars indicate the different isolate groups. The iso-
lates are named by their biological and geographical sources. The source (soil
or biological) of the isolate is shown before the slash as follows: Hum, human;
Ah, Artibeus hirsutus; Ln, Leptonycteris nivalis; Mm, Molossus molossus; Mmeg,
Mormoops megalophylla; Tb, Tadarida brasiliensis. The geographical source of
the isolate is shown after the slash. The state is shown after the slash and before
the hyphen as follows: GR, Guerrero; HG, Hidalgo; LA, Louisiana; MS, More-
los (Mexico); MS, Mato Grosso do Sul (Brazil); NL, Nuevo Leén; PL, Puebla;
PA, Panama; R], Rio de Janeiro; SP, Sdo Paulo. The country is shown after the
hyphen (Brazil [BR], Mexico [MX], United States [US]).
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The MAT1 Locus of H. capsulatum Isolates
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FIG 2 Concatenated maximum likelihood trees for the ITS1-5.85-1TS2 region and each MAT1 locus of the H. capsulatum isolates studied. (A) ITS1-5.88-1TS2
and MATI-1 concatenated tree. (B) ITS1-5.8S-1TS2 and MAT1-2 concatenated tree. The ML analysis was based on the TrN model. The trees were generated by
1,000 replications, as outlined in Materials and Methods. The bootstrap values that were =70% are shown at the nodes. The black and dark gray bars indicate the

different isolate groups. For abbreviations, see the legend to Fig. 1.

BLASTn analysis of 10 sequences from Mexican H. capsulatum
isolates of the MAT1I-2 idiomorph region revealed their high sim-
ilarity with the sequence of reference strain G-186AR. This refer-
ence sequence shared 98% similarity with sequences of two iso-
lates from different bat species (EH-374 and EH-672H). The other
eight Mexican isolates from the central zone of the country
(EH-46 and EH-53 from human clinical samples; EH-373, EH-
376, EH-378, EH-391, EH-405, and EH-449B from different bat
species) showed 97% similarity with the sequence of the G-186AR
reference strain. The BLASTn algorithm search for similarities
among MATI-2 genotype sequences showed 49.1% similarity
with the gene sequence of a predicted protein, with a high-mobil-
ity-group (HMG) DNA binding domain, of the fungal pathogen
Paracoccidioides brasiliensis (clone 60855 isolate C4-PS3) and
44.4% similarity with the gene sequence of a protein, with an
HMG DNA binding domain, of Ajellomyces dermatitidis (strain
SLH14081). These data also confirm the relationship among all
MATI-2 H. capsulatum isolates studied.

The ML analysis of the sequences of the MATI-1 idiomorph
demonstrated that our Brazilian isolates from infected bats cap-
tured in Sdo Paulo State (Table 1) and the human clinical isolate
from Mato Grosso do Sul, Brazil, constitute a well-defined group,
representing a probable clonal population of H. capsulatum. In
addition, seven H. capsulatum isolates from contaminated soil and
two clinical isolates, all from Rio de Janeiro, Brazil (Table 1),
formed a distinct subgroup that shared a probably clonal MAT1-1
genotype, which is in agreement with previous data using different
molecular markers published by Muniz et al. (12, 13). This sub-
group clustered with three MATI-1 isolates from Mexico and the
G-217B reference strain. The EH-696P isolate from a migratory
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bat captured in Mexico constituted a third group of the MATI-1
genotype and showed the largest genetic distance to all the H.
capsulatum isolates with the MATI-1 genotype studied (Fig. 1A).

In contrast, ML analysis of the MAT1-2 idiomorph, which in-
cluded most sequences from Mexican isolates, demonstrated that
these sequences could be categorized into two major groups. The
first group was formed by two isolates from bats (EH-374 and
EH-672H) and the G-186AR reference strain (Fig. 1B). The other
group was formed by two human clinical isolates and six isolates
from infected bats, four of which (EH-373, EH-376, EH-378, and
EH-391) belong to a probably clonal population of H. capsulatum,
as reported by Kasuga et al. (11).

Our results reveal a preferential distribution of H. capsulatum
isolates with respect to the sequences of the idiomorphic regions
of the MAT1 locus, encompassing two distant geographical areas
of the Americas, Mexico and Brazil. Moreover, our findings dem-
onstrated a close relationship between the fungal isolation source
and geographical origin within Brazil and also in the central states
of Mexico (Guerrero, Morelos, Puebla, and Hidalgo), where most
of the Mexican samples were isolated.

Regarding the population structure of the H. capsulatum iso-
lates studied, some of the Mexican isolates classified by Kasuga et
al. (11) were characterized as possibly recombinant, and others,
such as environmental isolates from the Morelos State of Mexico,
were characterized as a clonal population (11, 14-16).

Undoubtedly, understanding the H. capsulatum mating type
distribution in areas of the Americas with a high prevalence of
histoplasmosis would contribute to our knowledge of the H. cap-
sulatum genetic plasticity generated by sexual recombination

ecasmorg 1037

119



Rodriguez-Arellanes et al.

events, which could eventually occur under environmental con-
ditions.

Results of concatenated analyses, using ITS1-5.8S-I1TS2 region
and each MAT1 idiomorph, support the relatedness of MAT1-1 or
MAT]1-2 isolates with robust data (Fig. 2A and B, respectively). In
addition, ML concatenated analyses generated similar tree topol-
ogies as Fig. 1A and B, despite the fact that only two major groups
were found. In these analyses, G-217B and G-186AR reference
strains were not included because their ITS1-5.8S-1TS2 sequences
were not available in different databases. The ITS1-5.8S-1TS2 se-
quence of the Mexican EH-405 isolate was not obtained due to the
loss of this isolate and its DNA.

In conclusion, knowledge regarding the distribution of the
MATTI locus in H. capsulatum and its genetic diversity should con-
tribute to a better understanding of the biology of this fungus and
the actual impact of its sexual compatibility genes distributed in
natural conditions. We emphasize that in this paper we incorpo-
rated two completely new aspects. (i) We studied isolates from
two very distant geographical areas to use the MAT]I locus as a
geographical marker. (ii) Most of the H. capsulatum isolates stud-
ied came from natural sources (wild infected bats), which makes
our contribution unique as a result of its geographical frequency
data.
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Advances in the classification of the human pathogen Histoplasma capsulatum (H. capsulatum)
(ascomycete) are sustained by the results of several genetic analyses that support the high diversity
of this dimorphic fungus. The present mini-review highlights the great genetic plasticity of H. capsula-
tum. Important records with different molecular tools, mainly single- or multi-locus sequence analyses
developed with this fungus, are discussed.

Recent phylogenetic data with a multi-locus sequence analysis using 5 polymorphic loci support a new
clade and/or phylogenetic species of H. capsulatum for the Americas, which was associated with fungal
isolates obtained from the migratory bat Tadarida brasiliensis.

This manuscript is part of the series of works presented at the “V International Workshop: Molecular
genetic approaches to the study of human pathogenic fungi” (Oaxaca, Mexico, 2012).
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Importancia de los anilisis moleculares en la comprension de la diversidad
genética de Histoplasma capsulatum: revision
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Los resultados de diversos andlisis genéticos que respaldan la alta diversidad de este hongo dimorfo
confirman los progresos en la clasificacién del patégeno humano Histoplasma capsulatum (H. capsulatum)
(un ascomiceto). La presente revision destaca la importante plasticidad genética de H. capsulatum. Se
describen los datos importantes con los diferentes instrumentos moleculares, sobre todo, los andlisis de
las secuencias individuales o multi-loci establecidos con este hongo.

Datos filogenéticos recientes con un andlisis multi-loci de secuencias utilizando 5 loci polimorfos respal-
dan un nuevo clado y/o especie filogenética de H. capsulatum del continente americano, asociado a
aislamientos flingicos obtenidos del murciélago migratorio Tadarida brasiliensis.

Este articulo forma parte de una serie de estudios presentados en el «V International Workshop:
Molecular genetic approaches to the study of human pathogenic fungi» (Oaxaca, México, 2012).

© 2013 Revista Iberoamericana de Micologia. Publicado por Elsevier Espaiia, S.L. Todos los derechos
reservados.

The scientific history of the pathogenic fungus Histoplasma cap-
sulatum began with the histopathological findings, published by
Samuel Taylor Darling in 1906, in tissues of a patient from Mar-
tinique, who was working on the construction of the Panama
Channel. Darling observed intracellular parasites with 1-6 wm in
diameter surrounded by a translucent halo.? Due to its resemblance
to Leishmania, it was described as a protozoan, and was named

* Corresponding author.
E-mail addresses: emello@unam.mx, luciataylor@yahoo.com.mx (M.L. Taylor).

“H. capsulatum” because of the similarity of its halo with a cap-
sule. Later, in 1912, Henrique da Rocha Lima inferred the mycotic
nature of this pathogen, characterizing it as a yeast.” The fungus
is a saprobe-geophilic organism that utilizes two nomenclatures
depending on its sexual state: H. capsulatum (anamorph or asexual
state) and Ajellomyces capsulatus (teleomorph or sexual state); both
constitute the same holomorph organism, which is the causative
agent of histoplasmosis, a systemic mycosis with primary respira-
tory compromise.

Before the description of the sexual state of H. capsula-
tum by Kown-Chung,'®'? this pathogen was classified into the

1130-1406/$ - see front matter © 2013 Revista Iberoamericana de Micologia. Published by Elsevier Espafia, S.L. All rights reserved.
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Division Deuteromycota, Order Moniliales, and Family Monili-
aceae, based on the morphological criteria proposed in 1899 by
Saccardo.? Currently, H. capsulatum is classified into the Kingdom
Fungi, Subkingdom Dikarya, Phylum Ascomycota, Class Euro-
tiomycetes, Order Onygenales, and Family Onygenaceae and/or
Ajellomycetaceae,'’"'? according to the analyses of six loci: 18S,
5.85 and 28S of the rRNA genes; EFla (Elongation factor-1a);
RPB1and RPB2 (RNA polymerase Il subunits 1 and 2).

In the environment, this organism grows preferentially in
bat and bird guano that contains high concentrations of nitro-
gen and phosphorus in addition to other micronutrients. These
conditions, together with optimal air and soil temperatures
(18-28°C), humidity (>60%), and darkness (fosters sporula-
tion), characterize the ideal ecological niche of H. capsulatum
, which favors the development of its multicellular infective
mycelial phase (M-phase).?72934-36

Classification of Histoplasma capsulatum

The biological species H. capsulatum comprised three taxonomic
varieties: H. capsulatum var. capsulatum Darling, 1906; H. capsu-
latum var. duboisii (Vanbreuseghem, 1957) - Ciferri, 1960; and
H. capsulatum var. farci (Rivolta, 1873) — Weeks, Padhye,
et Ajello, 1985. These varieties were identified by their micromor-
phologies, geographic distribution, host-association, and clinical
forms of the disease. Currently, with the advent of molecular tech-
niques to classify fungal species, these taxonomic varieties have
been included in a molecular taxonomy based on the phylogenetic
species concept.'®

Taylor et al.’® indicated that the concepts and/or criteria of
species recognition often used in mycology are the biological and
morphological ones, and most of the described species have been
identified with phenotypic characters. However, some pathogenic
fungi show few informative characters thereby leading to skewed,
controversial, and erroneous classifications.®? To overcome these
inconveniences, most authors have promoted genetic and molec-
ular statements for genotypic and phylogenetic classifications of
pathogenic fungi.

Genotyping of Histoplasma capsulatum

H. capsulatum isolates have been grouped based on their geno-
type patterns using different molecular assays (Table 1). First,
Vincent et al.’” grouped clinical strains in three classes accord-
ing to their Restriction Fragment Length Polymorphism (RFLP)
profiles and hybridization with mtDNA and rDNA probes. Class 1
included only the Downs strain of H. capsulatum var. capsulatum
from North America; Class 2 was formed by 14 H. capsulatum var.
capsulatum strains from North America and two H. capsulatum
var. duboisii strains from Africa; finally, Class 3 grouped four H.
capsulatum var. cap um strains from Central America and two
H. capsulatum var. cap um strains from South America. Spitzer
et al.,”® using the same methodology, proposed a new Class 4; one

Table 1
Relevant molecular classifications of Histoplasma capsulatum isolates.

year later, a Class 5 based on hybridization with a probe of the YPS-3
gene was recorded.”®

Keath et al.,'® in accordance with Spitzer et al.,2% increased the
number of strains studied and expanded the fungus genotyping
to six classes, including four subclasses within Class 5. It is note-
worthy that, from the initial proposal of Vincent et al.’” until the
classification of Keath et al.,'® most of the studied strains came from
restricted geographic areas of North America, and very few strains
were isolated in Central (Panama) and South America (Colombia).

Later, Poonwan et al.,”” analyzed 13 clinical isolates of
H. capsulatum from Thailand with Random Amplification of Poly-
morphic DNA (RAPD-PCR), using three oligonucleotides separately,
and found that isolates from Thailand formed two to four homo-
geneous groups that were clearly separated from the G-217B
reference strain from North America.

Jiangetal."® genotyped 24 fungal isolates from the United States
of America through the nucleotide sequence analysis of the ITS1-
5.8S-ITS2 region of the rDNA, and found 10 different H. capsulatum
sequence patterns. As a result, they suggested that this method
could be useful for reorganizing isolates from other classifications.

Based on a RAPD-PCR assay with the single random primer 1281,
Reyes-Montes et al.”? distinguished four groups (I-IV) and two sub-
groups (la and Ib) of H. capsulatum from different origins in Latin
America (Mexico, Guatemala, Panama, and Colombia), which were
isolated from clinical and environmental sources. In this study, the
reference strain G-186B from Panama (Class 3, according to Vin-
cent et al.’’) formed a single group. The latter authors suggested
that RAPD-PCR profiles with suitable random primers could be used
for classifying fungal isolates in accordance with their source and
geographic distribution. The RAPD-PCR method with four indepen-
dent random primers was used by Muniz et al.’! to analyze 48
H. capsulatum samples from Rio de Janeiro State (Brazil) isolated
from different sources (soil, animal, and human clinical samples),
which were grouped according to the genetic polymorphism gener-
ated for each primer. The RAPD-PCR profiles were able to separate
the Brazilian isolates from the North American (United States of
America) isolates in accordance with their percentage of similar-
ity. Afterwards, Zancopé-Oliveira etal.,*® using a similar procedure,
analyzed 22 Brazilian H. capsulatum isolates, mostly from human
clinical samples, and identified three clusters: cluster I, with iso-
lates from the Brazilian north-eastern region; a major cluster II,
with isolates from the Brazilian south-eastern and south regions;
and cluster III (48% similarity), with isolates from Goias State in the
central region of Brazil.

Additional molecular studies by Carter et al.,”* Kasuga et al.,'*
and Taylor et al.*' have referred differences in the population
structures of H. capsulatum (clonal and recombinant). The analy-
ses of H. capsulatum genetic populations, mainly with the (GA)y,
(GT),y and GT(A), multiallelic markers (microsatellites), enabled
the possibility of distinguishing H. capsulatum isolates from the
United States of America and Colombia, suggesting the separa-
tion of these fungal populations in distinct phylogenetic species.”*
Recently, Taylor et al.,*? based on the sequences of a 240-nt frag-
ment of the (GA), microsatellite and its flanking regions, found

H. capsulatum classifications No. of isolates Sources

Assays

3 Classes®” 20

5 Classes™ 9 Human

6 Classes'® and 4 subclasses 76 Human and soil
2-4 Groups** 13 Human

10 Patterns’* 24 Human

4 Groups™* 14 Human and soil
8 Clades'® (7 phylogenetic species) 137

3-4 Clades™ 51

Human and naturally infected animal

Human, soil and naturally infected animal
Human, soil and naturally infected animal

RFLP, hybridization with mtDNA and rDNA probes

RFLP, hybridization with mtDNA, rDNA and YPS-3 probes
Idem above

RAPD-PCR using three primers

RFLP with ITS region

RAPD-PCR using the 1281 primer

MLS analysis with four markers (arf, H-anti, ole1, and tub1)
Idem above and ITS region
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Fig. 1. Geographic distribution of the H. capsulatum clades and lineages based on their actual phylogeographic classification. Data were obtained from Kasuga et al.,'> who
proposed this classification based on the partial sequences of four protein-coding genes, using 137 fungal isolates from 25 countries; most were of the taxonomic variety

H.c Vvar. ¢
clades.

Some i of the

two major clusters, I and II, according to the genetic diversity of H.
capsulatum isolated from nine distinct bat species captured in dif-
ferent geographic regions from Mexico and Brazil, emphasizing a
sub-cluster grouped in cluster I that carried a unique haplotype of
H. capsulatum samples that were isolated from the migratory bat
Tadarida brasiliensis.

Today, advances in fungal classification are supported by robust
analyses of the sequences of gene fragments that provide impor-
tant genetic informative sites to separate clusters of isolates. The
statement of a large number of these sites associated with sev-
eral loci would establish a clear relatedness among fungi and
would contribute to a better understanding of the intra- and
inter-specific diversity of fungal species. In the last ten years, Multi-
Locus Sequence Typing (MLST) has been used to group or classify
pathogenic fungi.*° MLST or Multi-Locus Sequence (MLS) analyses
utilize sequences of several genes with sufficient polymorphism
for differentiating isolates of the same fungal species. It is an excel-
lent molecular tool to characterize genetic diversity in different
microorganisms.

Phylogenetic classification of Histoplasma capsulatum:
Multi-Locus Sequence analyses

In some circumstances, the molecular markers have been useful
for identifying species that remained cryptic under morphologi-
cal and/or biological criteria. Currently, the identification of these
species are revealed by phylogenetic, genealogic, or gene concord-
ance species concepts, which group the organisms according to
the changes in their nucleic acids.®“** Taking into consideration
the aforementioned concepts, H. capsulatum must be considered a
cryptic phylogenetic species complex.*’

ic varieties H. capsulatum var. duboisii and H. capsulatum var. farciminosum were also included in different

Two pioneer MLS studies, which contributed to the phylogenetic
classification of H. capsulatum, were reported by Kasuga et al.'*!>
(Table 1). In the last report, using 137 isolates from 25 countries,
Kasuga et al.'® proposed a phylogeographic classification of H. cap-
sulatumbased on the partial sequences of four protein-coding genes
(arf, H-anti, ole1, and tub1), which include eight genetic populations
(clades) named as: North America class 1 (NAm 1), North America
class 2 (NAm 2), Latin America group A (LAm A), Latin America
group B (LAm B), Australian, Netherlands, Eurasian, and African.
With the exception of the Eurasian clade, seven clades were consid-
ered to be phylogenetic species. Consistent with the Kasuga et al.'”
data, Fig. 1 was constructed to represent the H. capsulatum clades
and lineages around the world.

Following the Kasuga et al.'*'> contributions, several authors
have used the same gene fragments to advance in the phylo-
genetic study of H. capsulatum. Taylor et al,’® conducted an
MLS analysis with 14 isolates of the fungus obtained from nat-
urally infected bats captured in Mexico with different migratory
habits (Artibeus hirsutus-non-migratory and Leptonycteris nivalis,
Leptonycteris curasoae, T. brasiliensis-migratory), which suggested
the existence of a new clade of H. capsulatum related to iso-
lates from the infected T. brasiliensis bats. Later, Muniz et al."
using the same aforementioned protein-coding genes, analyzed
51 isolates of H. capsulatum from different sources and Brazilian
geographic areas, and revealed three to four clades according to
the phylogenetic trees generated; furthermore, the authors sug-
gested different population structures in the isolates from Brazil.
Finally, Balajee et al.' conducted an MLS analysis with arf, H-
anti, and tub1 gene fragments, and the ITS region. These authors
extracted the DNA of H. capsulatum from paraffin-embedded tis-
sue samples from cats diagnosed with histoplasmosis, living in
three cities localized in non-endemic areas of the disease in the
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Fig. 2. Concatenated phylogenetic trees of Mexican H. capsulatum isolates using an MLS analysis. Trees were constructed with MEGAS5 software considering the sequences,
from 30 H. capsulatum samples, of the polymorphic loci: arf, H-anti, olel, tub1, and the (GA), microsatellite. Phylogenetic analyses were conducted as follows: (1) the
neighbor-joining (NJ) method using the Kimura two-parameter model'’; and (2) the maximum parsimony (MP) method using the close-neighbor-interchange algorithm.”
Data of parsimony were: MPT=99; LT=188; CI=0.584615; RI=0.881569. Trees were generated with 1000 replicates. Fourteen of the Mexican H. capsulatum isolates were
previously classified by Kasuga et al.'” as belonging to the LAm A clade. Abbreviations: Tb (T. brasiliensis), Ah (A. hirsutus), Ln (L. nivalis), Lc (L. curasoae), Mm (M. megalophylla),
Dr (Desmodus rotundus), CS (Chiapas), GR (Guerrero), HG (Hidalgo), Mn (Michoacan), MS (Morelos), NL (Nuevo Le6n), OC (Oaxaca), PL (Puebla), and USA (United States of

America).

United States of America. This study included, as reference, 82
sequences of the fungal strains previously reported by Kasuga
et al.'” representing their eight described clades, and the authors
suggested that their results demonstrated a new phylogenetic
clade associated with all H. capsulatum strains causing cat infec-
tions.

Based on unpublished results from our laboratory, with 28
H. capsulatum isolates obtained from wild bats captured in
Mexico and two reference strains from Mexican histoplasmosis
patients, it was possible to generate more robust data to clas-
sify these fungal samples by using an MLS analysis with various
informative sites of highly polymorphic loci [arf, H-anti, ole1, tub1,
and the (GA), microsatellite]. Similarities and genetic distances
among their sequences demonstrated that fungal isolates recov-
ered from cave-dwelling bats and the two clinical reference strains
from the central states of Mexico (Morelos, Puebla, and Hidalgo)
were grouped independently from most H. capsulatum isolated
from the migratory bat T. brasiliensis (captured in the Mexican
states of Chiapas, Hidalgo, and Michoacdn) and from one isolate
from a Mormoops megalophylla bat captured in Guerrero (Fig. 2).
This finding matches previous data published by Taylor et al., 532
who had proposed that fungal isolates from T. brasiliensis form a
new clade because these isolates did not group with any isolate
from the Kasuga et al.'” clades. In addition, a single H. capsulatum
isolate from a T. brasiliensis captured in the Northwest of Mex-
ico (Nuevo Leén State) forms a new lineage. Thus, the topology of
the two concatenated trees that were generated by an MLS anal-
ysis using the five aforementioned polymorphic loci were able to
discriminate the high genetic diversity of this fungus, thereby con-
tributing to the knowledge of the pathogen (Fig. 2).
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Accepted 9 October 2013 ribosomal DNA are highly conserved non-coding regions, and have been widely used in different studies

Available online 20 November 2013 including the determination of the genetic diversity of human fungal pathogens. This article wants to
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Sporothrix schenckii ¢ & 3 ! 3 s
ITS region deposited in GenBank, or from our research groups (registered in the Fungi Barcode of Life Database),
iBOL were analyzed using the maximum likelihood (ML) method. ML analysis of the ITS sequences discrimi-
nated isolates from distant geographic origins and particular wild hosts, depending on the fungal species
analyzed.
This manuscript is part of the series of works presented at the “V International Workshop: Molecular
genetic approaches to the study of human pathogenic fungi” (Oaxaca, Mexico, 2012).
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Diversidad genética de los complejos Histoplasma y Sporothrix en funcién
de las secuencias de sus regiones ITS1-5.8S-I1TS2 del BOLD System
RESUMEN
Pq!abras clave: Las técnicas de biologia molecular han proporcionado instrumentos de alta sensibilidad y especificidad,
H:sropla;ma capsulftum atiles para la deteccion, identificacién y tipificacién de diferentes patgenos. Las regiones ITS (Internal
Sporothrix schenckii Transcribed Spacer) del ADN ribosémico estan altamente conservadas y no son codificantes. Estas regiones
:;eogln-on s se han utilizado ampliamente en diferentes tipos de estudios, incluida la determinaci6n de la diversidad

genética de hongos patégenos del ser humano. La finalidad de este articulo es contribuir al conocimiento
de la diversidad genética intra- e interespecifica de aislamientos de los complejos de Histoplasma cap-
sulatum y Sporothrix schenckii a través del andlisis de las secuencias disponibles de las regiones ITS en
distintos bancos de secuencias. Las secuencias de las regiones ITS1-5.85-ITS2, de cada hongo, deposi-
tadas en el GenBank, junto con las obtenidas por nuestros grupos de investigacion (depositadas en la
Fungal Barcoding of Life Database), se analizaron con el método de maxima probabilidad (ML, por sus
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siglas en inglés). El andlisis ML de las secuencias de las regiones ITS discriminé aislamientos de origenes
geograficos distantes y de huéspedes salvajes particulares, de acuerdo con la especie flingica analizada.
Este articulo forma parte de una serie de estudios presentados en el «V International Workshop: Molecular
genetic approaches to the study of human pathogenic fungi» (Oaxaca, México, 2012).
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Reliable identification of pathogenic fungal species is funda-
mental to epidemiology in terms of biodiversity, geographical
variation, and environmental changes. Species identification in
fungi is particularly challenging because of their transient nature.
Limitations to the studies of diversity in mammalian pathogenic
fungi exist due to a lack of taxonomic specialists, and scarce and
incomplete data for many taxonomic characters, which has been
suggested by Suwannasai et al.'” and Tantichareon.'?

Pheno- and genotyping of fungal strains have been used as
important tools for identifying environmental sources of outbreaks
as well as confirming the existence of pathogens in natural habi-
tats. These different typing methods have used both conventional
and molecular techniques.

Although phenotyping has continuously been used to study
fungi, sensitive and specific genotyping methods are being devel-
oped to characterize fungal species, but different criteria must
be met to be accepted by specialists. In many cases, genotyp-
ing methods compare DNA polymorphisms and classify fungal
organisms according to the principles of molecular systematic. For
Histoplasma capsulatum (etiological agent of the systemic myco-
sis histoplasmosis) and Sporothrix schenckii (etiological agent of
the subcutaneous mycosis sporotrichosis) typing and classification,
different molecular techniques have been applied, among them,
various PCR methods using genomic sequences.”*®

There is a wide array of molecular markers for microorganism
identification and genotyping or molecular classification. Among
them, the Internal Transcribed Spacer (ITS) regions stand out for
the study of closely related taxa, due to genetic diversity associated
with the high rate of evolutionary changes characteristic of these
regions.'? ITS consist of two variable non-coding regions (ITS1 and
ITS2) inserted between the highly conserved small subunit 18S, the
5.8S, and the large subunit 28S of the rDNA gene cluster.'?

ITS as a molecular target for fungal identification are supported
by several unique characteristics: (i) The complete ITS region has a
length between 600 and 800 bp and can be easily amplified, using
universal primers that are complementary to rDNA sequences.
(ii) The multicopy nature of the repeat regions of the rDNA allows
for the amplification of the ITS regions from small, diluted or
degraded DNA samples. (iii) Several studies have demonstrated
that the ITS regions are highly variable among morphologically
distinct fungal species.'?

The usefulness of ITS markers has been documented in several
studies of phylogeny and genotyping of H. capsulatum'~5! and
S. schenckii.> 422

The Mexican Barcode of Life project for the H. capsulatum
and S. schenckii species complexes

The Mexican Barcode of Life (MEXBOL) resulted from the work
of Mexican investigators as part of the international DNA barcoding
(iBOL) project. MEXBOL is now part of a network with funding
from the Consejo Nacional de Ciencia y Tecnologia (CONACyT)
and the Comisién Nacional para el Conocimiento y Uso de la
Biodiversidad (CONABIO). The Natural Sciences and Engineering
Research Council of Canada (NSERC) developed a Barcode of Life
Database (BOLD) based on a specific informatics infrastructure.
The cytochrome oxidase subunit 1 (COI), ribulose-bisphosphate

carboxylase (rbcL), maturase K (matK), and ITS regions are among
the Barcode sequences used. In addition to the assembly of barcode
information and maintenance of these records by the BOLD system,
a copy of all sequence and key specimen data is archived at the
National Center for Biotechnology Information (NCBI) or its sister
genomic repositories, the DNA Data Bank of Japan (DDBJ) and the
European Molecular Biology Laboratory (EMBL), when results are
ready for public release.'?

The identification of H. capsulatum and S. schenckii isolates from
different sources and origins by the sequences of the ITS regions
started in 2010 as a project for the MEXBOL network for fungi. To
date there are 19 ITS1-5.8S-ITS2 sequences of H. capsulatum from
the Laboratorio de Inmunologia de Hongos and 10 sequences of
Sporothrix spp. from the Laboratorio de Micologia Bésica, Depar-
tamento de Microbiologia y Parasitologia, Facultad de Medicina,
UNAM, deposited in the BOLD System. Sequences were obtained
from isolates that were previously pheno- and genotypically well
identified.'%14.15

Data regarding the natural hosts, sources, and samples of the
19 H. capsulatum and 10 Sporothrix spp. isolates are shown in
Table 1. Fungal specimens are deposited in the Culture Collection
of H. capsulatum from the Laboratorio de Inmunologia de Hongos
and the Culture Collection of Fungal Pathogens of the Laboratorio
de Micologia Basica, from the Departamento de Microbiologia y
Parasitologia, Facultad de Medicina, UNAM. In addition, they are
registered in the database of the World Federation for Culture Col-
lection, with code number LIH-UNAM WDCM817 for H. capsulatum
(http://www.wfcc.info/ccinfo/index.php/collection/by_id/817)
and code number BMFM-UNAM WDCM834 for Sporothrix spp.
(http://www.wfcc.info/ccinfo/index.php/collection/by_id/834).

Analysis of the genetic diversity of H. capsulatum and
S. schenckii species complexes based on ITS sequences
from MEXBOL project

Current data from our laboratory teams, using evolutionary and
genetic distance analyses by maximum likelihood (ML) of ITS1-
5.8S-ITS2 sequences of H. capsulatum or Sporothrix spp. from the
BOLD System and GenBank datasets, produced robust results to
aid in understanding the similarities and diversities among isolates
either of H. capsulatum or Sporothrix spp. from different sources and
geographic origins.

Sequences were generated by PCR assays with ITS5/ITS4
primers® for H. capsulatum and ITS1F/ITS4 primers® for Sporothrix
spp. Fig. 1 shows the predicted products, 607 bp for H. capsulatum
and 575 bp for Sporothrix spp, amplified by their respective primers.
The ML trees generated are shown in Fig. 2.

Concerning H. capsulatum, Fig. 2A highlights the sequences of all
isolates from different geographic origins and phylogenetic species
that clustered together in a major group sustained by 99% of boot-
strap values (BT). This finding confirms the high similarity of the
isolates analyzed, separates a reference strain of Ajellomyces der-
matitidis (nearby sister), and underlines the genetic distance from a
heterologous pathogenic fungus, Paracoccidioides brasiliensis, used
as an outgroup in the ML analysis. The ML tree topology of H. cap-
sulatum sequences in Fig. 2A clearly confirms that inter-specific
diversity among fungal pathogens that cause respiratory diseases
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Table 1

Data of isolates of Hi: and Sp iX € using the ITS1-5.85-ITS2 region.
Isolate Host or source sample Species Barcode accession number
EH-53 Human/Blood H. capsulatum LAm A" HIST001-13
EH-315% Bat/Intestine H. capsulatum Lineage” HIST002-13
EH-317 Human/Blood H. capsulatum LAm A’ HIST003-13
EH-373" Bat/Lung H. capsulatum LAm A’ HIST004-13
EH-375" Bat/Lung H. capsulatum HIST005-13
EH-378" Bat/Lung H. capsulatum Ve
EH-391° Bat/Liver H. capsulatum LAm A’ HIST006-13
EH-393¢ Bat/Spleen H. capsulatum HIST007-13
EH-394pP¢ Bat/Spleen H. capsulatum HIST008-13
EH-398P¢ Bat/Lung H. capsulatum HIST009-13
EH-4491° Bat/Intestine H. capsulatum HIST010-13
EH-449P¢ Bat/Lung H. capsulatum HISTO11-13
EH-655P¢ Bat/Lung H. capsulatum HIST012-13
EH-658H° Bat/Liver H. capsulatum HIST013-13
EH-670B° Bat/Spleen H. capsulatum HISTO014-13
EH-670H° Bat/Liver H. capsulatum HIST015-13
EH-671P° Bat/Lung H. capsulatum HISTO16-13
EH-672B¢ Bat/Spleen H. capsulatum HIST017-13
EH-696P¢ Bat/Lung H. capsulatum HISTO18-13
EH-143 Human/Cutaneous S. schenckii BMFMO001-13
EH-194 Environmental/Rose plant S. schenckii BMFMO002-13
EH-195 Environmental/Coffee soil S. schenckii BMFMO003-13
EH-197 Human/Cutaneous S. schenckii BMFMO004-13
EH-230 Human/Cutaneous S. globosa BMFMO005-13
EH-234 Human/Cutaneous S. schenckii BMFMO006-13
EH-251 Environmental/Soil S. schenckii BMFM007-13
EH-252 Environmental/Soil S. schenckii BMFMO008-13
EH-253 Environmental/Soil S. schenckii BMFMO009-13
EH-254 Environmental/Soil S. schenckii BMFMO010-13

“ Phylogenetic species reported by Kasuga et al.”

™ The sequence of this isolate has not yet been deposited in the BOLD System.
4 Mormoops megalophylla.

b Artibeus hirsutus.

¢ Leptonycteris nivalis.

4 L curasoae.

¢ Tadarida brasiliensis.

is well sustained using ITS1-5.8S-ITS2 region sequence analyses.
Besides, it should be emphasized that ITS could also distinguish
intra-specific diversity among H. capsulatum isolates, evidenced by
the formation of a subgroup sustained by 89% BT, which contains
six fungal isolates recovered from a particular wild host (Tadarida
brasiliensis bats), together with one isolate recovered from an

Histoplasma capsulatum (EH-658H)
IS5

132 241

ITS1

partial

Sporothrix schenkii (EH-234)

ITS1F
=

ITS1
188
partial

infected Mormoops megalophylla bat. This conclusion is consistent
with results for these particular isolates using other molecular
markers.?’?! In contrast, the ITS1-5.8S-ITS2 region sequence anal-
ysis in Fig. 2A could not discriminate cryptic species or clades
of the H. capsulatum complex (NAm 1, NAm 2, LAm A, LAm B,
African, Eurasian, and some lineages) and the taxonomic varieties

397 573 607

ITs2 Ts4
288
partial

398 572 _575

ITs2
ITS4

288
partial

Fig. 1. ITS1-5.85-ITS2 regions amplified from Histoplasma and Sporothrix samples. The schema depicts the regions amplified by the primers: ITS5 (5'-
GGAAGTAAAAGTCGTAACAAGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') for H. capsulatum, and ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS4 for Sporothrix spp.
The figure was modified from Saar and Polans,'® according to H. capsulatum and Sporothrix spp. ITS region data.
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Fig. 2. Maximum likelihood (ML) trees of ITS1-5.85-ITS2 regions amplified for Hi (A) and Sp: ix (B) les. PCR products using primers aforementioned

in Fig. 1 for each fungal species were sequenced and aligned by MUSCLE program (MEGA version 5). The best model of evolution to generate the ML phylogenetic trees
was obtained by Tamura and Nei gamma distribution.'® A bootstrapping algorithm was achieved on the dataset for 1000 replicates, and values >70% were recorded for
each tree node. BOLD System sequence accession numbers are referenced in table 1. GenBank sequences for both fungal species were included as reference strains or as
outgroups in the ML analyses. Accession numbers are as follows: for H. e H.c Il var. farcimi (Hcf) H90 (AF322387.1), H. capsulatum var. capsulatum
(Hce) H81 (AF322385.1), H71 (AF322384.1), H62 (AF322379.1), H2 (AF322377.1), H9 (AF322378.1), H70 (AF322383.1), H68 (AF322382.1), H. capsulatum var. duboisii (Hcd)
H88 (AF322386.1); for S. schenckii (Ss): ATCC 14284 (AF364061.1), ATCC 26331 (FJ545232.1), CNM-CM3477 (EU126945.1), CNM-CM3453 (EU126941.1), CNM-CM3462
(EU126943.1), CNM-CM3457 (EU126942.1), CNM-CM3450 (EU126940.1), Duke3751 (AB089138.1). The GenBank sequence of A. dermatitidis (Ad) ATCC 60915 (AF322388.1)
was used as reference strain, and P. brasiliensis (Pb) IFM 41630 (AB304423.1) as the outgroup for H. capsulatum; O. fumeum (Of) CMW26818 (HM051415.1) was used as
outgroup for Sporothrix spp. Parenthesis indicate H. capsulatum clades or lineages as Kasuga et al.” Abbreviations: Sg=S5. globosa; BE = Belgium; BR = Brazil; CO =Colombia;
EG=Egypt; GT=Guatemala; JP=Japan; MX =Mexico; PA=Panama; USA = United States of America; ZM = Zambia.

H. capsulatum var. farciminosum, H. capsulatum var. capsulatum, and MEXBOL program of CONACYT, ref. 122481, for his scholarship. The
H. capsulatum var. duboisii. authors thank Ingrid Mascher for editorial assistance.
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ABSTRACT

Mixed infection by Histoplasma capsulatum isolates with different mating types, in
AIDS-patients are described in this study. Morphological, mating type-specific PCR assay and
multilocus sequencing type analysis of H. capsulatum isolates recovered from two Brazilian
AIDS-patients were performed. Five H. capsulatum isolates were recovered at different times
from the two patients. Three isolates were obtained from bone marrow (day 1 — CE0411) and
buffy coat cultures (day 1 - CE0311; day 2— CEO0511) of patient 1, and two isolates were isolated
from buffy coat cultures (day 3 - CE2813; day 12 — CE2513) of patient 2. The mycelial colonies
depicted different textures and pigmentation features. Dimorphic conversion to the yeast-phase
in ML-Gema medium was achieved in all isolates. MAT'1-1 idiomorph was identified in CE0311,
CE0411 and CE2813 isolates; MAT1-2 idiomorph was found in CE0511 and CE2513 isolates.
These H. capsulatum isolates were grouped within LAm A clade, highlighting that CE0311
and CE0411 isolates formed a subgroup supported by a high bootstrap value. The CE0511,
CE2513, and CE2813 isolates clustered together with a Brazilian H151 isolate. This research
reports mixed infections caused by H. capsulatum isolates with different mating types in
Brazilian AIDS-patients for the first time in the literature.

KEYWORDS: Mixed infection. Histoplasma capsulatum. Mating types. Multilocus sequence
typing. Histoplasmosis. HIV coinfections.

INTRODUCTION

Histoplasma capsulatum is a dimorphic fungus found in the form of mold in the
environment and in vitro at 25-28 °C. The yeast form is observed during parasitism
conditions or in cultures at 34—37 °C in enriched media’'. Histoplasma infection can
occur in individuals that are exposed to fungal micro-niches rich in bat guano or
bird droppings'. Severe forms of histoplasmosis usually occur in individuals with
immunosuppression, such as AIDS-patients?.

The asexual stage or anamorph (H. capsulatum) is an eukaryotic and heterothallic
microorganism found in the environment as haploid mycelium associated with
+ or — mating types®. Ajellomyces capsulatus is the sexual stage or teleomorph of
H. capsulatum, resulting from the sexual compatibility + and — of H. capsulatum
isolates®. Both fungal stages represent the same holomorph®®.

H. capsulatum has a bipolar mating system that expresses transcription factors
encoded at the MAT! locus®’. In this fungus, this locus presents two idiomorphs,
MATI-1 and MAT1-2, which define the + and — mating types, respectively®. In

v This is an open-access article distributed under the Page 1 of 10
[cc § BY-NC terms of the Creative Commons Attribution License.

131



Damasceno et al.

some fungi as Cryptococcus neoformans and Aspergillus
fumigatus, the mating type is associated with the virulence®®.
In addition, mixed infections with different mating types
have been rarely described in pathogenic fungi'®.

A high genetic diversity of H. capsulatum has been
reported worldwide'''*. In 2003, the performance of
multilocus sequencing type (MLST) by partial amplification
of four nuclear protein-coding genes, ADP-ribosylation
factor (arf), H antigen precursor (H-anti), delta-9 fatty
acid desaturase (olel) and alpha-tubulin (tub!) indicated
the presence of eight phylogenetic clades among 149
H. capsulatum isolates from 25 countries''. The results of
theses analyses revealed the presence of NAm 1 and NAm
2 clades in North America; LAm A and LAm B clades in
Latin America; Africa clades restrict to Africa; Euroasian
clades constituted from fungal isolates from Egypt, India,
China, Thailand and England; Netherlands clades; an
Australian clade'". In addition, diverse new lineages have
also been identified in different geographic regions of the
world """, A recent study performed with a broad number
of fungal isolates (n=234) and more robust phylogenetic
analyses identified five new phylogenetic clades, with a
great admixture among H. capsulatum isolates from Latin
America'’. The LAm A clade was regrouped in LAm A1,
LAm A2 and LAm B clade was reclassified in LAm B1
and LAm B2'*. In addition, two new phylogenetic clades
(RJ from Southeastern Brazil and BCA1 from Mexico),
and four monophyletic clusters in Brazil (BR1-4) were
identified.

Here, two cases of mixed infection with different mating
types of H. capsulatum in AIDS-patients are reported. In
addition, the five H. capsulatum isolates obtained from these
cases of histoplasmosis in AIDS-patients were evaluated
by morphological criteria, mating type determination and
phylogenetic classification by MLST analysis.

MATERIAL AND METHODS
Medical records

Clinical data of patients with histoplasmosis and AIDS
from Sao Jose Hospital, Fortaleza city, Ceara State, Brazil,
were retrospectively retrieved from medical records. Only
patients that had positive cultures for H. capsulatum in two
or more different samples or in different hospitalization
time, between 2011 to 2014 period were included. A total
of 13 biological samples of six patients were studied by
mating type- PCR. Only two patients were selected because
they presented more than one H. capsulatum isolate with
different mating types during their period of hospitalization
and treatment. The study was approved by the Research

Page 2 of 10

Ethics Committee at the Instituto Nacional de Infectologia
Evandro Chagas/FIOCRUZ (N° 19342513.2.0000.5262),
Rio de Janeiro State, Brazil.

Fungal isolation and phenotypic characterization

Fungal isolates (buffy coat from whole blood and bone
marrow aspirate) from patients were cultured on Potato
Dextrose Agar (Difco, Detroit, MI, USA) at 25 °C during
21 days. The macromorfology of filamentous fungal
cultures were visually examined and recorded. Colonies
were described according to pigmentation (albino and
scale beige - light beige, dark beige, and beige) and texture
(cottony or powdery). Their micromorphologies were
observed in 10 different fields by optical microscopy at
a 40 X magnification of H. capsulatum colonies, stained
with Lactophenol Cotton Blue (Fluka Analyted, France).
Dimorphism was demonstrated by conversion to the yeast-
like form on ML- Gema agar medium'®, for 7 to 14 days
at 37 °C.

Mating type determination

Yeast cells were submitted to limiting dilution and a
single colony was used for DNA extraction as previously
reported'®. The MATI locus of H. capsulatum isolates was
identified by polymerase chain reaction (PCR) using specific
pair of primers for MAT1-1 and MAT1-2 idiomorphs
based in a previous protocol, with minor modifications'”.
Briefly, PCR was performed in a 25 pL reaction mixture,
containing 200 pM of each deoxynucleoside triphosphate
(dNTP) (Applied Biosystems Inc., Foster City, CA, USA),
1.5 mM MgCl,, 50 ng/uL of each primer, 1.5 U Tag DNA
polymerase (New England BioLabs Inc., MA, USA),
1 X Tag commercial buffer and 75 ng (25 ng/pL) of each
DNA template. G-217B from USA (MAT1-1) and G-186AR
from Panama (MATI-2) are references strains and were
used as controls.

PCR assays were performed in a Thermal iCycler (Bio-
Rad Laboratories Inc., Hercules, CA, USA) programmed
as follows: (a) 3 min at 95 °C; (b) 35 cycles, consisting of
30 sat95 °C, 30 s at 58 °C, and 1 min and 30 s at 72 °C;
and (c) 10 min at 72 °C. Amplicons were visualized on 1.5%
agarose gel electrophoresis. The 100-bp DNA ladder was
used as a molecular marker. Amplicons were sequenced
at the High-Throughput Genomics Center (University of
Washington, Seattle, WA, USA). The obtained sequences
were deposited in GenBank database (http://www.ncbi.
nlm.nih.gov). They were edited and aligned for BLASTn
analysis'®, using as reference the sequence of the strains
G-217B from USA (MATI-1, GenBank accession

Rev Inst Med Trop Sao Paulo. 2019;61:¢8

132



Mixed infection by Histoplasma capsulatum isolates with different mating types in Brazilian AIDS-patients

N° EF433757) and G-186AR from Panama (MAT1-2,
GenBank accession N° EF433756).

Phylogenetic relationship among the studied isolates

The genetic reconstruction analysis was performed by
MLST using PCR amplification of partial DNA sequences
from four nuclear genes (arf, H-anti, olel, and tubl)
according to the protocol described by Kasuga et al."' with
some modifications. PCR was performed in 25 pL of reaction
mixture, containing 200 pM of each deoxynucleoside
triphosphate (ANTP) (Applied Biosystems Inc., Foster City,
CA,USA),2.0mM MgClz_ 50 ng/pL of each primer, 1.0 U Tag
DNA polymerase (New England BioLabs Inc., MA, USA),
1 X Tag commercial buffer, and 20 ng (10 ng/uL) of each
DNA template. The G-217B from USA reference strains was
used as a control. PCR assays were performed in a Thermal
iCycler (Bio-Rad Laboratories Inc., Hercules, CA, USA)
programmed as follows: (a) 3 min at 95 °C; (b) 32 cycles,
consisting of 15 sec at 94 °C, 30 sec at 65 °C in the first
cycle, which was subsequently reduced by 0.7 °C/cycle for
the next 12 cycles, and 1 min at 72 °C. In the remaining
20 cycles, the annealing temperature was kept at 56 °C; (c) a
final extension cycle of 5 min at 72 °C — touchdown PCR®.

Generated amplicons were also sequenced at the High-
Throughput Genomics Center (University of Washington)
and the sequences were deposited in the GenBank database
(http://www.ncbi.nlm.nih.gov). The resulting sequences
were analyzed by BLASTn'’, using the sequences of
the G-217B strain as reference (GenBank accession
N°L25117.1, U20346.1, X85962.1, and M28358.1).

To identify the relationships of the five studied isolates
with other H. capsulatum isolates previously characterized
by the four aforementioned nuclear genes, a combined
matrix using partial sequences of these genes was generated
and edited manually by MESQUITE ver. 2.75%. This
matrix was constructed with 260 sequences, considering
four genes per isolate, out of 65 analyzed H. capsulatum
isolates: 57 isolates from TreeBASE (http:/treebase.org,
study ID S1063) reported by Kasuga et al.'’; three from
GenBank with their respective accession numbers for arf,
H-anti, olel, and tub1 genes (EH-383I isolate- AF495619,
AF495620, AF495621, and AF495622; and EH-375 isolate-
AF495607, AF495608, AF495609, and AF495610; and the
G-217B strain, see the aforementioned GenBank accession
numbers); and the five H. capsulatum clinical isolates
reported in this study. Details of the 65 H. capsulatum
isolates are in Tables 1 and 2.

Table 1 - Major data of H. capsulatum strains/isolates whose sequences were acquired from databases of the MLST analysis of

the present study. (continues on the next page)

Strain/isolate Phylogenetic clade Source Origin Year of isolation
Downs (H9)* NAm 1 Human USA 1968
H79* NAm 1 Skunk USA 1967 or before
H126" NAm 1 Human/HIV+ USA 1987
H127* NAm 1 Human/HIV+ USA 1987
G-217B (H8)t NAm 2 Human USA 1973 or before
H11* NAm 2 Human USA 1993 or before
H97* NAm 2 Human USA 1995 or before
H139* NAm 2 USA 1975
H179* NAm 2 Human USA Not known
H146* LAm A Human Brazil 1979
H149* LAm A Human/HIV+ Brazil 1996
H150* LAm A Human Brazil 1996
H151* LAm A Human/HIV+ Brazil 1997
H152* LAm A Human/HIV+ Brazil 1997
H155* LAm A Human/HIV+ Brazil 1998
He67* LAm A Human Colombia 1993
H61* LAm A Human Colombia 1993
He62* LAm A Human Colombia 1993
H63* LAm A Human Colombia 1989

Rev Inst Med Trop Sdo Paulo. 2019;61:¢8 Page 3 of 10

133



Damasceno et al.

Table 1 - Major data of H. capsulatum strains/isolates whose sequences were acquired from databases of the MLST analysis of
the present study. (cont.)

Strain/isolate Phylogenetic clade Source Origin Year of isolation
EH-46* LAm A Human Mexico 1979
EH-53* LAm A Human Mexico 1977
EH-317* LAm A Human/HIV+ Mexico 1992
L-100-91 (EH-333)* LAm A Black bird excreta Guatemala 1991
EH-383It LAm A Bat Mexico 1997
CEPA 2 (EH-362)* LAm A Black bird excreta Guatemala 1996
CEPA 3 (EH-363)* LAm A Human Guatemala 1996
H.1.04.91 (EH-304)* LAm A Human Guatemala 1991
H.1.11.94 (EH-332)* LAm A Human Guatemala 1994
EH-375t1 LAm A Bat Mexico 1997
H162* LAm B Human/HIV+ Argentina 1998-1999
H163" LAm B Human/HIV+ Argentina 1998-1999
H164* LAm B Human/HIV+ Argentina 1998-1999
H165" LAm B Human/HIV+ Argentina 1998-1999
H166" LAm B Human/HIV+ Argentina 1998-1999
H148* Eurasia Horse Not known 1935
H178* Eurasia Human China Not known
H192* Eurasia Human India Not known
H194* Eurasia Horse Egypt Not known
H206* Eurasia Human Thailand 1994
H87* Africa Human Guinea-Liberian border 1970
H137* Africa Human Zaire 1962
H147* Africa Human Senegal 1957
H187* Africa Bat guano Nigeria 1991
H189* Africa Not known Not known Not known
H157* Australia Human Australia 1970s
H158* Australia Soil/bat guano Australia 1984
H159* Australia Human Australia 1984
H160* Australia Human/HIV+ Australia 1988
H161* Australia Human/HIV+ Australia 1990
H144* Netherlands Human Netherlands 1965
H176* Netherlands Human Netherlands 1969
H66* Lineage Human Colombia 1986
H69* Lineage Human Colombia 1991
H153* Linage Human Brazil 1997
G-186B (H83)* Lineage Human Panama 1967 or before
G-186A (H82)* Lineage Human Panama 1967 or before
G-184B (H81)* Lineage Human Panama 1967 or before
H140* Lineage Owl monkey USA/Peru 1997
H185* Lineage Owl monkey USA/Peru 1999
EH-315* Lineage Bat Mexico 1994

The sequences of all H. capsulatum strains/isolates in this table were obtained from *TreeBase and tGenBank. Numbers in
parenthesis are acronyms.

Page 4 of 10 Rev Inst Med Trop Sio Paulo. 2019;61:¢8

134



Mixed infection by Histoplasma capsulatum isolates with different mating types in Brazilian AIDS-patients

Table 2 - Characteristics of H. capsulatum isolates associated with mixed infections.

Characteristics of Patient 1 Patient 2

fungal isolates CE0311 CE0411 CEO0511 CE2813 CE2513
Source Buffy coat Bone marrow Buffy coat Buffy coat Buffy coat
Day of hospitalization 1? 12 2° 3° 12°
Pigmentation of colonies Albino Light-beige Beige Dark-beige Light-beige
Texture of colonies Cottony Cottony Cottony Powdery Powdery
Mating type MAT1-1 MAT1-1 MAT1-2 MAT1-1 MAT1-2

The generated combined matrix containing 1539-nt was
analyzed through two methods: a) Maximum likelihood
(ML) in RaxMLGUI ver. 1.31?' through the General Time
Reversible substitution model gamma distribution; and
b) Bayesian inference (BI) by MrBayes ver. 3.2?” with
a final run using four chains for a total of 100,000,000
generations and sampling trees every 10,000 generations.
The substitution models considered in BI for each partition
were K80 (H-anti), K80+G with four categories (arf and
tubl), and K80+I (olel). The substitution models for
ML and BI methods were selected according to Akaike
Information Criterion and Bayesian information criterion
tests, implemented in Jmodeltest ver. 2.1.4 for ML and
BT, respectively.

Bootstrap values (bt) for ML analysis were based on
1000 heuristic search replicates, using Tree-Bisection-
Reconnection. For the BI analysis, the maximum clade
credibility tree was selected with a posterior probability (pp)
limit of 0.95, using TreeAnotator ver. 1.8.2, implemented
in BEAST - Bayesian Evolutionary Analysis Sampling
Trees?*?®. An unrooted tree was constructed using the
combined matrix.

RESULTS

During the study period, 40 AIDS-patients were
hospitalized in the Sao Jose Hospital with histoplasmosis
diagnosis confirmed by culture in different biologic
samples. For this study, six patientswere recruited and 13
biologic samples of these six patients, which were available
for mating type — PCR. Four patients presented the same
mating type, two patients with MAT 1-1 and two patients
with MAT 1-2. However, for this report we selected only
the two patients presenting with H. capsulatum isolates
with different mating types.

Patient 1

A 22-year-old male AIDS-patient was admitted in
an infectious diseases hospital with fever, diarrhea,
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asthenia, and a weight loss of 6 kg. He was a craftsman
and lived in an urban area of Baturite, Ceara State, Brazil.
Physical examination revealed cervical adenomegaly and
hepatosplenomegaly. Pulmonary and cardiac auscultation
as well as vital signs were normal. He used antiretroviral
drugs irregularly (estavudine, lamivudine, and efavirenz).
Laboratory evaluations revealed hemoglobin level of
9.3g/dL, white blood cells count 1,200/mm?® (neutrophils =
80%; lymphocytes = 10.8%; monocytes = 4.2%;
eosinophils = 5%), and platelets count 65,000/mm?*. Renal
function was normal. The level of lactate dehydrogenase
(LDH) was high (2,086 U/L). Aspartate aminotransferase
(AST) level was 274 U/L, alanine aminotransferase
(ALT) level was 67 U/L and alkaline phosphate (AP) was
184 U/L. The patient had CD4+ lymphocytes count of
273 cells/mm? and plasma HIV-RNA of 127,240 copies/mL.
H. capsulatum yeast-like was visualized by Giemsa staining
of buffy coat smear. Therapy with amphotericin B (1 mg/kg
per day) was administered and the patient was discharged
after 35 days of hospitalization. In the clinical follow-up,
the antifungal therapy was maintained with amphotericin
B once a week for 6 month.

Patient 2

A 52-year-old male AIDS-patient was admitted in an
infectious diseases hospital with fever, abdominal pain,
cough, dyspnea, hematochezia, and weight loss. He had
a history of an oral mucosa lesion for the last 2 months.
He was engaged in farming activities and lived in a rural
area of Maracanau, Ceara State, Brazil. His vital signs
were as follow: temperature 37.2 °C; pulse rate 106/min,
respiratory frequency 30/min, and blood pressure
70/30 mm Hg. A physical examination revealed pallor, oral
ulcer with partial destruction of uvula, and oral candidiasis.
Cardiac auscultation revealed systolic murmur, and chest
auscultation detected crackles in the base of the left lung.
The abdominal examination revealed hepatosplenomegaly.
He used antiretroviral drugs irregularly (zydovudine,
lamivudine, atazanavir, and ritonavir). Laboratory
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evaluations revealed hemoglobin level of 4.3 g/dL, white
blood cells count 3,860/mm?® (1%; neutrophils = 64%;
lymphocytes = 24%; monocytes = 8%; eosinophils = 2%;
basophiles = 1%), and platelets count 34,000/mm?. Renal
function was normal. A high level of LDH was observed
(1,402 U/L). Hepatic function was altered (AST =97 U/L,
ALT =32U/L,AP =908 U/L, YGT = 197 U/L). The patient
had CD4+ lymphocytes count of 80 cells/mm’. A chest
X-ray showed diffuse reticulonodular pulmonary infiltrate.
Empiric therapy with amphotericin B (1 mg/kg per day) was
started on day 1. However, the patient presented respiratory
and renal failure. He died after 18 days of hospitalization.

Fungal cultures and morphological identification

H. capsulatum were isolated from patients’ clinical
samples during their hospitalization and treatment. Three
H. capsulatum isolates were obtained from patient 1, one
from bone marrow (day 1 — CE0411) and two from buffy
coat (day 1-CE0311; day 2 — CE0511). Two H. capsulatum
isolates were recovered from buffy coat of patient 2 on
day 3 (CE2813) and day 12 (CE2513) of hospitalization.
H. capsulatum mycelial cultures of patient 1 presented

a cottony texture macromorphology, whereas mycelial
cultures of patient 2 were powdery. Different pigmentations
were observed in the fungal cultures of both patients. These
morphological characteristics are in Table 2. In regard to
micromorphology, all fungal isolates had hyaline, septated
and branched thin hyphae, microconidia and tuberculate
macroconidia. Dimorphic conversion occurred in all
H. capsulatum isolates, with typical budding yeast cells.
Figure 1 shows a representative micromorphology of the
five fungal isolates recovered in this study.

Mating types of H. capsulatumisolates recovered from
the AIDS-patients

The MAT1I-1 idiomorph was identified in H. capsulatum
isolates CE0311 and CE0411 (patient 1) as well as in
CE2813 (patient 2) isolates; whereas the MAT-2 idiomorph
was found in CE0511 (patient 1) and CE2513 (patient 2)
isolates. The sequences of the MAT locus for these five
fungal isolates are available in the GenBank (accession
numbers in Table 3) and they were compatible with A.
capsulatus through BLASTn analysis'®. The CE0311 and
CE0411 isolates showed 99% similarity and CE2813 isolate

20 pm

1) . @% .

r ’ “o 10 pm

Figure 1 - Representative micromorphology of H. capsulatum mycelium and yeast phases of CE0411 isolate from an AIDS-patient.
Both fungal phases were stained by Lactophenol Cotton Blue. Magnification of 40 X.

Table 3 - GenBank accession numbers of the sequences from each gene used to characterize the five H. capsulatum isolates in

the present study.

Fungal isolate MAT1 Arf H-anti olet tub1

CE 0311 KX058315 KX058302 KX058322 KX058307 KX058312
CEO0411 KX058314 KX058301 KX058321 KX058306 KX058311
CEO0511 KX058317 KX058300 KX058320 KX058305 KX058310
CE2813 KX058313 KX058298 KX058318 KX058303 KX058309
CE2513 KX058316 KX058299 KX058319 KX058304 KX058308
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showed 100% similarity with the sequence of the G-217B
reference strain (MATI-1), whereas CE0511 and CE2513
isolates showed 97% similarity with the sequence of the
G-186AR reference strain (MAT1-2).

Phylogenetic analyses of the H. capsulatum isolates

These partial sequences obtained from the five
H. capsulatum isolates were deposited in GenBank
(accession numbers in Table 3). The phylogenetic trees
for the four genes analyzed by either ML or BI methods
presented similar topologies. A BI phylogenetic tree was
constructed to support both ML and BI data, where bt and
pp values were represented in each tree node (Figure 2).

0.0030

The five H. capsulatum isolates from the AIDS-associated
histoplasmosis patients were grouped in the LAm A clade
together with other LAm A isolates included in the present
study (Table 1, Figure 2). The CE0311 and CE0411 isolates
from patient 1 share the same branch with the H146 isolate
from Brazil, supported by bt =74% (ML) and pp = 1.0 (BI)
values. On the other hand, CE0511 (patient 1), CE2513
and CE2813 (patient 2) isolates were clustered together
and share a branch with Brazilian H151 and H149 isolates
(bt = 56% in ML, pp = 1.0 in BI) (Figure 2). In regard to
the sequences of other isolates used to develop the MLST
analyses, Figure 2 shows that they clustered according to
Kasuga et al."" criterion, representing the different clades
reported in Table 1.

NAm 1

NAm 2
LAmA
LAmB
Eurasia
Africa
Australia
Netherlands

Lineages

New isolates

VOEOEEONE O H

Figure 2 - Unrooted phylogenetic tree of H. capsulatum isolates. The tree was constructed with a concatenated matrix of 1539-nt
using four gene fragments (arf, H-anti, ole1, and tub1). It was generated by Bl and is representative of both ML and Bl analyses.
The values of bt/pp are indicated on their corresponding tree nodes.
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DISCUSSION

This study reports for the first time in theliterature , two
cases of mixed infection caused by H. capsulatum isolates
with different mating types in AIDS-patients, highlighting
the genetic diversity among the five fungal isolates
recovered from clinical samples. The H. capsulatum isolates
associated with mixed infections were from the Ceara State,
which is an endemic area of histoplasmosis in Northeast
Brazil. This mycosis usually occurs in AIDS-patients, and
a high mortality rate has been recorded (30-40%) among
them??,

Mixed infections caused by microorganisms with
different genetic profiles have been described mainly with
pathogenic bacteria®’#®, Fungal mixed infection with different
mating types of the same species was described in individuals
colonized or infected by Aspergillus fumigatus'’. However,
the clinical consequences of this event are still unknown. It
is suggested that the mechanisms driving mixed infections
include microevolution of pre-existing clones, simultaneous
coinfection by recently acquired strains, and superinfection
by a new strain different from preexisting clones®**°. Here,
mixed infections caused by different isolates were supported
by the finding of different H. capsulatum mating type’s
idiomorphs in the same patient, at different time points of
the histoplasmosis treatment.

Some studies have also shown that the mating system
of Cryptococcus neoformans and A. fumigatus is associated
with virulence of these pathogens as well as with the
severity of infections®®*'. MAT -1 has been associated with
invasive aspergillosis®and in C. neoformans infections, the
o-mating type has been described as more virulent than the
a-mating type®®'. However, more recently, experimental
studies revealed that there is not association between mating
type and virulence of C. neoformans and A. fumigatus®-=*.

The sexual reproduction by meiosis between strains with
different mating types can generate genetic variability, which
is very important for lineage survival. In addition, this process
can lead to the formation of hypervirulent strains, as well as
strains with the ability to evade the host’s immune response
and with increased resistance to antifungal drugs’*°.

Few studies have investigated the mating type of
H. capsulatum isolates and its impact on the virulence of
the pathogen®*>. Conventional methods, such as in vitro
cross mating between isolates of H. capsulatum, identified
a predominance of MATI-2 in clinical isolates from USA
patients with acute pulmonary histoplasmosis®. In 2007,
a molecular study identified MATI-1 in strains from
USA isolated from a patient with unusual histoplasmosis
(G-217B) and UHI1 isolate obtained from a transplanted
patient with disseminated histoplasmosis. MAT1-2 was
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related to the strain G-186AR from Panama and the strains
VA1 and T-3-1 from USA®.

More recently, several environmental and clinical
H. capsulatum isolates from Mexico and Brazil were
characterized concerning their MAT! locus by PCR'". Six
out of 28 studied fungal isolates were obtained from patients
with disseminated histoplasmosis, where three isolates came
from HIV-patients (two from Brazil and one from Mexico).
The MATI-1 was found in all (11 environmental and three
clinical) isolates studied from Brazil, whereas the MAT-2
was predominantly identified in most of the Mexican
H. capsulatum isolates, including two clinical isolates.
Interestingly, MATI-1 idiomorph was also identified in four
isolates from Mexico, where one of these was isolated from
an HIV-patient'’. As new data, it was reported here two
MATI-2 H. capsulatum isolates from Brazil. Undoubtedly,
more studies are necessary to characterize the distribution
and the impact of mating types in H. capsulatum isolates
from different regions of the Americas.

Among the morphological characteristics recorded for
the studied H. capsulatum isolates, pigmentation was the
sole divergent factor. It is well known that pigmentation
of fungal isolates depends on the culture medium, age of
strainand melanin production. Even though the melanization
of H. capsulatum protects the fungus against antifungal
drugs such as amphotericin B*, experimental studies did
not find any difference in virulence between albino (non-
melanized) and brown (melanized) H. capsulatum strains®’.

All H. capsulatum isolates of this study were identified
within the former LAm A clade by MLST analyses, which
also revealed genetic diversities among the fungal isolates
of each patient. According to the new phylogenetic clusters
proposed by Teixeira et al.'’, the isolates CE0311 and
CE0411 would be classified within the BR4 clade together
with H146; and CE0511, CE2513, and CE2813 within the
BR2 clade together H151. Thus, isolates from patient 1,
CE0311 and CE0411, grouped in a different cluster from
that of isolate CE0511; whereas isolate CE2513 from patient
2 showed a high genetic similarity with the CE0511 isolate
from patient 1, supported by bt and pp values of ML and
BI trees, respectively (Figure 2). Based on these genetic
findings and considering the differences in the MATI locus
described in the H. capsulatum isolates of the same patient,
it is possible to assume that these fungal mixed infections
could be explained by simultaneous coinfection with a new
isolate that diverged and coexists in the same area, or by
superinfection with a latent Histoplasma infection. Previous
phylogenetic studies with different molecular markers have
demonstrated that there is a high genetic diversity among
H. capsulatum isolates from diverse regions, as well as
in the same region''-'*%4° Therefore, coinfection and
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superinfection are events that can occur in mixed infections
and cannot be discarded in H. capsulatum infections. In spite
of all this, more studies aiming at evaluating the consequences
of mixed infections with H. capsulatum harboring different
genetic and morphologic characteristics are necessary to
better understand the pathogenesis of histoplasmosis.

CONCLUSIONS

This research indicates that mixed infection caused by
H. capsulatum isolates with different mating types can occur
due to different mechanisms as microevolution, coinfection
or superinfection. More studies are necessary to evaluate
the results this coinfection in the virulence of pathogen and
in the pathogenesis of histoplasmosis.
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Background: Histoplasma capsulatum and Pneumocystis jirovecii are respiratory fungal pathogens that
principally cause pulmonary disease. Coinfection with both pathogens is scarcely reported. This study
detected this coinfection using specific molecular methods for each fungus in the bronchoalveolar lavage
(BAL) of patients from a tertiary care hospital.
Materials and methods: BAL samples from 289 hospitalized patients were screened by PCR with specific
markers for H. capsulatum (Hcp100) and P. jirovecii (mtLSUrRNA and mtSSUrRNA). The presence of these
pathogens was confirmed by the generated sequences for each marker. The clinical and laboratory data
for the patients were analyzed using statistical software.
Results: The PCR findings separated three groups of patients, where the first was represented by 60
(20.8%) histoplasmosis patients, the second by 45 (15.6%) patients with pneumocystosis, and the last
group by 12 (4.2%) patients with coinfection. High similarity among the generated sequences of each
species was demonstrated by BLASTn and neighbor-joining algorithms. The estimated prevalence of H.
capsulatum and P. jirovecii coinfection was higher in HIV patients.
© 2019 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Introduction histoplasmosis commonly implies an occupational risk, as

reported in some Latin American countries, but currently, it

Histoplasma capsulatum is the causative agent of histoplasmo-
sis, one of the most important systemic mycoses in humans; this
disease is particularly related to endemic regions in America, and
autochthonous outbreaks have been described from latitude 54°
north (Alberta, Canada) (Anderson et al., 2006) to 38° south
(Neuquén, Argentina) (Calanni et al., 2013). The epidemic form of
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represents a human immunodeficiency virus (HIV)-defining
condition (Centers for Disease Control and Prevention, 2008).
Thus, H. capsulatum could be considered a primary fungal
pathogen because it infects healthy people, although it also shows
an opportunistic behavior since it causes more severe disease in
immunocompromised individuals.

H. capsulatum is a dimorphic fungus with two morphotypes, a
mycelial infective phase found mainly in bat and bird guano and a
yeast virulent phase, which can survive within macrophages and
depicts a chronic granulomatous inflammation in host tissues
(Kohler et al, 2017; Pomerville, 2018). Infection occurs by
inhalation of aerosolized mycelial propagules (mainly micro-
conidia and small hyphal fragments), which become yeasts upon
entering the hosts respiratory tract.
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Pneumocystis jirovecii, which was first described by Frenkel
(1976), is currently accepted as the specific fungal agent of human
pneumocystosis (Morris and Norris, 2012). During the acquired
immunodeficiency syndrome (AIDS) epidemic in the 1980s, this
fungal species was associated with the primary cause of mortality
in HIV/AIDS patients, despite the use of antiretroviral therapy.
Pneumocystosis is distributed worldwide, and it can also be
diagnosed in other immunocompromised patients and in chronic
obstructive pulmonary disease exacerbations (Morris et al., 2008).
In immunocompetent human hosts, P. jirovecii has been reported
as an asymptomatic infection or colonization, suggesting it can be
the source of infection transmission for other individuals (Morris
and Norris, 2012). All Pneumocystis spp. depict two morphotypes:
the trophic and the asci forms. The asci typically contain
ascospores, which are rounded or elongated and can be aerosol-
ized, acting as probable transmission propagules from one
individual to another (Hauser and Cushion, 2018). Each Pneumo-
cystis sp. is host-specific for one mammal species (a characteristic
known as stenoxenism) and cannot be grown in laboratory
artificial media (Akbar et al., 2012; Hauser and Cushion, 2018).

H. capsulatum and P. jirovecii coinfection was previously
reported in a few studies (Baughman et al., 1994; Gago et al.,
2014; Huber et al., 2008; Le Gal et al., 2013; Velasquez et al., 2010;
Wheat et al., 1985). Most of these studies were developed in
samples from hospitalized AIDS patients, where Histoplasma was
diagnosed by culture growth and Pneumocystis by Grocott staining
of bronchoalveolar lavage (BAL) or pulmonary biopsies. Three
studies have described H. capsulatum and Pneumocystis sp.
coinfection using molecular methods: Gago et al. (2014), who
used a multiplex PCR assay in human BAL or biopsy samples;
Gonzalez-Gonzalez et al. (2014), who used specific nested PCRs in
lung samples of randomly captured Tadarida brasiliensis bats from
Argentina, Mexico, and French Guyana; and Almeida-Silva et al.
(2016), who reported an HIV patient with several opportunistic
fungal infections detected by nested PCR and multiplex qPCR.

H. capsulatum and Pneumocystis sp. share different character-
istics that support the possibility of coinfection in the same
individual. They are ascomycete fungi that infect through the hosts
respiratory tract. The lung is the main target organ for both fungi,
causing the pulmonary disease representative of their most
common clinical form. However, some biological, pathogenic
and clinical differences are remarkable between both parasites. For
H. capsulatum, yeasts are preferentially found in the host's
intracellular space (primarily within macrophages). For Pneumo-
cystis sp., the two morphotypes are particularly found in the host
extracellular space, and the trophic forms develop strong
interactions with alveolar epithelial cells. H. capsulatum is found
in natural habitats, whereas Pneumocystis spp. have only been
described in infected hosts. H. capsulatum does not colonize
healthy or immunocompetent individuals, and no possible
respiratory transmission from one individual to another has been
reported, whereas both features are common for Pneumocystis sp.
(Kohler et al., 2017; Pomerville, 2018; Skalski et al., 2015). Overall,
histoplasmosis patients can develop disseminated disease (rarely
seen in pneumocystosis).

The aim of this study was to detect the frequency of
H. capsulatum and P. jirovecii coinfection, using specific molecular
methods for each fungus, in BAL samples of patients from a tertiary
care hospital focused on respiratory diseases in Mexico.

Materials and methods
Patients

This study was developed in two periods: from June to October
2014, and from May to September 2016. We considered a total of

289 patients hospitalized for acute pulmonary diseases at the
Instituto Nacional de Enfermedades Respiratorias “Ismael Cosio
Villegas” (INER), in Mexico City, CDMX, Mexico, who required a
bronchoscopic diagnostic procedure due to hypoxemic pneumo-
nia. We also analyzed eight samples collected in 2011 from healthy
volunteers, which were kindly donated by the team of Dr. Eduardo
Sada Diaz, from the “Departamento de Investigacion en Micro-
biologia” at INER, as noninfected controls for molecular diagnosis
of H. capsulatum and P. jirovecii. No samples were obtained ex
professo for this study.

Clinical data processed from the medical record of each patient
were sex, age, place of birth, lactate dehydrogenase (LDH) levels,
smoking status, guano exposure, travel history, and main outcome
at hospital discharge. Laboratory data evaluated included complete
blood count, HIV status (including viral load and CD4" cell count),
and BAL sample laboratory procedures, such as bacterial and fungal
cultures (for H. capsulatum), Grocott staining (for P. jirovecii), as
well as multiplex viral PCR and other specific tests for the diagnosis
of infectious diseases, which were performed according to
physician requests.

BAL samples

From all patients considered for this study, we analyzed one BAL
sample. After BAL collection, samples were centrifuged at 2850 x g
for 20 min, the supernatant was aliquoted in 600-l microtubes
(Eppendorf, Inc., Enfield, CT, USA) and frozen at —80 °C in less than
one hour for other studies, and the pellet was processed for DNA
extraction to search for H. capsulatum and P. jirovecii.

DNA extraction

The pellet of each BAL sample was processed for DNA extraction
using a commercial kit (Molecular Biology Kit, Bio Basic Inc.,
Toronto, ON, CA), according to manufacturer’s instructions. DNA
samples were quantified in an Epoch microplate spectrophotome-
ter (BioTek Instruments Inc., Winooski, VT, USA) at 260-280 nm
and then stored at —80 °C until required. To avoid contamination
during molecular screening, all DNA samples were processed in
specialized cabinets for each step of the molecular assays
performed.

Molecular screening for H. capsulatum in DNA samples

Fungal presence was investigated in each extracted DNA sample
using anested PCR for afragment of the Hcp100 gene encoding a 100-
kDa protein, a molecular marker highly specific for this pathogen
(Bialek et al., 2002; Taylor et al., 2005). Two sets of primers were
used; the outer primer set included Hcl (5-GCG-TTC-CGA-GCC-
TTC-CAC-CTC-AAC-3') and Hcll (5'-ATG-TCC-CAT-CGG-GCG-CCG-
TGT-AGT-3'); the inner primers were Hclll (5'-GAG-ATC-TAG-
TCGCGG-CCA-GGT-TCA-3') and HclV (5’-AGG-AGA-GAA-CTG-TAT-
CGG-TGG-CTT-G-3'), delimiting a 210-bp fragment unique to
H. capsulatum. Details of the amplification are provided in
Gonzdlez-Gonzalez et al. (2012). DNA from the EH-53 H. capsulatum
strain from a Mexican clinical case was used as a positive control,
and milli-Q water (Milli-Q water purifier, Merck KGaA, Darmstadt,
DE) was always processed as a negative control.

Molecular screening for P. jirovecii in DNA samples

We used nested PCR for the amplification of two genes that are
reliable markers for Pneumocystis detection: the mitochondrial
ribosomal large subunit (mtLSUrRNA) and the mitochondrial
ribosomal small subunit (mtSSUrRNA) (Wakefield et al., 2003). For
the mtLSUrRNA locus, we used the outer primer set pAZ102-H
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(5’-GTG-TAC-GTT-GCA-AAG-TAG-TC-3') and pAZ102-E (5'-GAT-
GGC-TGT-TTC-CAA-GCC-CA-3'). The inner primers, pAZ102-X (5'-
GTG-AAA-TAC-AAA-TCG-GAC-TAG-G-3') and pAZ102-Y (5'-TCA-
CTT-AAT-ATT-AAT-TGG-GGA-GC-3'), delimit a 267-bp fragment
specific for Pneumocystis sp. Nested PCR for the mtSSUrRNA locus
was performed with the outer primers, pAZ112-10F (5'-GGG-AAT-
TCT-AGA-CGG-TCA-CAG-AGA-TCA-G-3') and pAZ112-10R (5'-GGG-
AAT-TCG-AAC-GAT-TAC-TAG-CAA-CCC-3’). The inner primers,
PAZ112-13RI (5'-GGG-AAT-TCG-AAG-CAT-GTT-GTT-TAA-TTC-G-3)
and pAZ112-14RI (5'-GGG-AAT-TCT-TCA-AAG-AAT-CGA-GTT-TCA-
G-3'), delimit a 300-bp fragment specific for Pneumocystis sp.
(Gonzdlez-Gonzdlez et al., 2014). A DNA sample obtained from a
pulmonary biopsy from a patient diagnosed by Grocott staining
with pneumocystosis was used as a positive control. Milli-Q water
(Merck) was always used as a negative control for both Pneumo-
cystis molecular markers.

Amplified products (amplicons)

Amplicons from each nested PCR were electrophoresed on a
1.8% agarose gel in 0.5X Tris-borate-EDTA buffer. Electrophoresis
was conducted at 120V for 50 min using a 100-bp DNA ladder
(Gibco Laboratories, Grand Island, NY, USA) as a molecular size
marker. The amplicons were visualized using a UV transilluminator
after GelRed Nucleic Acid Gel Stain (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) staining (0.5 p.g/100 ml). The amplicons were
purified using the Nucleotrap PCR Purification Kit (BD Biosciences,
Palo Alto, CA, USA) and sent to the High-Throughput Genomics
Center (University of Washington, Seattle, WA, USA) for sequenc-
ing of the sense and antisense DNA strands; a consensus sequence
for each amplified sample was generated.

Sequence analyses

The generated sequences were aligned and manually edited
using MEGA software, version 7, http://www.megasoftware.net
(Kumar et al., 2016), and their alignments are provided in the
electronic supplementary material (Supplementary files 1,2 and 3)
for the readers’ reference.

Sequences were analyzed to confirm their high homology for
each marker, which was the main criterion for the molecular
identification of each fungus in BAL samples, considering for
P. jirovecii at least one of the two markers used. First, the sequences
were analyzed using the BLASTn algorithm (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) to search in the GenBank database for all
homologous sequences corresponding to the nested PCR products
of H. capsulatum and P. jirovecii gene fragments. Afterward,
sequence analysis with the neighbor-joining (NJ) method was
used to construct the respective genetic relationship trees for each
marker using MEGA7 (Kumar et al., 2016). To infer the NJ trees,
genetic distances were conducted using the Kimura two-parame-
ter model, considering gaps/missing data and mutation rates
between the analyzed nucleotide sites. Bootstrap values (bt) for NJ
analyses were based on 1000 replicates (Kumar et al., 2016). To
construct the NJ trees, Hcp100 sequences were aligned with the
sequence of the G-217B reference strain from Louisiana, USA
(GenBank accession no. AJ005963); mtLSUrRNA sequences were
aligned with the reference sequence of P. jirovecii EH1-PAZ102E
(GenBank accession no. JF733748); and mtSSUrRNA sequences
were aligned with the reference sequence of P. jirovecii (GenBank
accession no. HQ228547).

Statistical analyses

The total infection rate was estimated considering all patients.
The Chi-Square () test was used to detect significant differences

between the groups of patients infected with H. capsulatum,
P. jirovecii or both fungi. The prevalence odds ratio test and its
corresponding 95% confidence interval (95% CI) were calculated to
evaluate the possible strength of the association between each
different analyzed variable and the occurrence of histoplasmosis,
pneumocystosis or their coinfection. Both statistical analyses were
performed using SPSS Statistics version 21.0 (SPSS Inc., Chicago, IL,
USA). Values of P< 0.05 were considered significant.

Results

We analyzed BAL samples from 289 patients: 84 (29.1%) were
from HIV patients and 205 (70.9%) were from non-HIV patients.
Seventy-one HIV patients were male and 13 were female with a
median age of 34 years, showing a median HIV viral load of 246 852
copies/ml and a median CD4"* count of 23 cells/ml of peripheral
blood. One hundred and ten non-HIV patients were male and 95
were female with a median age of 54 years. Most individuals
(66.4%) lived in Mexico City and the surrounding conurbation,
whereas the rest of patients (33.6%) came from rural areas.

Out of 289 patient BAL samples, the amplified Hcp100 marker
diagnosed the presence of H. capsulatum infection in 60 patients
(20.8%), which included four patients with positive cultures for
H. capsulatum. The amplification of either mtLSUrRNA or
mtSSUrRNA locus diagnosed the presence of P. jirovecii infection
in 45 cases (15.6%) (Table 1). Regarding P. jirovecii detection
using two independent molecular markers (mtLSUrRNA and
mtSSUrRNA) for its identification, it is important to remark that
both markers were amplified in 34 samples, whereas the
mtLSUrRNA marker generated more sequences (47) than the
mtSSUrRNA (33). None of these markers was amplified in any of
the samples from noninfected controls (healthy volunteers). Milli-
Q water was always negative in each assay performed.

The BLASTn analysis for Hcp100 sequences showed a range
from 94 to 100% similarity between them and the GenBank
reference sequence from H. capsulatum, whereas mtLSUrRNA and
mtSSUrRNA sequences showed a range from 98 to 100% similarity
between them and the reference sequences from P. jirovecii.

All H. capsulatum Hcpl00 sequences analyzed by NJ are
represented in Figure 1, and the cluster of these sequences
supports a close genetic relationship among them. Figure 2 shows
the sequence trees analyzed by NJ for the P. jirovecii mtSSUrRNA
(Figure 2a) and mtLSUrRNA (Figure 2b) markers, respectively, and
the topologies of these trees sustained a close genetic relationship
among the sequences.

The molecular tools used in this study revealed that 12 (4.2%)
patients pr d both H. capsulatum and P. jirovecii infections
simultaneously. Out of these 12 coinfected patients, nine samples
belonged to HIV patients (10.7% of 84 HIV patients) and the other
three to non-HIV patients (1.5% of 205 non-HIV patients) (Table 1).

The main data for all studied patients, such as sex, age, HIV
status, LDH levels, smoking status, guano exposure, mechanical
ventilation, and lethality, are provided in Table 1. The last column
shows the results of the x* test for each variable to detect
significant differences among the groups of patients infected with
H. capsulatum, P. jirovecii or both fungi, and P values are shown in
Table 1. Demographic and clinical data such as sex, LDH levels,
mechanical ventilation, and lethality did not show significant
differences between groups. Two important risk factors were
assessed for the fungal infections studied, such as smoking status
(for H. capsulatum and P. jirovecii) or guano exposure (for
H. capsulatum only). Significant differences were found between
smoking and nonsmoking patients (P=0.002), considering the
H. capsulatum, P. jirovecii and coinfected groups of patients. No
significant differences (P=0.270) were found among patients
exposed to guano in the environment in regard to H. capsulatum
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Table 1
Main data from hi i ystosis and coinfected patients.
Demographic and clinical data H. capsulatum P. jirovecii Coinfection P
infection only infection only n=12
n=60 n=45

Age* (years) 46 [32-66) 37 (30-47) 34 [30-44]

Sex 0.212
Female 21 (35%) 15 (33.3%) 2(16.7%)
Male 39 (65%) 30 (66.7%) 10 (83.3%)

HIV patients 16 (26.7%) 32 (711%) 9 (75%) <0.0001
Viral load® 293 479 427 572 462 080
(copies/ml) [24 064-848 244] [34 951-851 138] (228 922-933 417]
CD4+ count® 42 [10-56] 21 (7-42) 25 [7-42)
(cells/ml)

Non-HIV patients 44 (73.3%) 13 (28.9%) 3 (25%)

LDH?(UIf) 186 [140-273] 227 [152-341] 279 [140-396] 0.070

Smoking 0.002
Active 26 (43.3%) 19 (42.2%) 3(25%)
Passive 12 (20%) 4 (8.9%) 0 (0%)
None 16 (26.7%) 16 (35.6%) 8 (66.7%)
No data 6 (10%) 6(13.3%) 1(83%)

Guano exposure 0.270
Yes 17 (28.3%) 11 (24.5%) 2(16.7%)
No 37 (61.7%) 28 (62.2%) 9 (75%)
No data 6 (10%) 6 (13.3%) 1(8.3%)

Mechanical ventilation 0.129
Yes 17 (28.3%) 14 (31.1%) 6 (50%)
No 37 (61.7%) 25 (55.6%) 5 (41.7%)
No data 6 (10%) 6(13.3%) 1(8.3%)

Lethality 0.088
Yes 10 (16.7%) 6 (13.3%) 4(333%)
No 44 (73.3%) 33 (73.4%) 7 (58.4%)
No data 6 (10%) 6(13.3%) 1(8.3%)

LDH: Lactate dehydrogenase.
Percentages in parentheses were estimated considering the number of patients in each infected group.
# Median values of these clinical data are shown, with the corresponding interquartile range (IQR 25-75) in brackets.
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Figure 1. N] analysis of the H. capsulatum sequences. The N] tree was constructed using a matrix of 142-nt of the Hcp100 gene fragments. The NJ analysis was conducted as

described in Materials and methods. Supporting bt values >50% are indicated on their corresponding tree branches.
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the NJ tree was constructed using a matrix of 176-nt. The N] analyses were conducted as described in Materials and methods. Supporting bt values >50% are indicated on their

corresponding tree branches.

and coinfected groups of patients. Based on additional information
from the hospital records, we found that H. capsulatum was
detected in 25.5% of the patients from urban areas and in 23.7% of
the patients from rural areas, whereas P. jirovecii was detected in
18.2% of the patients from urban areas and in 22.6% of the patients
from rural areas, and no significant differences were detected.
Other laboratory data (hemoglobin, hematocrit, total leukocyte
count, and platelet count) for each group of patients studied
revealed no significant differences among patients with histoplas-
mosis, pneumocystosis and coinfection (data not shown).

According to laboratory reports, H. capsulatum cultures were
positive only in four BAL samples of HIV/AIDS patients, corre-
sponding to 5.6% of all the H. capsulatum-positive samples detected
by PCR, whereas P. jirovecii was observed by Grocott staining only
in 14 BAL samples, representing 24.6% of all the P. jirovecii-positive
samples detected by PCR.

Microorganisms distinct from the studied fungi were detected
only in 44 out of 289 patients, by culture (for bacteria and other
fungi) and by multiplex PCR (for viruses), as reported in the clinical
records. Eight patients were infected with M. tuberculosis, 14 with
Gram-negative bacteria and four with Gram-positive bacteria.
Mixed infections with different microorganisms (virus-bacteria,
bacteria-bacteria, bacteria-fungi or virus-fungi) were found in 19
patients; 11 patients presented more than two types of micro-
organisms. Interestingly, out of the 12 patients coinfected with
H. capsulatum and P. jirovecii, three were infected with other
microorganisms that could be part of the normal microbiota of the
upper respiratory tract: one patient had Pseudomonas aeruginosa,
the second had P. aer and Klebsiell and the

'S P

third had P. aeruginosa, parainfluenza 2 virus and rhinovirus.

Details about the different microorganisms found in the studied
groups are available in the Supplementary Table.

Figure 3 shows a detailed description of the statistical analyses
for histoplasmosis, pneumocystosis and coinfection in HIV vs. non-
HIV patients.

The prevalence of histoplasmosis infection in the whole studied
population was 20.8% (60 of 289 patients), whereas the prevalence
in HIV patients was slightly lower (19%) than in non-HIV patients
(21.5%); however, this difference was not significant (P=0.64)
(Figure 3a).

The prevalence of pneumocystosis infection in the whole
studied population was 15.6% (45 of 289 patients), and it was
significantly higher in HIV patients with P<0.0001 (38.1%) when
compared to non-HIV patients (6.3%). Moreover, the estimated
prevalence odds ratio for pneumocystosis was 9.08 (95% Cl, 4.45-
18.56), which suggested that infection with P. jirovecii was
9.08-fold more possible in HIV patients (Figure 3b).

The prevalence of coinfection with both fungi was 4.2% (12 of
289 patients), and the frequency of coinfection in HIV patients
(10.7%) was significantly higher than in non-HIV patients (1.5%)
with P=0.001. Therefore, the prevalence odds ratio estimated for
coinfection was 8.08 (95% ClI, 2.13-30.6), revealing that HIV
patients had an 8.08-fold greater probability of becoming infected
with both fungi (Figure 3c).

In particular, it is remarkable that the lethality rate for patients
in the histoplasmosis-pneumocystosis coinfection group (33.3%, 4
of 12 patients) was higher than the lethality rate for patients with
only histoplasmosis infection (16.6%, 10 of 60 patients) or only
pneumocystosis infection (13.3%, 6 of 45 patients), even though
these results were not statistically significant (see Table 1).
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Background: Histoplasma capsulatum and Pneumocystis jirovecii are respiratory fungal pathogens that
principally cause pulmonary disease. Coinfection with both pathogens is scarcely reported. This study
detected this coinfection using specific molecular methods for each fungus in the bronchoalveolar lavage
(BAL) of patients from a tertiary care hospital.
Materials and methods: BAL samples from 289 hospitalized patients were screened by PCR with specific
markers for H. capsulatum (Hcp100) and P. jirovecii (mtLSUrRNA and mtSSUrRNA). The presence of these
pathogens was confirmed by the generated sequences for each marker. The clinical and laboratory data
for the patients were analyzed using statistical software.
Results: The PCR findings separated three groups of patients, where the first was represented by 60
(20.8%) histoplasmosis patients, the second by 45 (15.6%) patients with pneumocystosis, and the last
group by 12 (4.2%) patients with coinfection. High similarity among the generated sequences of each
species was demonstrated by BLASTn and neighbor-joining algorithms. The estimated prevalence of H.
capsulatum and P. jirovecii coinfection was higher in HIV patients.
© 2019 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction

histoplasmosis commonly implies an occupational risk, as
reported in some Latin American countries, but currently, it

Histoplasma capsulatum is the causative agent of histoplasmo-
sis, one of the most important systemic mycoses in humans; this
disease is particularly related to endemic regions in America, and
autochthonous outbreaks have been described from latitude 54°
north (Alberta, Canada) (Anderson et al, 2006) to 38° south
(Neuquén, Argentina) (Calanni et al., 2013). The epidemic form of
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represents a human immunodeficiency virus (HIV)-defining
condition (Centers for Disease Control and Prevention, 2008).
Thus, H. capsulatum could be considered a primary fungal
pathogen because it infects healthy people, although it also shows
an opportunistic behavior since it causes more severe disease in
immunocompromised individuals.

H. capsulatum is a dimorphic fungus with two morphotypes, a
mycelial infective phase found mainly in bat and bird guano and a
yeast virulent phase, which can survive within macrophages and
depicts a chronic granulomatous inflammation in host tissues
(Kohler et al., 2017; Pomerville, 2018). Infection occurs by
inhalation of aerosolized mycelial propagules (mainly micro-
conidia and small hyphal fragments), which become yeasts upon
entering the hosts respiratory tract.

1201-9712/© 2019 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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we estimated a coinfection rate of 13.3%. Later, Baughman et al.
(1994) screened opportunistic infections in 894 BAL samples from
AIDS patients; they found 420 (46.97%) patients with Pneumocystis,
five of whom were coinfected with H. capsulatum (0.55% according
to our estimation). In French Guiana, Huber et al. (2008) described
200 cases of AlDS-associated histoplasmosis over 25 years; seven
were coinfected with Pneumocystis (3.5% according to our
estimation). Velasquez et al. (2010) studied 44 HIV/AIDS patients
with histoplasmosis and found concomitant pneumocystosis in
11.4% of the cases. Caceres et al. (2018) reported three cases of
pneumocystosis in 45 HIV patients with histoplasmosis (6.7% with
coinfection, according to our estimation). Interestingly, Le Gal et al.
(2013) described the intracellular coexistence of H. capsulatum and
P. jirovecii in an alveolar macrophage from a BAL sample of one
AIDS patient.

The abovementioned reports were entirely focused on HIV
patients, and most of the frequencies of coinfection that we
estimated from their results were similar to our reported rate of
10.7% (9 of 84 HIV patients). Coinfection could be explained by the
virus-related immunocompromised condition, which makes the
patients more susceptible to concomitant infections.

In regard to the LDH levels, which is a marker associated with
the prognosis of patients with disseminated histoplasmosis (Butt
et al, 2002; Ramos et al, 2018) and more frequently used to
distinguish bacterial from Pneumocystis pneumonia (Sun et al.,
2016), our results showed that the serum LDH levels were not
significant to support the diagnosis of either histoplasmosis or
pneumocystosis.

Other risk factors assessed in this study were smoking and
guano exposure. Smoking has been previously reported as a risk
factor for complications in the ocular histoplasmosis syndrome
(Chheda et al., 2012; Ganley, 1973). Additionally, smoking is a
presumed risk factor for presenting P. jirovecii pneumonia in HIV
patients (Blount et al., 2013; Miguez-Burbano et al., 2005) and in
non-HIV patients (Santos et al., 2017). Regarding the lack of
significance in the analysis concerning guano exposure related to
H. capsulatum infection, it is important to emphasize that
histoplasmosis outbreaks might occur both in rural and urban
areas because the fungus has been found in several niches where
people could be inadvertently exposed. (Corcho-Berdugo et al.,
2011; Muiioz et al., 2010; Taylor et al., 2005). However, other risk
factors associated with histoplasmosis or pneumocystosis, such as
previous treatment with immunosuppressive drugs, were scarcely
referred for the studied patients.

It would be fascinating to identify the influence of one pathogen
in regard to the other on the coinfection outcome; however, it was
not possible to detect this association because some patients’
medical records were incomplete. It is crucial to underline the
higher lethality rate associated with coinfection, suggesting a
contribution of both pathogens in the fatal clinical course of the
patients (Table 1). In general, most of the causes of death referred
for histoplasmosis, pneumocystosis and coinfected patients were
pneumonia with sepsis and/or septic shock.

An important feature to consider from most studies is the
diagnostic procedure used for histoplasmosis (culture) and pneumo-
cystosis (microscopic observation), which require specialized
supplies and technical experience for successful diagnosis. There-
fore, new methods should be implemented to detect coinfection
with these fungi. To date, only a few studies have used molecular
methods. Gago et al. (2014) reported one of 14 HIV patients with
H. capsulatum and P. jirovecii coinfection (7.14% according to our
estimation) while developing a multiplex PCR assay for fungi.
Gonzdlez-Gonzalez et al. (2014) described coinfection with
H. capsulatum and Pneumocystis spp. in 122 randomly captured
bats (35.2% of cases), supporting a high frequency of both pathogens
in this particular host (Gonzalez-Gonzalez et al., 2014). Thus, we

chose molecular methods for histoplasmosis and pneumocystosis
diagnosis due to their rapid, specific and accurate detection,
emphasizing that these methods were very useful to reveal
H. capsulatum and P. jirovecii in BAL samples. We would like to
emphasize that the four HIV/AIDS patients with positive
H. capsulatum cultures also amplified the specific marker
Hcp100, which highlights the efficiency of the molecular method
used. Fungal sequences generated by PCR, using DNA extracted from
BAL samples, reflected active mycotic disease, and the specificity of
the molecular markers used in the present study makes misdiag-
nosis very improbable. In contrast, immunological diagnostic
procedures sometimes are unable to differentiate past from present
infection. For both fungi, we selected nested PCR protocols, which
have been demonstrated to be very sensitive, reproducible for the
identification of pathogens in different clinical samples, and able of
avoiding molecular contamination under well-controlled labora-
tory conditions. Moreover, nested PCR is a useful tool for
epidemiological studies, where this method serves as a great
screening technique when compared to real-time PCR (Seo et al.,
2014; Sharifdini et al., 2015).

We considered the generated sequence of each marker as a
unique criterion for diagnosis because the single visualization of
the amplified PCR products could lead to misinterpretation or
overdiagnosis of the results and because non-specific products
could sometimes be produced. Although our criterion is very strict,
it is undoubtedly precise and reliable, as demonstrated by BLASTn
and N] genetic analyses of the generated sequences. Thus, the
close genetic relationship among the sequences of Hcp100 for
H. capsulatum and among the sequences of mtLSUrRNA and
mtSSUrRNA for P. jirovecii confirmed their respective fungal
molecular identification. The scientific literature has reported
mtLSUrRNA marker as a better diagnostic tool for P. jirovecii;
however, based on our previous experience (Gonzdlez-Gonzalez
et al., 2014), we also selected the mtSSUrRNA marker because the
fungus was identified in a few samples in which only this marker
was amplified.

In conclusion, statistical analyses support the highest preva-
lence of pneumocystosis and coinfection in HIV patients, and based
on our findings, H. capsulatum and P. jirovecii coinfection is a more
common medical problem than expected, not only in immuno-
compromised patients. Searching for both pathogens at the initial
stages of disease should be routinely performed to establish
adequate treatments for both fungi to improve patient outcomes
and diminish the risk for complications. Basic research studies on
this coinfection are still needed to explain the interaction of the
two pathogens in vivo.
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Histoplasmosis is a worldwide-distributed deep mycosis that affects healthy and immunocompromised
hosts. Severe and disseminated disease is especially common in HIV-infected patients. At least 11
phylogenetic species are recognized and the majority of diversity is found in Latin America. The
northeastern region of Brazil has one of the highest HIV/AIDS prevalence in Latin America and Ceara
State has one of the highest death rates due to histoplasmosis in the world, where the mortality rate
varies between 33-42%. The phylogenetic distribution and population genetic structure of 51 clinical
isolates from Northeast Brazil was studied. For that morphological characteristics, exoantigens profile,
and fungal mating types were evaluated. The genotypes were deduced by a MSLT in order to define local
population structure of this fungal pathogen. In addition, the relationships of H. capsulatum genotypes
with clinically relevant phenotypes and clinical aspects were investigated. The results suggest two
cryptic species, herein named population Northeast BR1 and population Northeast BR2. These
populations are recombining, exhibit a high level of haplotype diversity, and contain different ratios

of mating types MAT1-1 and MAT1-2. However, differences in phenotypes or clinical aspects were not
observed within these new cryptic species. A HIV patient can be co-infected by two or more genotypes
from Northeast BR1 and/or Northeast BR2, which may have significant impact on disease progression
due to the impaired immune response. We hypothesize that co-infections could be the result of multiple
exposure events and may indicate higher risk of disseminated histoplasmosis, especially in HIV infected
patients.

Histoplasmosis is a worldwide-distributed systemic mycosis caused by several cryptic species nested within the
Histoplasma capsulatum complex'. H. capsulatum has a dimorphic life cycle; the mycelial phase (MP) devel-
ops in an environmental milieu with high concentrations of nitrogen and phosphorus, humidity above 60%,
darkness, and near watercourses?. Upon inhalation of microconidia or macroconidia from Histoplasma spp. by
susceptible hosts, the fungus differentiates into the yeast phase (YP), composed by budding yeast cells. Both MP
and YP can be obtained by in vitro cultivation of the fungus at 25-28 °C and 34-37 °C, respectively. Histoplasma
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infections have been reported on all continents with exception of Antarctica'. The course of histoplasmosis varies
from asymptomatic infection to mild-to-severe disease. High incidence of human Histoplasma infection has been
reported mainly in tropical and subtropical areas of the Americas. However, the true disease range is likely larger,
as this mycosis has also been found in Canada and in the Patagonia desert in Argentina®*.

This pathogen can cause disease in different animal hosts, such as bats, domestic cats, and several wild mam-
mals>**, In humans, histoplasmosis outbreaks have been described in immunocompetent individuals linked to
activities such as visiting caves and archeological sites, or working on a construction site. These exposures are
often associated with environments containing high levels of bat or bird guano, which may favor the development
of MP that harbors infectious microconidia®.

In last years, an increase of disseminated histoplasmosis has been reported, mainly associated with
AIDS-patients throughout the Americas’*. A major challenge is that mortality rate, presence of skin and mucosal
lesions, and relapse frequency of these infections vary in individuals from distinct geographic areas of the dis-
ease”'’. In addition, experimental studies have demonstrated that variation in virulence may be associated with
different genetic lineages of H. capsulatum.

Multilocus sequence typing (MLST) is the main molecular tool currently used to evaluate genetic diversity
at the species level of H. capsulatum'?. The first analysis of isolates across the global distribution of the species
defined 8 phylogenetic clades'>!*. The LAm A and LAm B clades harbor isolates primarily from Latin America;
the Nam 1 and Nam 2 clades from North America; the Eurasian clade from Egypt, India, China, Thailand, and
England; the Netherlands clade; the Africa clade; and the Australian clade'*. Recently, a more robust MLST study
evaluating 234 isolates of H. capsulatum lead to the identification of at least 11 species-level clades, the majority
of them found in Latin America. The former LAm A and LAm B species were divided into four different genetic
clusters as follows: LAm Al, LAm A2, LAm Bl and LAm B2. Two new phylogenetic species, R] (Southeast of
Brazil) and BAC-1 (Mexico), and four different monophyletic and cryptic clades from Brazil (BR1-4) were also
identified'.

Brazil presents one of the highest global incidences of histoplasmosis, and also presents the greatest genetic
variability of Histoplasma and could be considered the center of origin of this important pathogen"'". It is esti-
mated that 2.19 individuals had a histoplasmosis diagnosis per 1,000 hospitalizations in Brazil'®. However, the
true incidence of this mycosis in Brazil is unknown, especially because it is not a notifiable disease.

Studies performed by histoplasmin skin-test between 1940 and 1990 have found different levels of prevalence
of histoplasmosis in Brazil'”. A prevalence rate of 93.2% was observed in southeastern Brazil'”'®. In Cear4, a
state located in the northeastern of Brazil, the prevalence rates varied from 23.6% to 61.5% among residents in
rural areas'>*. Among HIV-positive individuals from Ceara without severe immunosuppression (lymphocyte T
CD4+ >350 cells/mm?), the histoplasmosis prevalence reached 11.8%?'. In the last three decades, the Ceara State
has presented a large number of cases of disseminated histoplasmosis (DH) described mainly in AIDS-patients®.
Between 1995 and 2004, 164 cases of co-infection of DH and AIDS were observed in a single hospital?>. Moreover,
134 cases of the disease were found during a 7 year medical surveillance?; 208 cases in another 5 years® and, more
recently, 264 new cases in 7 years® in this single state. These studies clearly demonstrate that northeastern Brazil,
particularly Ceara State, is a highly endemic area of histoplasmosis, and is associated with a high annual death
rate among HIV patients®. In Fortaleza (the capital of Ceara State), many cases of histoplasmosis are associated
with low sanitation capacity, ecotourism, and fishing®.

Although antiretroviral therapy has modified the course of AIDS, a mortality rate between 33-42% associated
with histoplasmosis has been observed in this region of Brazil®’, unlike other endemic regions such as Panama
(12.5%) and French Guiana (8%)**?’. The genetic background of Histoplasma in northeastern Brazil is poorly
explored, especially considering the high mortality rates of DH so far reported for this particular area.

The aim of this study was to assemble the epidemiological, clinical, and laboratory data of histoplasmosis
patients diagnosed in Ceara, Northeastern of Brazil. The phenotypes of clinical strains such as morphological
characteristics, exoantigen profiles, and fungal mating types were evaluated. The genotypes of clinical isolates of
H. capsulatum obtained from patients were deduced by a MSLT in order to define local population structure of
this fungal pathogen. In addition, the relationships of H. capsulatum genotypes with clinically relevant pheno-
types and clinical aspects were investigated. Finally, it was demonstrated the occurrence of recurrent infections
by multiple genotypes of H. capsulatum in HIV patients.

Results

Clinical data. Relevant clinical data were evaluated in 43 hospitalizations of 40 individuals with DH from
2011 to 2014 (Table 1). Thirty-one cases occurred in males and nine in females. Patient’s age varied from 19
to 56 years old (median 31 years; interquartile range: 28-39 years). Only a single patient was HIV-negative.
Hospitalizations were more frequent in individuals living in the metropolitan area of Fortaleza (75%). Other
Ceara regions, such as the central wilderness, mountain region, and east coast, had smaller number of histo-
plasmosis cases (Table S1). All patients received amphotericin B deoxycholate (1 mg/Kg/day) until the clinical
improvement, followed by itraconazole (400 mg/day). Co-infections with tuberculosis were detected in 15% of the
cases. Fever, cough, and dyspnea were the most common clinical manifestations observed in the herein described
patients (Table 1). Data revealed a high mortality ratio among the AIDS-patients (33%) included in this study.
Moreover, presence of skin lesions (p = 0.003) and acute renal failure (p = 0.010) were risk factors associated with
deaths.

Macro and micromorphological characteristics of MP.  Fifty-one clinical fungal isolates were obtained
from the included patients. Fungi were isolated from buffy coat (n= 30), blood (n = 14), bone marrow (n=6),
and bronchoalveolar lavage (n = 1) (Table S1). The overall morphological characteristics of the H. capsulatum iso-
lates are reported in Table S2, where differences in colony texture, color, and micromorphologies were recorded.
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Gender

Man [31(77.5%)
Woman |9 225%)
Origin

Fortaleza, Ceara [23(57.5%)
Other cities of Ceard ‘ 17 (42.5%)
HIV/AIDS test

Positive [39 (97.5%)
Negative ‘ 1(2.5%)
Drug addictive

Yes [ 6 15.0%)
No | 34 (85.0%)
Co-infection with tuberculosis

Positive [ 6 15.0%)
Negative | 34 (85.0%)
Clinical characteristics

Fever N 40 (100%)
Weight loss 33 (82.5%)
Cough 27 (67.5%)
Dyspnea 27 (67.5%)
Hepatomegaly 26 (65%)
Diarrhea 25(62.5%)
Asthenia 22(55%)
Spleenomegaly 20 (50%)
Vomit 18 (45%)
Abdominal pain 12 (30%)
Headache 11 (27.5%)
Mucosa hemorrhage 10 (25%)
Skin lesion 09 (22%)
Adenomegaly 08 (20%)
Acute renal failure 06 (15%)

Table 1. Baseline measurements of the histoplasmosis cases (n = 40) evaluated in the Sao José Hospital from
Fortaleza, Cear4, Brazil, between 2011 to 2014.

The surface of H. capsulatum colonies varied from pale (white to beige) (36/51-70.6%) to dark (brown) (15/51-
29.4%) and the texture of colonies ranged from cottony (42/51-82.4%) to powdery (9/51-17.6%). Microconidia
were observed in all isolates while macroconidia were identified in 74.5% (38/51) of H. capsulatum isolates. There
was no association between texture and presence of tuberculate macroconidia, as the majority of cottony (30/42-
71.4%) and powdery colonies (8/9-89%) produced tuberculate macroconidia (p=0.417).

Dimorphism. The MP-YP conversion occurred in 88.2% (45/51) of H. capsulatum isolates in the first cultiva-
tion on ML-Gema Agar between 7 to 14 days. Five isolates (9.8%) presented a delayed MP-YP conversion, since
the dimorphic switch took place after 3 or 4 sub-cultivations at the same conditions. Just one isolate (CE 0613) did
not convert from MP to YP (2%) under the studied conditions (Table S2). All YP colonies presented smooth and
moist texture, and showed characteristic oval-shaped yeast cells ranging from 2 to 5 pum in size.

Exoantigen profiles. D tests revealed that 17.6% of H. capsulatum exoantigens (9/51) yielded precipitin
bands. Eight fungal isolates had single M band, and only one isolate had both H and M precipitin bands. By using
Western blot, a more sensitive technique, the exoantigens were detected in all fungal isolates (Table S2). Both H
and M antigens were observed in 29 (54.9%) isolates; 18 (35.2%) had single M band (corresponding to a 94 kDa
protein), and 4 (7.9%) isolates just presented the H antigen (corresponding to a 114kDa protein). There was no
association between isolates that produced the both H and M antigens with texture (p =0.268) or pigmentation
(p=0.167) of colonies, as well as with the presence or absence of macroconidia (p =0.106).

Phylogenetic distribution, population structure, and clinical/phenotype correlation.  Phylogenetic
analysis revealed two new clades within Latin America, comprised mainly of the H. capsulatum isolates recovered
from HIV-infected patients, named the Northeast clade BR1 and Northeast clade BR2 (Fig. 1). Both clades appear
to be monophyletic using both maximum likelihood (ML) (Fig. 1A) and Bayesian inference (BI) methods (Fig. 1B).
According to Teixeira et al.!, the strains from BR2 clade (84476, 84502, 84564, H151, and JIEF) and BR4 clade (H146,
RE5646, and RE9463) nested within the herein proposed Northeast BR1 and Northeast BR2 populations, respectively.
For that study, those clades were not classified as phylogenetic species due to the low taxon sampling (1). Therefore, the
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Figure 1. Phylogenetic distribution of the isolates from Northeast Brazil. Two cryptic clades Northeast BR1
and Northeast BR2 are revealed. Unrooted trees were generated by (A) Maximum Likelihood and (B) Bayesian
analysis using K2P+ Inv Gamma DNA substitution model. Brach supports are proportion to the thickness of
each branch.

clades found in the Northeast region of Brazil were renamed in order to clarify nomenclature, Northeast clade BR1 and
Northeast clade BR2. According to both ML and BI unrooted trees, the Northeast BR1 and BR2 clades are monophyl-
etic; however, they have low bootstrap and posterior probability values (Fig. 1).

Initially, the whole population structure of Latin American (former LAm A, LAm B and Eurasia clades)’
was assessed via Bayesian Analysis of Population Structure using a Kmax value of 50. Initial admixture analysis
revealed at least four clusters: Eurasia/LAm A1/LAm A2, R}, LAm B1/LAm B2, and a fourth population com-
posed mainly of isolates from the northeastern Brazil confirming the monophyly achieved in the phylogenetic
analyses (Fig. 2). Gene flow between the R] and Northeast BR1 and BR2 populations was noted, as the isolates
JIEF, RE9463, and RE5646 share alleles from both populations (Fig. 2). Allele exchange has been extensively
reported in the former LAm A clade, which is compatible with a sexually recombining species. Recombination
analysis for the Northeast population was positive (p=2.345 x 10~'?) using the PHI-test analysis, and a cluster
network analysis demonstrated gene flow between isolates within this population (Supplementary Fig. S1).

A deep investigation of the phylogenetic and population distribution of the 59 strains [51 from the present
study and eight from Teixeira et al.'] belonging to the Histoplasma Northeast populations showed two monophyl-
etic clades strongly supported by bootstrap values as represented by the ML tree (Fig. 2). Admixture analysis using
a fixed K model revealed an optimal partition of K = 3: Northeast BR1, Northeast BR2, and a third population
composed of two isolates (RE9463 and RE5646) from Pernambuco State, Brazil (a state that borders Ceard) and a
third isolate (JIEF) from Ceara shares alleles with Northeast BR1 population and is likely a hybrid strain (Fig. 3).

Haplotype networks revealed that the two Northeast populations are highly diverse (Fig. 4A). The haplotype
diversity index for these populations is comparable to the highly recombinant R] population (Hd =0.9269)". At
least 30 haplotypes were observed within the subset of 59 isolates from northeastern Brazil (Fig. 4A). Northeast
BR1 and Northeast BR2 are separated by nine mutations that are fixed in each population. The isolates RE9463
and RE5646 from Pernambuco form a unique haplotype (Hap2) derived from a median vector from a population
Northeast BR2 (Fig. 4A). The isolates 84476, 84502, and 84564 were isolated in Rio de Janeiro in 1998 and rep-
resent cases diagnosed outside northeastern of Brazil belonging to Northeast BR1. Importantly, the population
Northeast BR2 is widely spread across Cear state while the Northeast BR1 is more restricted to the metropolitan
area of the capital Fortaleza (Fig. 4B). This is evident as haplotypes 17 and 18 and their derivations (Hap19-23,
Hap29, and Hap30) are clustered in Fortaleza and adjacent regions. Finally, it was observed that haplotype 18
is widely distributed in at least four municipalities and may represent a broadly distributed genotype (Fig. 4B).
Associations between Northeast BR1 and Northeast BR2 populations and clinical manifestations such as dyspnea,
mucosa hemorrhage, skin lesion, acute renal failure, and deaths were not observed (p > 0.05). Additionally, rela-
tionships between the genetic populations and their phenotypes were not detected either (Table 2, Supplementary
Fig. $2). However, there was a slightly predominance of MATI-1 (68.7%) in Northeast BR2 and MAT1-2 (62.9%)
in Northeast BR1 (p =0.036 - Table 2).

Dual Histoplasma infections in HIV patients. Seven patients included in this study yielded more than
one H. capsulatum strain for analysis (Table S2). The phenotypic analyses of these strains revealed one patient
(number 17) that yielded three isolates (CE 0313, CE 0713, CE 1013) with pale colonies, and one with dark pig-
mentation (CE 2713). The textures of H. capsulatum colonies obtained from two patients were cottony in some
isolates (CE 0313, CE 0713, and CE 1013 from patient 17; CE 0513, and CE 0814 from patient 19) and powdery
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Figure 2. Population distribution of H. capsulatum in Latin America. (A) Admixture plots revealed a cryptic
H. capsulatum population (green) harboring isolates from Northeast Brazil. Gene flow between Latin American
populations is evidenced by admixed plots in R], LAm B and Northeast populations. (B) Phylogenetic analysis
using the Maximum Likelihood methods of the Northeast population revealed two cryptic species Northeast1
and Northeast 2.

in others (CE 2713 from patient 17 and CE 0914 from patient 19). Tuberculate macroconidia were present in all
isolates recovered from patients 2, 22 and 28; however, three patients (1, 17, and 19) were infected with fungal
isolates with and without tuberculate macroconidia. The macroconidia were not observed on the isolates CE 0614
and CE 1014 from patient number 33. Moreover, the H. capsulatum isolates recovered from patients 2, 17, 19, 28,
and 33 expressed different exoantigen profiles under the same experimental conditions.

The genotypic analyses revealed that sequential isolates belonging to the same haplotype were recovered from
two patients (1 and 22). It is noteworthy that isolates CE0211 and CE1911 from patient 1, comprising the haplo-
type 9 within the Northeast BR2 population (Fig. 4), are phenotypically distinct, since CE1911 did not produce
macroconidia. On the other hand, isolates CE1113 and CE1513 recovered from patient 22 are identical by means
of genotypic (haplotype 17, Northeast BR1 population) and phenotypic analyses (Supplementary Fig. $2).
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Figure 3. Sub-population distribution of Northeast isolates. Admixtures plots show the percentage of alleles
unique or shares between Northeast BR1 and Northeast BR2 populations. At least three populations where
found within Northeast isolates: The previous phylogenetic proposed Northeast BR1 and Northeast BR2 and an
additional one composed by isolates of the neighbor state of Pernambuco, Brazil.

For the other five patients, more than one genotype was recovered from successive isolations (Table 3).
Patients 2 and 19 were infected by isolates from the Northeast BR1 population (CE0511 and CE 0814, respec-
tively) and from the Northeast BR2 population (CE0112 and CE0311 from patient 2; CE0513 and CE0914, from
patient 19), while three patients (17, 28, and 33) were infected by different haplotypes within the Northeast BR1
population (Supplementary Fig. S3).

Of five patients affected with dual infection, all individuals were men, with average age of 34.6 years. Three
patients had risk activity for histoplasmosis. Dyspnea was observed in all patients, and only one patient had
skin lesions, mucosa bleeding and renal failure (patient 28). The first opportunistic infection in 4 among these
5 patients was histoplasmosis ou disseminated histoplasmosis was AIDS defining illness in 4 among these 5
patients. Only one patient had AIDS before this mycosis (patient 33), and this individual had irregular adhe-
sion to HAART. One patient had tuberculosis co-infection (patient 2). Four patients had discharged and one
died. Mortality of patients harboring different genotypes was similar to those infected with a single genotype
(p=1.000).

Three patients were re-hospitalized with the new hospitalization one to five months apart the first: patient 17
yielded four isolates with different phenotypic characteristics (Supplementary Figure 2) but all of them belong-
ing to three distinct haplotypes from the Northeast BR1 population; patient 19 yielded three isolates from three
different haplotypes, interestingly the two isolates from the first hospitalization (CE0513 and CE0914) were from
the Northeast BR2 population and the isolate from the second hospitalization (CE0814) was from the Northeast
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Figure 4. Haplotype network analysis using the Median-Joining method. (A) The haplotypes are proportional
to the number of individuals and the number of mutations between each haplotype is displayed to each
correspondent vertices. We identified 2 main population correspondent to Northeast BR1 and Northeast BR2
genotypes. (B) The haplotypes were plotted against each corresponding location in the map of Ceari state.

Color

Pale [25(71a%)  [11(688%) | o
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Cotony [30@57%)  [1205%) | -
Powdery | 5(143%) | 425%) ™
Micromorfology

Macroconidia-+ 26(643%) [ 12(75%) | .
Macroconidia— 9(25.7%) | 4(25%) I
Exoantigen

M antigen 15(428%) | 7(43.8%) | Lo
M and H antigen 20(57.2%) | 9(562%) [
Mating

MATI-1 13(7.1%) | 11(688%) | lose
MAT1-2 22(629%) | 5(312%) i

Table 2. Associations between phenotype and genotype of H. capsulatum isolates from Cear4, Brazil.

BRI population; finally patient 33 was infected by isolates with different haplotypes and mating types (CE0614
- Hapl7, MATI-1; CE1014 - Hap29, MAT1-2, from first and second hospitalizations, respectively), but both
belonging to the Northeast BR1 population (Supplementary Figs S2 and $3).
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Patient 2 Man Dyspnea 273 No Discharged

Patient17 | Man |38 | no 'Dyspnea Not performed | No VDgchzrgcd
Patient19 | Man | 31 yes Dyspnea 36 No Discharged
Dyspnea,
renal failure,
Patient28 |Man |52 | yes skin lesions, | Not performed | No Death
mucosa
bleeding
Patient 33* | Man | 30 yes Dyspnea 117 Poor adhesion | Discharged

Table 3. Clinical and epidemiological features of patients infected with different genotypes of Histoplasma
capsulatum. “This individual was re-hospitalized with histoplasmosis and severe immunodeficiency (CD4+ 29
cells/mm?).

Discussion

Histoplasmosis has been considered an AIDS defining illness since 1987%, and a disease responsible for thou-
sands of deaths in Latin America among people living with HIV/AIDS. The Cear4 state, Northeastern Brazil, is
considered the area with the highest mortality due to histoplasmosis in South America®*?, far surpassing rates
in other endemic areas, such as Panama®® and French Guiana®*?. Thirty-one cases occurred in males and nine in
females. These data has been previously demonstrated by Damasceno and collaborators (2013)® where the major-
ity of the subjects included in their studies were male with a mean age of 35 years (SD =2.2; 95% CI=3.01-3.75)
and were born in the capital of Ceara. A lack of early diagnosis for the disease contributes to the high rates of
mortality. The high mortality rate observed in this study, which unfortunately is expected for this disease among
immunocompromised patients at this area, is in accordance with other studies conducted at Ceara, Brazil.

Currently, H. capsulatum is thought to be a complex of different species, containing at least 11 phylogenetic
species and/or cryptic lineages'. Latin America presents higher diversity than other endemic areas, and diversity
is highest in Brazil*’. Additionally, the majority of H. capsulatum Brazilian clinical isolates previously studied
were obtained from residents of southeastern Brazil'*.

Fungal infections may contain multiple genotypes of the same pathogen, but still are usually considered
as uniform entities. For the first time, we show strong support for two new populations, Northeast BR1 and
Northeast BR2 that could cause mixed infections in HIV-positive individuals. The co-infection concept in virol-
ogy is characterized by patients infected with two different virus strains simultaneously. On the other hand, the
superinfection concept represents a condition in which an individual with established viral infection acquires a
secondary infection provoked by a second genotype and this phenomenon is widely studied in viruses®. Similar
event was observed in this research. Possibly, there were two different exposure events in the patients that pre-
sented different genotypes. Another explanation is that different genotypes share similar ecologic niches. Further
studies are necessary to address these issues.

In bacteriology, this concept is slightly different; a secondary infection overcomes the earlier one caused
by a different species and may be resistant to primary antibacterial treatment. Either way, mixed infections of
Moycobacterium tuberculosis also have shown effects on both treatment and disease control*'. Multiple infections
due Cryptococcus neoformans®* and Pneumocystis jirovecii** were also reported on HIV patients, however the
incubation periods of fungal, bacterial and viral infections varies and whether the herein reported mixed infec-
tions are either co-infection or superinfections must be deeply revised in the medical mycology field.

Different genotypes may display divergent host cell tropism, immunologic evasion, or even antifungal-drug resist-
ance, which is critical for patients with disseminated histoplasmosis and other endemic mycosis*. Thus, heterogeneous
H. capsulatum infections may have significant consequences for immunologic escape and histoplasmosis progression.
The competence of a previously cleared or ongoing Histoplasma infection to protect against a subsequent infection by a
novel Histoplasma genotype may decrease the ability of the adaptive immune response to provide adequate and broad
protection. The immunity induced by a prior Histoplasma infection could be insufficient to prevent a new infection.
This directly challenges our current understanding of protective immunity, and impacts the development of vaccines
for histoplasmosis and other endemic fungal pathogens in certain patient populations.

The genotyped isolates from Northeastern Brazil are contained in the previously delineated BR2 clade and
BR4 clade respectively (Figs 1-4)'. The BR2 and BR4 clades were not previously ranked as phylogenetic species
due to the low taxon sampling. However, we herein propose to elevate the status of “cryptic clades” to phyloge-
netic species of the former BR2 and BR4 (Fig. 1). The newly described Histoplasma Northeast BR1 and Northeast
BR2 clades are monophyletic in both phylogenetic methods evaluated. However low bootstrap support for these
monophyletic braches, likely due to homoplasy, were detected in both species so it is clear that more in depth
analyses, such as whole genome sequencing, would resolve this question. Phylogenetic methods were coupled
with population genetics analysis and it was identified the same population structure for the Northeast BR1 and
Northeast BR2 clades mentioned above (Figs 2 and 3). Moreover, further investigation may reveal new popu-
lations in Northeast Brazil as evidenced by an isolated population of H. latum in the Pernambuco state of
Brazil (Fig. 3).

Additionally, this is the first study that evaluates the relationships between genotypes with clinical and phe-
notypic aspects of H. capsulatum isolates. It is known that DH can present with differential clinical character-
istics in individuals from different endemic areas. For example, skin lesions and deaths are more frequent in
individuals from Brazil than in patients from North America'’. These differences may be related to different
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circulating genotypes on these two regions but also by phenotypic traits of the strains, such as different tolerances
to cooler temperatures found in the skin. In fact the development and progression of histoplasmosis it is very
sophisticated and depend of differences in fungal burden, disease kinetics, cytokine responses, and many viru-
lence factors. Experimental studies have also found differences in the virulence of the pathogen, gene expression,
and pathogenesis of disease between H. capsulatum from different phylogenetic clades***’. Despite this, associa-
tions between genetic populations and phenotypic features were not detected (Table 2). Neither morphology nor
exoantigen profile were associated with population/species, revealing that the phenotypic plasticity of those iso-
lates is a process independent of speciation/population subdivision, and more likely due to intrinsic variation®**.

Mixed mating types were identified with a slight predominance of one mating type in each group.
Consequently, we hypothesize that both Northeast BR1 and Northeast BR2 are sexually recombining populations
as evidenced by recombination analysis (phi-test), recombination networks, homoplasy, and admixture profiles
(Figs 1, 3 and S1). Sexual reproduction can increase genetic diversity and may have consequences for pathogen-
esis by creating progeny with novel traits such as the ability to evade the host immune responses, a greater resist-
ance to antifungal drugs, biofilm formation, or hyper virulence. Thus, recombination events can facilitate shifts
in lifestyles, which can persist in successive successful lineages*!. In Toxoplasma gondii, mating crosses between
type II and III virulent strains revealed that the recombinant f1 progeny had a virulence increased by 1,000-fold
in a mice model*2. More studies are necessary to characterize the impact of natural variation found within H.
capsulatum populations and its influence on virulence and pathogenesis. Additionally, it was demonstrated that a
single patient (patient #17) was infected by different mating types from the same phylogenetic species (Northeast
BR1). We hypothesize that co-infections could be the result of multiple exposure events and may indicate higher
risk of di inated histopl ysis, especially in HIV infected patients.

In summary, H. capsulatum clinical isolates from Ceara are genetically distinct from isolates from southern Brazil
and Latin America, which demonstrates the high genetic diversity this pathogen. It is unclear how this relates to varia-
tion in phenotypes, and additional investigation is greatly needed in this area, such as a GWAS approach.

Methods

Histoplasmosis patients. The study was approved in the Research Ethical Committee of INI/FIOCRUZ
(protocol number 19342513.2.0000.5262) and it is in accordance with the suggestions of the Ethics Committee
of the School of Medicine, UNAM (protocol number 057-2014). Forty patients hospitalized at Sao José Hospital
from Fortaleza, Ceard, Brazil, from 2011 to 2014 were included in this study. All patients had proven histoplas-
mosis by the isolation of H. capsulatum from clinical samples cultures. A retrospective study was conducted
by reviewing medical records including epidemiological (sex, age, origin, occupational risk of histoplasmosis
infection, drug addiction, and co-infection with tuberculosis), clinical (fever, weight loss, cough, dyspnea, hepa-
tomegaly, diarrhea, asthenia, splenomegaly, vomit, abdominal pain, headache, mucosa hemorrhage, skin lesion,
adenomegaly, and acute renal failure - ARF), and laboratory data (HIV serological test). Patient data entries were
anonymously handled with Epi-Info software, version 7.1.5 (Centers for Disease Control and Prevention, Atlanta,
GA, USA).

Informed consent. Informed consent was obtained from all individual participants included in the study.

Fungal isolates and DNA extraction. Fifty-one fungal isolates were obtained from the 40 patients seen
at Sao José Hospital, located in Fortaleza (Ceard, Brazil), as mentioned above. Histoplasma colonies were isolated
from diverse samples [blood, bone marrow, buffy coat and bronchoalveolar lavage (BAL)] by in vitro culture. YP
or MP cells were grown in Ham’s F12 broth at 37 °C and 25°C for 3-5 days, respectively. A total of 500 ul of YP/
MP liquid cultures were used for DNA extraction. Briefly, the cells were harvested by centrifugation, washed
three times with distilled deionized water, and kept at —4 °C for DNA extraction as previously described*. DNA
was quantified by spectrophotometry using the Epoch™ Multi-Volume Spectrophotometer System (Biotek
Instruments, Inc., USA).

Phenotypic assays. Fungal isolates were maintained for 21 days on Potato Dextrose Agar plates (PDA -
Difco, Detroit, MI, USA) at 25 °C in order to obtain the MP. Macromorphological features of H. capsulatum MP
cultures, such as texture and color of colonies, were described. Micromorphological characteristics of MP were
observed by optical microscopy (Zeiss PrimoStar, Oberkochen, Germany) by sampling 10 fields randomly with
a magnification of 400X, after Lactophenol Cotton Blue (Fluka Analyted, France) staining. Dimorphism was
demonstrated by MP-YP conversion in the ML-Gema Agar at 37 °C, for 7 to 14 days*.

Exoantigens were obtained from the 51 H. capsulatum isolates included in this study. Briefly, a fragment of
2-4cm? of H. capsulatum MP grown for 14 days on PDA slants was transferred to Erlenmeyer flasks containing
25 ml of Brain Heart Infusion broth (BHI - Difco, Detroit, MI, USA). Flasks were incubated at 25°C in a gyratory
shaker at 150 rpm for 7 days (New Brunswick Scientific, Edison, NJ). Thimerosal 1% was added in the seventh
day to inactivate fungal cells, and the flasks were re-incubated overnight at 25 °C. Cultures were centrifuged at
1,050 x g for 10 min, and the supernatants were filtered through 0.45um pore size filter membranes (Nalgene
Co., Rochester, NY). The pooled filtrate was concentrated to 50X in a Minicon Macrosolute B-15 Concentrator
(Amicon Corp., Lexington, MA, USA)*. To evaluate the presence of the specific H and/or M antigens in the
exoantigens from each H. capsulatum isolate, double immunodiffusion (ID) and western blot (WB) were per-
formed. The ID assay was performed as previously described'®. For the WB experiments, H. capsulatum exoan-
tigens were initially separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), on
10% polyacrylamide resolving gels with a 4% polyacrylamide staking gel. The gels were then processed for WB
according to the protocol previously established* and revealed against a pool of sera from human patients with
proven histoplasmosis.
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Mating type identification. The MAT locus of the H. capsulatum isolates was identified by a polymerase
chain reaction (PCR) using previously described primers and reaction conditions®*, where amplicons with 440
and 528 bp are expected after the amplification of H. capsulatum MATI-1 and MATI-2 loci, respectively. The
G-217B (ATCC® Number: MYA-2455™) from USA (MAT1-1) and G-186A (ATCC® Number: 26029™) from
Panama (MAT1-2) reference strains were respectively used as controls for each mating type. Amplicons were
resolved by 1.5% agarose gel electrophoresis. The 100-bp DNA ladder was used as a molecular size marker.

Multilocus sequencing typing. Amplification of partial DNA sequences of four nuclear genes (arf, H-anti,
olel, and tubl) was performed according to the protocol described by Kasuga et al.'?, with some modifications.
The PCR reactions were achieved in a final volume of 25 pl, containing 200 uM of each deoxynucleoside triphos-
phate (ANTP) (Applied Biosystems Inc., Foster City, CA, USA), 2mM of MgCl, 0.45uM of each primer, 1.0 U
of Tag DNA polymerase (New England BioLabs Inc., MA, USA), 1 X of Taq commercial buffer (New England
BioLabs Inc., MA, USA) and 20 ng of each DNA template. The G-217B reference strain was used as positive
control for the PCR reactions. PCR assays were performed in a Thermal iCycler (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) programmed as follows: (a) 3 min at 95°C; (b) 32 cycles, consisting of 15 sec at 94°C, 30sec
at 65°C in the first cycle, which was subsequently reduced by 0.7 °C/cycle for next 12 cycles, and 1 min at 72°C.
The remaining 20 cycles, the annealing temperature was continued at 56 °C; (c) a final extension cycle of 5 min at
72°C (touchdown PCR)*. Generated amplicons were then sequenced by Sanger method at the High-Throughput
Genomics Center (University of Washington) and the sequences were deposited in the GenBank database (http://
www.ncbi.nlm.nih.gov) - (Table S3). The Asparagin Platform (http://asparagin.cenargen.embrapa.br/phph/) was
used to analyze the electropherograms.

Phylogenetic analysis. The obtained sequences were first checked by BLASTn* to evaluate the genetic
similarity with other H. capsulatum sequences deposited at GenBank. The sequences were aligned using the
Clustal W*° algorithm implemented in the Mega 6.0 software®'. We included the same dataset evaluated by
Teixeira et al.' to compare to the entire diversity of the genus Histoplasma so far reported (Table S3). The com-
bined matrix was analyzed through two phylogenetic methods. First, maximum likelihood (ML) trees were
generated using the IQ-TREE program® using the -m MODEL function that allowing an automatic best-fit
model selection (ModelFinder - K2P+ Inv Gamma was used in all tested phylogenies). The ultrafast bootstrap
(UFBoot) approximation described by Minh et al.>* was employed to test branch confidence. Second, Bayesian
inference (BI) was conducted using the MrBayes ver. 3.2 software*’. Bayesian analysis was performed through
300,000 generations and samples were collected every 100 generations using 4 independent Markov Chain Monte
Carlo (MCMC) to compute the posterior probability density. Twenty-five percent of the initial samples were dis-
carded as burn-in and the remaining samples were used to build the consensual Bayesian tree. The consensus tree
obtained by both methods was visualized in FigTree v1.3.1%,

Recombination and population structure analysis. Recombination within Northeast populations was
accessed using pairwise homoplasy index, (PHI-test). Cluster network analysis was inferred using the software
SplitsTree 4°. Population distribution of Northeast H. capsulatum isolates was inferred using a Bayesian Analysis
of Population Structure (BAPS)*”. The haplotypic networks were inferred to visualize diversity both Northeast H.
capsulatum populations. The distribution and diversity of haplotypes for the concatenated dataset was estimated
using the software DnaSP, v 5%, and Median-joining networks were built and visualized in Network, v 4, software
(Fluxus Technology, Clare, Suffolk, England). We conducted mixture and admixture analysis setting K-max to
50 hypothetical populations within the former LamA, LAmB as well as the Eurasian clade. In addition, fixed K
model analysis (K = 2-5) was used for mixture analysis in order to infer the population sub-structuring within
the Northeast population. In the admixture analysis (K = 3), 200 interactions were used to infer the admixture
coefficient. Fifty references individuals were assumed for each cluster and admixture analyses were repeated 10
times per individual.

Statistical analysis. The statistical analysis was carried out using the software STATA 11.2 (StataCorp LP,
College Station, TX, USA). A bivariate analysis was performed to evaluate clinical data, phenotypic aspects, and
genetic populations, using the Chi-square or Fisher exact test, if any value in the cells of the contingency table was
less than five. A significance level of 5% (o= 0.05) was applied in all tests.

Data Availability

The datasets correspondent to the sequenced genes generated during the current study are available in the Gen-
Bank repository (https://www.ncbi.nlm.nih.gov/genbank/). Accession numbers and all other data generated or
analysed during this study are included in this published articleand its Supplementary Information files.
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powerful tool for epidemiological i i of PcP outbreaks, being results suggest that the first group of isolates from T. brasiliensis and M.

as effective and less tij than the 8-loci can be proposed as a new genetic population (clade) of H.
capsulatum in the Americas.

P459

Genetic y of I and Sp hrix species P461

complexes uslng the internal transcribed spacer (ITS) region Phyl ic relationship of Mal: species isolated
from seborrheic dermatitis

C. Toriello, R. de la Torre, D. A. Estrada-Barcenas, J. A. Ramirez, G.
Rodriguez-Arellanes, T. M. Vite-Garin, H. Navarro-Barranco, A.
Pérez-Mejia, M. R. Reyes-Montes and M. L. Taylor

Universidad Nacional Autonoma de México, Microbiologia-
Parasitologia, Facultad de Medicina, México D.F., Mexico

The internal transcribed spacer (ITS) region contains two variable non-
coding regions that are nested within the rDNA. It is a

¥: Amado A PaunmUzcategm M C. Cepero de Garcia,' J.
Tabima,! A. Motta,? M. Cardenas,’ A. Bernal,’ S. Restrepo’ and
A. Celis'

Universidad de los Andes, Bogota, Colombia,?Universidad EI
Bosque, Bogota, Colombia

Scaling, i and rednss are the main characteristics of the
d L

mrgcl region for molecular identification and disease di of
fungi. Two di hic and relevant fungi, Histoplasma
capsulatum (Hc) and Sporothrix schenckii (Ss), causing

d chronic skin (SD). It occurs
mainly in body areas rich in sebaceous glands such as the scalp, face and

and sporotrichosis, respectively, are important mycoses in Mexico, with
particular severe clinical course in immunocompromised patients.
From two fungal pathogen collections of the World Data Centre for
Microorganisms (WDCM), one of He (LIH-UNAM WDCM817) and
another from Ss (BMFM-UNAM WDCM834), 20 and 10 strains,
respectively, were selected and ITS1-5.8S-ITS2 regions amplified by
PCR. Primers ITS4 5'-TCCTCCGCTTATTGATATGC-3" and ITS5 5'-
GGAAGTAAAAGTCGTAACAAGG-3' were used for ITS fragment
amplification of Histoplasma. Primers ITS1 5-CTTGGTCATTTAGAG-
GAAGTAA-} and ITS4 5'-TCCTCCGCTTATTGATATGC-3" were used
for Sp ix. PCR lified products ly 600 bp for He
and 700 bp for Ss) were purified and sequenced. The generated
sequences were aligned and edited with program MEGA v.5. Phylo-
genetic trees were constructed using nelghbur-]oinmg (N]) and
maximum parsimony (MP) analyses. For Hi: the

chest. The disorder is present in 3 to 5% of the immunocompetent adults.
In AIDS patients prevalence ranges from 30 to 85%; and it is considered
an early marker of the evolutionary trend of HIV infection.

The etiology of this pathology is unknown but it has been related to
opportunistic activity of yeasts of lhe genus Mnln.ssezla which are
normally human skin i 14
species, 9 of them isolated from human skin. For scvcral years, their
identification was based on phenotypic traits but recently due to
variability of interpretation of these trials, molecular methods have
been implemented. Consequently, new species have been discovered
and phylogenetic studies have been developed to support these
discoveries. The results from these analyses show intraspecific
variation within some species of Malassezia. Additionally, recent
reports have shown that these species are differentially distributed
around the world. In Colombia, previous studies found a high
of M. globosa and M. restricta in individuals with SD.

trees gave two well defined groups, I and II, with two subgroups in II,
discriminating strains from different hosts and geographic origin. For
Sporothrix, the generated trees gave two well defined groups, discrim-
inating strains of America from Japan as observed by the genetic
distance between them, but did not discriminate among Ss different
species,

P460

it | of L . pacy
cave-dwelling bats from Mexico reveals a new probable
genetic population of this fungal pathogen

J. H. Sahaza," D. A. Estrada-Bércenas"T M. Vlte-Gann'J A
Ramirez,” G, Rodriguez-Arellanes, A. E. Gor zalez' and

In order to determine the mosl frequently Isolated species in
Colombia from SD lmuns we
based on hological i tram(‘ ic ch
ization was conducted by PCR ampltﬁcahon of 5.8S rDNA-ITS2 regions
of Malassezia isolates from immunocompetent and HIV/AIDS individ-
uals both with and without active SD. To assess phylogenct‘ic
d and Bayes-
ian inference assessments were used Furthermore, due to ITS primary
sequence analysis of Malassezia spp has shown a high rate of change,
we propose a comparative analysis of ITS2 sequences using a RNA
secondary structure model.

Our results showed that M. restricta (37,5%) are the species more
often isolated from individuals with SD while M. furfur (46,7%) was
frequently isolated from healthy individuals. Moreover, we reported the
isolation of M. yamatoensis from a healthy individual, for the fist time in
Colombia. We found a different phylogenetic signal from ITS secondary

M L. Taylor'

"Universidad Nacional Autdnoma de Meéxico, Microbiol
Parasitologia, Facultad de Medicina, México DF, Mexico; Insmuto
Politecnico Nacional, Coleccion Nacional de Cultivos Microbianos,
Centro de Ii igacion y Estudios Meéxico DF, Mexico

Histoplasma capsulatum isolates from naturally infected bats captured
randomly in different caves of Mexico were studied by means of a
phylogenetic multilocus analyses using sequence fragments of five
molecular markers [arf, H-anu, olel lubl and (GA)..] The MEGA
vers. 5.0 software d trees for the
five markers, using the neirghbor-| )olning (N]) and the maximum
parsimony (MP) methods. The NJ and MP trees of the five individual or
concatenated markers defined two major groups of H. capsulatum
isolates. The first group was integrated by most of the isolates from the
migratory bat Tadarida brasiliensis together with one H.

in relation to primary sequence. Information provided by
phylogenetic analysis extends the knowledge about the genetic
variability that has this genus.

P462
Genetic di of envi | Cryp I
complex isolates from Brazil

K. Ferreira-Paim,’ L. Andrade-Silva,' D. J. Mora,’ T. B. Ferreira,' F.
C.Silva, A. L. P edrosa,' M. S. C. Melhem,? D. M. C. Silva® and M.
L Silva-Vergara'
"Triangulo Mineiro Federal University, Internal Medicine, Uberaba,
Braz:; ?Adolfo Lutz Institute, Mycology Department, Sao Paulo,
Brazil

isolate from Mq as a lineage).
The second group was formed with all H. capsulatum isolates obtained
from other different bat species (migratory and non-migratory). These

© 2012 Blackwell Verlag GmbH e Mycoses 55 (Suppl. 4), 95-338

Back d: The C sp. are worldwide distributed and
species such as Cryptococcus laurentii has been classically considered as
saprophytic, despite several human cases of cryptococcosis were
already reported. Cryptococcus laurentii specie is in fact a complex of
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31

CARACTERISTICAS RELEVANTES DE Histoplasma
Y DE LA EPIDEMIOLOGIA MOLECULAR DE LA HISTOPLASMOSIS
Taylor ML, Rodriguez-Acellanes G, Ramirez JA, Gonzaler-Gonzilez AE,

Histoplasma capsulatum: Generalidades

mica de gran prevalencia en o continente america

00, es | hongo dimorhco Histoplasma capsulasum.
Emorp\mmeummkandawhcoyncmhswh‘pbi
des de compatibilidad sexual {“mating types™): {af+) o ( ma)ot")
v {07} o (“minar™). Los tipos a/~ y &/-, estan
el locus MAT1 por dos regiones idiomorfas MATL-1 ¥ MATI-Z.
respectivamente. E estado asexuado o anamorfo de este hongo lo
cmmiluychcbpcdethldde}f.-, N El estado doo

ifo resul del ap i dcsuhaplodpossaula

5 ol ascomiceto Ajellomyces capsulatus, Hil ¥ Ajelic
constituyen ¢l mismo hongo holomurfo..l.érmmoasipudoalos
hangos con esporulecian teleomorfa junto con rodas sus estados
anamorius,

Elagemeauuldch histoplasmosis, micosis sisté

Histoplasma capsulatum: Ecolo
¥ ac‘l)g de vida P gla

En ¢l ambiente H. capsul crece favorablements en

capsulatum

Sahaza JH, Vite -Garin T y Estrada-Bircenas DA

Acaros micofagos que sc alimentan de hongos del gus-
nodcmm:hgoiormmpﬂlcdcumudmalmﬁamuﬂ |

nicho ccologico de . capsull ¥: posibl npeis

Pmmadnuwwraw
{8 ca. sp er) {Astij Acari: Acarid

A 5

Histo,

sulatum: Aspectos
morfp ologicos ¥ e

ioquimicos

les hifas y conidins como en las células de la fase levad ¥
'L)pmmﬂa(fotmannﬂcnu).(;onﬁeumhsadm
cambian al tipo A con la cn medios de
tivo {pleomorfismo colonial). En algunas ccpas se han des

guano de murciélagos ¥ aves (factores bidticos) o en ali

balanceado para ganado (gallinazas o pallinazas). debido a que
conticnen alles concentraciones de nutrientes cHMa NITOgEno ¥
fosforo, ademis de oligoclementos. Las condiciones fisicas como
po<a luz (que favorece la esporulacién), temperaturas Sptimas
(de ambiente y de suclo) en ¢l rango 25-30°C y humedad rela-
tiva >60% sumadas a los factores biéticns, conforman ¢ nicho

un pi difusible al medio que varia ddl rose al 1ojo, € cu

PiE

10 s¢ encuentra asociado a Jas estructuras celulaces del hongy

par Morris ef al. cn 1986, ¥ correspondié @ un eislamiento 3¢
suelo de un cafaveral. En México, Taylor ¢f 2l obtuvieron,
1999. n!gmmnﬂmuemosmmmmmmayow o1

ecologico ideal para el desarrollo de este microorgani En Ja
Figura | se csquematiza el ciclo de vida de H. capsidafiem en la
naturaleza,

Taylor et al., en 1994, han aislado el hongo de muestras
de guano colectadas de diferentes profundidades y evidencias in-
directas, por cnsayos de ELISA para deteccion de anticuerpos en
ratones inoculados con sobrenadantes de guano, ban demostra-
dolap cia de H. capsull en muesl degumodchm
22.5 cm de profundidad. Actuslmente, se d ia

dealepuégemmmdeddacmmmmlcuspotmé

todos moleculares, los cuales resultan ser vvds rapidos ¥
qnelmlnmum)épmsym:unquclocmmbpcos
Se han reall por & 4

sobre la micobiota asociada al nicho ocoiépmd: H. Capsuia-
tum, Particalarmente en México, Lappe et al 1998 y Ulloa et al,
en 2006, han descrito algunas especies de hongos filamentosos
como Acremonium sp., Aspergiilus terreus, A. versicoior, Gymnas-
cella citring, Gymnvascus dankadiensis, Malbranihea auranfiaca,
Penicillium spp., Aphanoascus fulvescens, Chaelomidium fimeti,
Phoma sp. y de levaduras como Candida catenuiata, C. ciferrii, C
famata, C. guilliermondis, Rhodotorsla spp.

l%:l Ciclo de vida e il capslaine: B mquems muestra os dos
MhMyLﬁmhmmhv
4
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mientos obtenidos de pacientes con ¢l sindrome de inmunodefi-
diencia adquirida (SIDA) (Taylor ML, com pers.) Sin embargo, la
naturaleza quimica de este pigmento de H. capsulatum permane-
¢ aiin como un hecho inusitado que exige mis estudios sobre la
Al examen microscopico de la fase M del hongo se en-
mh.fsuqummmamzs:m&dmm“
dos tipos de conidios solitarios (al ): idios y
macroconidios {estructuras reproductivas asexuales). Los micro-
conidios son redondos, piriformes o en forma de davas, de 14 x
Y den estar fijos (sésiles) o unidos a las hi-

pueden tener forma de clava; estin adheridos a las hifas por coni-
disforos cortos que con frecuencia forman un dngulo aproximado
' de 90° con las mismas (Figura 2). Algunas veces se observan aisla-
dierta frecuencia, proceden de pacientes con SIDA. La abundancia
de macroconidios estd asociada, por lo general, alas colonias By es
 dependiente del tiempo de cultivo de los aislamientos.

En el estado tel rfo, el hongo p fructificacio-
nes denominadas cleistotecios (estructura diploide), las cuales
contienen ascas subesféricas evanescentes donde se realizan dos
reducciones meidticas para dar origen a ascosporas haploides
{estructuras reproductivas de origen sexual), las cuales son sub-
esféricas y miden de 1.2-1.5 mm de didmetro.

En su fase L. H. capsulatum se desarrolla tanto como
parisito intracelular de fagocitos profesionales (macréfagos, po-
 ilmorfonucleares, células dendriticas) y no profesionales (células
qﬂdhksyendoulub)dehu&pedamapdiu.uima
STCmnwdmsdcculﬁvo"“ adicionados con
tos, especi glucosa y cisteina. Las coloni de levad
tienen aspecto cremoso con color variable del beige claro a os-
curo, pueden ser adherentes 0 no al medio y presentan superfi-

M;.. rialogia de H. & 2) Abund.
® o SRR, Blye s

h—bmchMaawNUkm(w

H&mymv
cortes

Capitulo 31. Caracteristicas relevantes de histoplasma capsulatum y de la epidemiologia...

cle rugosa (col R) o lisa (col §), esta Gitima asociada
o&ulasﬂmknmrma(l,))dmmenhpandcdxhnh
mic gia de las levaduras esti da por células

ovaladxsqwnmndtl) 2124umdediammv.unhwdada
¥y unig conb jento de base estrecha.

Debido a que existen similitudes morfologicas y antigé-
nicas de H. capsulatum con algunas especics de hongos y otros
microorganismos (Tabla 1), es importante diferenciarlo tanto en
su fase M en cultivo como en su fase L en tejidos parasitados.

Los dos morfotipos de H. capsulatum, poseen los mis-
mos mecanismos de captacion de hierro en condiciones de ca-
rencia de éste. E! hierro s un cofactor esencial para los procesos
metabélicos del microorganismo, incluyendo la respiracién y la
sintesis de acidos nucléicos, aunque en exceso pucde ser toxico.
Durante la infeccién por H. capsulatum, éste capta hierro de las

proteinas del huésped doras de este ¢} (trans-
ﬁunm.hcmiurm)odeuﬂémhsddw“m
hierro en su estructura quimica (hemoglogina). Ademis, H. cap-

mdmndhmawadmdmmdehnmnm&
una enzima extracelular (reductasa férrica) y, en un entorno de
baja concentracion de este oligoelemento, el mecanismo mis uti-
lizado por el hongo para la captacién de hierro es la produccion
de siderdforos (derivados del icido hidroxdmico) que tienen la
funcién de quelar y proveer hierro necesario para el crecimiento
y sobrevivencia de H. capsuls en ¢l ambiente hostil intrace-
lular, captando iones Fc'* liberados por la modulacion del pH
intrafagosomal inducida por o patégeno. Por otro lado, el icido
hidroximico liberado en ¢l medio de cultivo de la fase L de H.
capsulatum actiia como factor de crecimi para pequeiios ind-
culos de sus respectivos micelios o levaduras.
Nodm:qnehsarxwisncamumadsnm
ideran prototipo para este paté se tienen referencias de ce-

rante todo el curso de la histoplasmosis ¢ incluso después de la
curacién dinica y biologica), virulencia, habilidad para conver-
tirse a la fase L y sensibilidad 2 la temperatura.

La inhibicién de la transicién dimérfica ML por inhi-
cepas avirul para

bidores de grupos sulfhidrilos prody

_ - ... o
)
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el ratén. Por lo general, el tiempo de transicién M°L en cultivo
varia entre 1-3 semanas. Este proceso estd relacionado a estimu-
los ambientales, como: cambios de temperatura de incubacién;
tensién de CO,; potencial redox (grupos-SH); factores nutricio-
nales como la dependencia de écidos azufrados para el
crecimiento en fase L. Por la técnica genémica de microarreglos
se han identificado en H. capsulatum varios genes especificos de
fase. Sin embargo, en la prictica, pocos han sido estudiados. Se
destacan algunos genes asociados a las fases y al dimorfismo de
H. capsulatum, entre ellos: el de la actina (disminuye su expresién
durante la transicién M°L); los de a- y f-tubulina (aumentan sus
expresiones en fase M); el CDC2 involucrado en el ciclo celular
del hongo (aumenta su expresion en fase L); el CaM que codifica
para la calmodulina ( su expresion en fase L); los HSP
que promueven el dimorfismo flingico a través de la expresién
de las proteinas de choque térmico Hsp60 (ligando de la fraccién
CD18 de las integrinas de la familia $2), Hsp70 y Hsp82 estdn
regulados por el gen OLEI, el cual codifica para la desaturasa-A9
de dcido graso que modula el estado fisico de la membrana celu-
lar del hongo al suscitar cambios en la fluidez de ésta, dados por
la relacién entre la concentracién de acidos grasos saturados y
no saturados que influye en la expresion de los genes HSP. Un
hallazgo interesante asociado al dimorfismo de H. capsulatum y
que involucra la activacién de genes especificos de fase es la par-
ticipacién del gen RYPI (del inglés, Required for Yeast Phase), el
cual es requerido para el crecimiento de la fase L a 37°C y para
la expresién de varios genes especificos de fase L, algunos de los
cuales estdn relacionados con la virulencia del hongo. Todo in-
dica que Ryp1 actlia como un regulador transcripcional para el
cambio dimérfico de H. capsulatum, regulado por temperatura.
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des de la RNA polimerasa 11), sitia a la especie H. capsulatum
en el Reino Fungi, Phylum Ascomycota, Clase Eurotiomycetes,
Subclase Eurotiomycetidae, Orden Onygenales, Familia Onyge-
naceae y/o Ajellomycetaceae.

Kasuga ef al. en 1999 y 2003 sugi que H. cap
es un complejo de especies cripticas y proponen una distribucién
filogeografica del hongo considerando su clasificacién filogenéti-
ca con base en la secuencia parcial de cuatro genes, ARF (factor
de ribosilacién de ADP), H-ANTI (precursor del antigeno H),
OLE! (desaturasa-A9 de 4cido graso) y TUBI (a-tubulina), se
formaron ocho clados (poblaciones genéticas) distintos, de los
cuales siete constituyen especies filogenéticas bien definidas (es-
peciacion) (Tabla 2). Entre los 137 aisl s de H. capsul
estudiados, procedentes de 25 paises, se incluyeron las tres varie-
dades taxonémicas del hongo. Posteriormente, Taylor et al. en
2005, utilizando los mismos marcadores en 14 aislamientos del
hongo obtenidos de murciélagos naturalmente infectados captu-
rados en México y con distintos hébitos migratorios sugieren la
existencia de un nuevo clado de H. capsulatum asociado al mur-
ciélago migratorio Tadarida brasiliensis mexicana.

1,

Tabla 2. Cl filogenética de H. C.

Norte Americano clase 2
Latinoamericano grupo A
Latinoamericano grupo 8
Australiano

Los genes especificos que se exp {inic te en
la fase L (YPS= Yeast Phase Specific, CBPI= Calcium Binding
Protein) destacan por su importante asociacién con la virulencia
de la cepa, los YPS (YPS3 e YPS21:E-9), de los cuales el YPS3
codifica una proteina que se localiza en la pared celular de H.
capsulatum'y que a su vez es el ligando para TLR2 (del inglés, Toll
Like Receptor); el CBPI codifica para una proteina de unién a
calcio que se expresa en condiciones de bajas concentraciones de
éste, durante la infeccién de macréfagos. Finalmente, los genes
especificos de fase M denominados MS “mold-specific” (MS8 y
MS88) estdn asociados a la formacién normal de hifas.

Histoplasma capsulatum: Sistematica
clasica y molecular

El género Histoplasma con la especie capsulatum,
comprende tres variedad 6micas identificadas por su
mic fologia, distribucién geogréfica, especificidad para el
huésped y cuadro clinico:

« H. c. var. capsulatum - Darling, 1906.

« H. c. var. duboisii (Vanbreuseghem, 1957) - Ciferri, 1960.

 H. c. var. farciminosum (Rivolta, 1873) - Weeks, Pad-
hye, et Ajello, 1985.

El andlisis de seis genes, 185 rRNA, 28S rRNA, 5.88
TRNA, EFla (factor de elongacién-1a), RPBI y RPB2 (subunida-

Eurasiano.
Kasuga ef al. 2003,

Histoplasma capsulatum: feno
y genotipificaciones

Se han utilizado distintos criterios para tipificar H. cap-
sulatum, entre los cuales destacan diferencias en los pardmetros
morfolégicas, bioquimicos, fisiolégicos, asi como en las virulen-
cias, serotipos, quimiotipos, y diversidad genética del hongo.

Las levaduras expresan cinco diferentes serotipos de an-
tigenos de superficie, dentro de los cuales estn incluidos los qui-
miotipos I (colonias S) y II (colonias R) que se relacionan con la
presencia de glucanas en la pared celular (Tabla 3). Las levaduras
del quimiotipo II presentan mis a-(1,3)-glucana en pared, hecho
que estd relacionado a la virulencia de la cepa, como fue elegante-
mente demostrado por Rappleye et al. en 2004 utilizando RNA de
interferencia y por Marion et al. en 2006, al estudiar la actividad
de la a-(1,4)-amilasa en la sintesis de la a-(1,3)-glucana. Recien-
temente, se ha propuesto que la a-(1,3)-glucana tiene un efecto
sobre la resp i innata del huésped infectado a través
del bloqueo de un receptor b-glucénico, conocido como Dectin-1.

Variantes de las colonias S son capaces de sobrevivir
dentro de la linea celular de macréfagos P388D1.D2 y en culti-
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4.4 Dieresncs on da superficle de s levadhiras.

que

ph=forma) por Eissenberg et al. en 1996.
La pared celular de H. capsulatum no solo proporciona
.Wsﬂuhﬂdw&hd{uhfﬁgimmunﬁénm

en I interface huésped-p al cxp moléculas que re-
gulan la biologia del hongo ya que aly de sus comp

'pdmmwmdmmmy.mpmkuhr.m
 los mecanisimos efectores antimicrob: de huésped. La pa

red celular de H. capsulatum csti formada por varlos tipos de
moléculas quimicamente definidas: Carbohidratos {quitina,
#(1.3)-glucana, b-(1,3)-glucana, galac

manopeotelnas y componentes tipo lectinas}; Proteinas varias-
Hsp6, Hsp70, antigeno M, antigeno H, H2B (proteina tipo
 histona 2B), proteina yps3; Pigmento como melani Lipidos-

Distintas estructuras de poblaciones {cdonales y recom-
M)dellmpahmh\sidomﬁri‘h'aluﬁurhsw
cuencias parciales de los genes, ARF, H-ANTI, OLET y TUB/ (ver
Tabla 2). Los aisk de H. capsul del clado LAm A,
donde se incluyen los procedentes de Méxica, son los mis diver-
mm$mwamm&
poﬂﬁénmwﬁnm.m“bcchquwqwd:mn

P menos diversided genética y tienden a la donalidad,
como es €l caso de LAm By NAm 1 que se consideran grupos
monofiléticos.

El anilisis de H. capsul con marcadores bialéli
y,enpuﬁcuh:.losmnhinlélicoc(mkmsuﬂitu)qmsem
xmw:mrmﬁmwdiﬂmh’qmwhblsysum
polimérficos, fue utilizado para distinguir aislad individual
¢ identificar 3 fimgicas de Estados Unidos y de atras

procedencias En un cstudio de Carter et al. realiza-
do, en 2001, con los mercadores microsatélises (Galn, (G1n y
GT(Ahudammehmdepohkiil

a dos Unidos

ca Recientemente, Taylor et al. en 2012, analizaron aislamientos
de H. capsul btenidos de varias cspecies de murciélagos

con ¢l microsatélize {GA} , ¥ los resultados confirmaron hallaz-

R ceramida {glicosilinositol fosforilceramida) y mds reci
ha surgido un gran interés sobre las vesicul lulares del

208 previ de que los aislamientos de T. brasiliensis mexicana
e diente, posibl asociado 2 una

mente presente en la pared de H. capsulatur con una posible
fancion asociada al trifico de moléculas y vesiculas al exterior
dela célula fingica.
Apﬂﬁrd:l%seinidamnbsmdeﬁp'ﬁmiﬁl
ndtcuhrd:lhmgo.loswdessmimndempanumch-
sificacion molecular propuesta por Keath et al. en 1992 gue adn
i;mvignuyqueagupaczpudeH.Wd:m
en seis clases y cuatro suhclases. Essa clasificacién sc fundamenta

en ¢l andlisis del polimorfismo genético del hongo, determinado
por hibridacion con sondas de mtDNA y de un fragmento del
gen YPS3 (labla 4).

Se ha descrito una importante diversidad genética intra-
apediadeﬂ.mpndquncmdaanﬁmmmmb
que contribuye a la genotipificacion de la especie.

Histopl. apsl bicn ha sido agrupado de
acuerdo con la secuencia parcial de la subunidad grande del gen
285 rRNA nuclear (regién D1/D2). Los grupes establecidos fue-

5 con Cocridioides immitis y Rewi b A
ro de la familia Onygenacese.

En los anteriores, un gran niimero de trabajos han con-
tribuido al estudio de la diversidad genétice de H. copsulaium
con base en el anilisis del DNA gendmico. Los perfiles de RFLPy
RAPD-PCR, ks wtilizacidn: de sondas especificas y de secuencias
mdumuk“udaumk:osd&i&asiwmodehsm-
givnes ['TS (del inghés “internal transcribed spacer™), han servido

de herrami para icos, de estructura de la
poblacién fingica, ademés de estudi epideminlogicos y de dis-
tribucién geogrifica del

Le diversidad genética de H. capsulatin tambicn ha

mum&ﬂ.mmwmm
meyc-zwbdel-:ndenﬁsyG-lssad:P-mth
«pmmm&upﬁmm.um siete
cromosomas mientras que en las cepas virulentas G-186B y G-
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217B sc encontrason cuatto ¥ irs QIZs, respacti

Con basc en los indices éc DNA calculedos parala Downs v la G-
I&A&dmﬂhhyﬁ&&m\sc@sf&;@ﬁoy«&r
¥ Shearer en 1995 Siz: embargo, sc encontraron copiss cuplica-
&sdrhspmcsdraybnd\uﬁmcnh:apnnom.hqut;u-
mitid prop una icerackin subee su ploidia sugirends
una pasible diploidia parcial 0 v zneupieidia. Recicntenente,
xmesmdiomisnnpliowa;izadopm&mmeraiuznﬁxﬁr
malomm&amm«
Argentine. Mexico y Guatemala, s? come a e cepa de referencia
G 1868, mosied crna mavor variabilidad en o polimkrfismo de
los electrocariotipos de este honge, logrinduse b resolucion: de
cinco 2 sicte bandas cromosémices.

Loz grandes enigmas sobre ks compleidad gendmica
dee&khmgnnn:lz::ahonmnnemm&hx-
mlidad.uinmcumém;mg«mspraehddudm
ce H. capsidatior. uno por parte el Broad Institose Fungal
Genome  {mrpeitw Q jocd] ¢
histoplasma_capsubwum) conde se procesan las cepes WV22
imnkaﬂchdoNAml),asicmlasmHlagH&
agmp:dacnddedo:iﬁiayhcepaqumallimjede
M:G-Im).aaﬁlﬁmyhapuezl.’nqumd
dadoNAmenmodelo&ccsmdzoddpmmomquu
mlizzendGemmicSeqnmcinchﬂa.sthghntm
sity, St Louis, MO, US Thttpziigenome. wustleduigenomesiview’
histoplesma_capsulatumyl. Los datos iados por ambos pro-
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casvs clinicos bumanas, 43 de animales nsvralmente Je infocta-
dus ¥ 27 de diferenies tipos de zuana. Loswslamicntas yio cepes
khcm:mnyammhﬂép'mpehz-
¥ido de base para mukiples estudios que refieren datas sobee la
fono ¥ genotipificacise de sus especimenes lingicos.

Epidemiologia de la histoplasmosis
en México

12 enfermedad he sido descrita inicialmente ex ks re-
glones tropicales ¥ subtropicaies Cel mundo, entre ios seralclos
45" N ¥ 35° §; sin embargo. un nuevo registro de 10 brote actoc-
mouhﬁhdﬂ'.\ladmcg‘_di.s’fenm:qm
mwmmhmulmfso'zaﬁuq:h&s-
lrhﬁnmih&".@sﬂahdnq&ﬁyq-n
posibl esté relecionade al mayor akence en la migracidn
demmi&:sycbauquxﬁnmmdiqumh
panhdgdsumbs-mﬂagsmn&msvdﬂ«esq:
demis de disy pReden servir como reservorios del pacs-
ddbongou:ﬁduxdép‘mbdmdmahaswﬁw
aleiacas de Jos 1épicos.

Casos amidcionos han sida referidos en cinco continen-
tes ¥ mids de 60 paises, con precominio on las Américas Histo-

yecmpdﬁnpmmm&iahmd&nsohehmﬂqidadp
mkmmnumhm&q;mm
sd«cmduddbongomnmnyﬁﬁle&iammw
¥ comparacién con is:2dos e con especics filogendticas
mufocvur.u{nem‘nlsi.debemdznmd:tz&rmchpm
agrupar sspecimenes de M. capsulotum.
Puabse:udiosdcgmanbcsnuam:ldcﬂ.m
fafaim se puede zambién recurrir al Centro de Secusnciacion del
Genoma ihitp: i genome, susiledu fprojectshoapsulaumndes
ehp). cn Estades Unidos, donde existe informacidn disponible
sobuhu:»encinymp«ngnémicoddhmpx

Histeplasina capsulaiusn: Coleccion
de cepas

Apmixdelm,e!hbnm»delnnmmhg':d:
Hoagos del Dep e Microbiologia ¥ Parzsitologia, Fa-
<cukad de Medicing, UNAM, inicié la creacidn de una coleccion
de H. copsulatum, 1a cual contiene zisdamientos de la nacurale-
nydtanndhtoadeﬂéﬁmadmsdeamdtn&m
de otros pajses. L2 colescion poede ser consideradz como Gnica
por la peculiaridad de albergar el niyor nimero de cspecimencs
fungicos olienidos de murciclsgos infectados. Ademas de contar
<on un cardlopo, s encuenra registiacs on la hase de datos de I
“World Data Centre far hiicroorganisn: ™ % DOM) de 2 “Wodd
Federation for Culture Collections” (WFCC) can ol muimero LTH
UNAR WDCMSI17, la cual pucde ser consultada, poe Interet. a
través dela péging de histoplasmosis i wvnehigoples-mex.
eranumyx’. Lni\le:c;énder'lmpﬂmmmmgan
variedad de aislamiertos de difercntes fuentes ¥ procedencies
googrilicas. A b fechia existes 265 cislamienios 7o copas. 139 de

E capsulatien nO es considerado endémico para Furapa
s embergo se ha referido casos sistados zutéctonos de s e3-
fermedad en algunos paises v en animales silvestres. Las dreas
ne2 cen ol antigene crudo soluble de M. capsuilsinm denominado
fistoplasmina, se concentran en Estados Usidos fyalkes ée los
rios Mississipp:. Ohio y Missouri}, en Centro y Sudamérice. Ex
hﬁkathmmbm»
re diferentes aspecios dr ks epidemiologia de la k= ’
Cebico a los estudios inmunolégicos ¥ moleculares realizados =
areas geogrificss representativas de ke Rendblica Mexicans. Las
mm;m&hwm&qﬁ
Wnép&mhﬁh‘u-ﬁmn
sz alto poccentaie de Jetalidad. 12 histoplesmosis infeccidn re-
\Mp«hmadummcdhmjumhm
03, bz side referids en la mayoris de Jos estados mexicanos. S
cnhnp,suwudmcinesmi:bl:xgi-hsmmime
inclusa cambia dentro de una misma entidad federativa, becke
Que esti relaciunaco con Cierias activicades laborales asociadasa
&H&m}l.m“mmahpaap-
dahg:pudenw:éﬁﬁdmmﬁ%dtlhw&i-
feccidu ¥ que s asocian 2 |a farma cpidémica de la enfermndsd.
n particular, amsntes corrados coma. cave:nas, cacvas, mizzs,
mmmgmawkwymm
Cas. donde sc acumulan diferenies tipos de guano de murcdh:
mblmmxmwu@amnhm
sities de Lajo ricsgo de infoccian asuciados 2 b foems cndbmis

174



o, Aislamientos de H. cap de zonas urb en Mé

300 menos frecuentes, aungue algunaos han sido referidos de
i de murciélagos, como el de una Unidad Habitacional en
iacin, Sinaloa; de excretas de zanate y golondrina del parque
lico de Tlalpan, D.E; de excretas de gallo de pelea en una casa
0 en Guerrero; y de material de composta (fertilizante
o) en un hotel en Acapulco, Guerrero.
Los mamiferos silvestres infectados, particularmente los
arciélagos, asi como diferentes especies de aves no migratorias
migniorias cavernicolas como los guécharos, pueden actuar
mo agentes biologicos ¢n la distribucion del hongo en la na-
cn zonas urbanas y rurales. Sin embargo, no hay que
¢l pusible papel de otros organisimos que comparien el
o ecoldgico de H. copsul v de ag Anicos, como
entos. que producen corrientes de aire tauto en espacios
dos como ablertos, moviendo ¢n pequeias distancias los
los flingicos.

Aunque no se tienen datos que apoven la infeccion de
4ves de parques (zanates, estarninos, palomas) ¥ corrales (gallina-
oeas), la cual podria estar limitada por la elevada temperatura cor-
jorsl de las aves, éstas pueden desplazer 2l hongo depositado en
sus plumajes a distancias cortas, y son uno de los principales agen-
tes asaciados a la infeccion por H. capsulatiom en zonas urbanas.
En los ultimos afos, para estudiar diferentes aspectos
epidemiologicos de la histoplasmosis en México se han emplea-
do herramientas moleculares que han permitido proponer pa-
 trones moleculares de la distribucion geogrifica del hongo en

¢l ambiente (lilogeogralia), asi como caracterizar las fuentes de

infeccion de aislamientos de diferentes origenes en la naturaleza
¥ su relacion con brotes epidémicos,

El estudio molecular de brotes epidémicos de histoplas-
mosis ha contribuido a trazar una nueva historia en la epidemio-
logia moderna de esta enfermedad en ¢l pais. Por ejemplo, con
base en ensayos inmunologicos y moleculares realizados por un
equipo de investigadores mexicanos, se aislo . capsulatum de
tierra mezclada con composta, utilizada en jardineras con plantas
ornamentales colocadas en diferentes sitios de un hotel en Aca-
puleo, Guerrero, México, donde ocurrio un brote epidémico muy
impeortante con episodios recurrentes en marzo, mayo y septiem-
bze de 2001, Se han relacionado los aisiami de esre brote con
los patrones ecotipicos y filogeogrificos del hango distribuidos
enel puis, a través de procedimientos moleculares, como: la PCR-
anidada de un (ragmento del gen que codifica para una protelna
co-activadora denominada Hepl00 tnica de H. capsulatum; el
pesfil polimérfico del DNA gendmice abtenido por RAPD-PCR
con doble primer: y el anlisis de las secuencias de fragmentos de
los genes H-ANT! y OLEIL. ¥n 2012, Frizs de Ledn ef al. han re-
portado el éito de un nueve marcador, SCAR-1281-1283, , por
su especificidad y alta sensibilidad para detectar H. copswlatum
en difcrentes tipos de mucstras ambientales y clinicas de distintas
pracedencias geograficas.

La referencia de brotes en animales cativos o de vida Ji-
bre refuerza la apreciacion de ubicuidad del agente etinlégice en
la naturaleza. En México, han ocurrido brotes de histoplasmasis

en 1 idos en 0 como, maras o lichres de
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Ia Patagonia (Dolichotis patagonin)} v leopardos de les nieves
(Uncia wncia). Hall dinico patalégicos ¥ de leburatario
confirmadas por los estudios moleculares (PCR-anidada con ¢!
marcador Hepi00 y RAPD-PCR con doble iniciador) apoyaron
el diagnostico de la enfermedad y la identificacién de Ia fuente
de infeccion. La presencia del pattgeno identificada por la PCR-
anidada con ¢l marcador Hep100, a partir del DNA extraido de
érganos de murci¢lagos silvestres naturalmente infectados y cap-
turados al azar en diferentes latitudes de la Repiiblica Mexicana
resalta la alta frecuencia de murciélagos portadores de la infec-
cion, lo cual posiblemente favorece la circulacion del patégeno
en ¢l ambiente.

Por lo tanto, los estudios de brotes epidémicos de acuer-
do con la informacion molecular de los aislamientos, no sélo sir
ven para definir casos clinicos de la enfermedad en un episodio
comin yasociar fuentes de infeccidn, sino que también permiten
inferir el comportamiento, ubicunidad, origen y caracteristicas pe
culiares de los aislami de H. capsul; que pueden estar
siendn transportados de regiones geograticas distantes a través
del continente, por algiin agente dispersor.

Uso de la diversidad genética con fines
epidemiologico

La aparicion <le Jas téenicas moleculares ha promovido
grandes avances en la epidemiclogia de las micosis sistémicas,

[a determinacion de patrones geogrificos del polimor-
fismo del DNA gendmico de H. cay permitiré trazar un
mapa cpidemiologico con hase en el mayor o mener predominio
de ciertos marcadores moleculares de! hongo asociados a diferen-
tes dreas geograficas. Datos moleculeres actuales sobre la distribu-
ci6n de los marcadores de los tipos de compatibilidad sexual af 1 o
al-, representados en ¢l locus MAT1 por dos regiones idiomorfas
MAT1-1 0 MATI1-2, respectivamente, han aportado importante
informacién sobre el patron de distribucion de estos marcadores
en aislami de H. capsulatum de Norte y Sudamérica, desta-
cando que en Estados Unidos ¥ México la frecuencia del idiomor-
fo MAT1-2 es mayor que la del MA'T1-1, mientras que en Brasil
ocurre lo contrario. Todo indica que el locus MAT1 puede tener
una relacién con la virulencia de H. cap ya que codifica
para factores de transcripcion que regulan la expresion de dife-
rentes genes fungico, algunos de los cuales podrian actuar como
factores de virulencia. Sin embargo, la asociacion de un idiomor-
fo, en particular, con mayor o menor virulencia de aislamientos de
M. capsudation carecen de bases cienlificas a la Juz de fos hallaz-
gos moleculares, diversidad genélica y dispersion del marcador
MAT] en diferentes regiones grograficas del continente,

Asimisma, una contribucidn adicional del andlisis del
marcador mizrosatélite {GAJn de varios aisiamientos del hongo
abtenidas de murcidlagos naturalmente infectados y capturados
alazar en diferentes regiones de México, Argentinay Brasil, reve-
16 una asociacién entre habitos migratorios y el origen geografico
de la infeccion; comprometiendo a los murciélagos como ¢l prin-
cipal dispersor del hongo en la naturaleza.

"
K.
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#NEXUS

4. ALINEAMIENTOS INDIVIDUALES

arfll

dimensions ntax= 112 nchar= 458;
format missing=? gap=- datatype=nucleotide interleave=yes;

matr

ix

[!'Domain=Data;]

444444444444444444444444444444444440444440444444444440444440444404044440404444040444444444
11111222222222233333333334444444444555555555566666666667777777777888888888899999
56789012345678901234567890123456789012345678901234567890123456789012345678901234
CATGGTTGGTCTTGATGCTGCTGGCAAGACCACCATTCTGTACAAGCTGAAACTTGGTGAAATCGTTACAACCATCCCTA
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arfl

4444444444444444444444444444444444444444440440440440440444444444444444440440440444444444
11111222222222233333333334444444444555555555566666666667777777777888888888899999
56789012345678901234567890123456789012345678901234567890123456789012345678901234
CATGGTTGGTCTTGATGCTGCTGGCAAGACCACCATTCTGTACAAGCTGAAACTTGGTGAAATCGTTACAACCATCCCTA

44444555555555555555555555555555555555555555555555555555555555555555555555555555
99999000000000011111111112222222222333333333344444444445555555555666666666677777
56789012345678901234567890123456789012345678901234567890123456789012345678901234
CCATTGGTAAGTTCCTCGATTCTCGAAACTGATT---AACCCTCACCCCTTACCACATCCGTGATGATTCTTTGGGAAAA
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#NEXUS

[ Title ]

begin taxa;
dimensions ntax= 109 nchar= 415;
format missing=? gap=- datatype=nucleotide interleave=yes;
matrix

[!'Domain=Data;]
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78901234567890123456789012345678901234567890123456789012345678901234567890123456

G-217B GCTGAGACAGCTG-CTGGAGGTAAAGCCGTTACCACTGATACTGCACGTCGCCCCAATCCTGAGCCCAAGAAGGTTCATA
EH-315 S S iieieiaaaraenes GT....... Gttt T....... G
EH-372 ... it GT.G..... Govviii G
EH-373 ... S ieieiai e GT.G..... Gt G
EH-374 ... ... O GT.G..... Gt G
EH-375 ... T GT.G..... L G
EH-376 ............. I I S S, T.ooonen. Goviiii e
EH-377 ... St ieiesii e GT.G..... Govriii e
EH-378 ... S iieieiaaaraenes GT.G..... Gt G
EH-383H  ............. S iieieiaaiaaenes GT.G..... Gt G
EH-383I  ............. T e GT.G..... L G
EH-383P  ............. St ieies it GT.G..... Goviiii G
EH-384H  ............. T e e GT....... Gttt T....... G
EH-384I  ............. T e e GT....... Gttt T....... G
EH-384P  ............. T e GT....... G........ T....... G
EH-391 ..., S iieieiaaaaenes GT.G..... Gt G
EH-393 ... T e GT.G..... Gt G
EH-394B  ............. T e e GT.G..... Govrii i e
EH-394H  ............. T e GT.G..... Gt G
EH-394P  ............. e GT.G..... G G
EH-395B  ............. T e e GT.G..... G G
EH-395P  ............. T e GT.G..... Gt G
EH-398P  ............. T e GT.G..... Gt G
EH-408H  ............. T GT.G..... G G
EH-408P  ............. T GT.G..... G G
EH-436 ............. T e GT.G..... Govviiii i G
EH-437 ....... A..... T e GT.G..... Gt G
EH-449B  ............. T e GT.G..... [ G
EH-449I  ............. T GT.G..... G G
EH-449P  ............. T G-.A...GT.G..... G..oii G
EH-450H  ........ T m GT.G..... G G
EH-521 ..... A..... G.G.......... G-..... GT.G..... G..oi Co A.A
EH-522 ..., I GT.G..... G G
EH-626B ....... A..... T e GT....... G........ T....... G
EH-655I  ............. I GT....... G........ T....... G
EH-655P  ............. T e GT.G..... G.oviiii G
EH-658H  ............. R e GT....... G........ T....... G
EH-658P ............. I, C..... GT.G..... G G
EH-670B ............. I GT.G..... G G
EH-670H  ............. e GT....... G........ T....... G
EH-671P  ............. e GT.G..... Gt G
EH-672B  ............. I GT....... G G
EH-672H  ............. T e GT....... G G
EH-696P  ............. - AL GT....... G G
154-04 ... T e GT....... G G
190-03 ... I GT....... G G
CEPA 2 ............. e GT.G..... G G
CEPA 3 ..., e GT.G..... Gt G
L-100-91  ............. e GT.G..... G G
EH-46 ........ ... I GT.G..... G G
EH-53 ... R GT.G..... G.ooviii G
EH-317 ... R GT.G..... Gt G
AP e R GT.G..... Govii G
GeM ...l e GT.G..... G.oii i G
WCh L e GT.G..... Gt G
H.1.02.W  ............. e GT.G..... G G
H.1.04.91 ............. R GT.G..... Gt G
H.1.11.94 ............. i GT.G..... Govrrii G
H.1.12.96 ............. e GT.G..... Govii G
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GeM
WCh

H.1.02.W

H.1.04.
H.1.11.
H.1.12.
DOWNS
G-186B
G-184B
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TCACAGATACGCCGATAACTCTGGCAAACTGGCATAAGCATGTCAGCTGGCTCAACGTCACTCTCATCATCGTCATCCCC

201



G-217B
H144
H146
H147
H148
H149
H150
H151
H152
H153
H155
H157
H158
H159
H160
H161
H162
H163
H164
H165
H166
H167
H176
H178
H179
H185
H187
H189
H192
H194

G-217B
EH-315
EH-372
EH-373
EH-374
EH-375
EH-376
EH-377
EH-378
EH-383H
EH-383I
EH-383P
EH-384H
EH-3841I
EH-384P
EH-391
EH-393
EH-394B
EH-394H
EH-394P
EH-395B
EH-395P
EH-398P
EH-408H
EH-408P
EH-436
EH-437
EH-449B
EH-4491I
EH-449P
EH-450H
EH-521
EH-522
EH-626B

olelM
11111111111111111111111111111111111111111111111111111111111111111111111111111111
11122222222223333333333444444444455555555556666666666777777777788888888889999999
78901234567890123456789012345678901234567890123456789012345678901234567890123456
TCACAGATACGCCGATAACTCTGGCAAACTGGCATAAGCATGTCAGCTGGCTCAACGTCACTCTCATCATCGTCATCCCC

111222222222222222222222222 2222222222222222222222222222

99900000000001111111111222222222233333333334444444444555555555566666666667777777
78901234567890123456789012345678901234567890123456789012345678901234567890123456
ATCTACGGCCTTGTCCAGGCATACTGGGTCCCCTTGCACCTCAAAACTGCTCTGTGGGCTGTTGTGTACTATTTCATGAC

202



GeM
WCh

H.1.02.W

H.1.04.
H.1.11.
H.1.12.
DOWNS
G-186B
G-184B
G-186A
H1l
H60
H61
H62
H63
H66
H67
H69
H77
H79
H87
H97
H126
H127
H137
H139
H140
H144
H146
H147
H148
H149
H150
H151
H152
H153
H155
H157
H158
H159
H160
H161
H162
H163
H164
H165
H166
H167

ole1d
11122222222222222222222222222222222222222222222222222222222222222222222222222222
99900000000001111111111222222222233333333334444444444555555555566666666667777777
78901234567890123456789012345678901234567890123456789012345678901234567890123456
ATCTACGGCCTTGTCCAGGCATACTGGGTCCCCTTGCACCTCAAAACTGCTCTGTGGGCTGTTGTGTACTATTTCATGAC

203



G-217B
H176
H178
H179
H185
H187
H189
H192
H194

GeM
WCh

olelR

1112222222222222222222222222 22222222222222222222222222222222222
99900000000001111111111222222222233333333334444444444555555555566666666667777777
78901234567890123456789012345678901234567890123456789012345678901234567890123456
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G-217B
EH-315
EH-372
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EH-378
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TGGACTCGGTATCACTGCCGGTACGTAGCCTGAAATCCCTTAATTCCTTGTTCATCGAATGGGTTTTT-GTGTGGCGACG
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G-217B CATCTAACTCGATTTGATATATGIGTGTCGACAGGATATCATCGTCTTTGGGCACACTGCTCATATTCCGCCACATTGCC
EH-383H ... .. Bttt iiienitasasttsenetosussssessasassasonnsans
EH-383I .. B e e e e e e,
EH-383P ... P
EH-384H . e, Cooiiiiil, T e
EH-3B4I s [ P
EH-384P . e e Cooiiin P
EH-391 e P
EH-393 e Bt iiiiiiiienetiasasttsanetossssssessasassasonnsans
EH-394B ... . Y
EH-394H ... .. P
EH-394P ... P
EH-395B ... .. P
EH-395P ... P
EH-398P ... Bt i et e e e e e e
EH-408H ... ... P
EH-408P ... ... O U
EH-436 ... P S
EH-437 e I i iitaieieresaiirieseaeaas
EH-449B ... ... T et e e e e e
EH-4491 ... .. S
EH-449P ... Tt et et e e e e e
EH-450H ... e T et e e et e e e
EH-521 .. I
EH-522 .. P
EH-626B ... .. [ T
EH-6551 .. e [ S
EH-655P ... ... Bt e e i e e e e e
EH-658H ... e Coovnnin, T e
EH-658P  .......... Correi T et e e et e e e
EH-670B ... .. Bt ettt e e e e e e e
EH-670H . e [ T
EH-671IP ... i Tt e e e e e e e
EH-672B it e s
EH-672H e e
EH-606D e e
154-04 ... T e e e
L190-03 e e
CEPA 2 i Tt i e e e e e e e
CEPA 3 e Bt i e e e e e e e
L-100-91 ... B e e e e e e e
EH-46 ... Tt i e e e e e e e
EH-53 e B i i e e e e s
EH-317 e Bt e e e e e e e e
AP e e Bt i e e e e e e e
GeM e B e i e e e
WCh Bt e e e e e e e
H.LLO2.W i D e e e e
H.1.04.91 ... e Do e e e e
H.1.11.94 ... e e e e s
H.1.12.96 ... it P
DOWNS . e Lt i e e e e e e
G-186B O
G-184B ... Bt i e e e i e e
G-186A .. Bt e e e e e e e
O
H60 e O
H6L e P
H62 e Bt i e e e e e e e e e i
H63 e Bt i e e e e e e
HB6 e e e e s
H6T RN P
HBO e e e s
-
H79 YOO
H87 P
HO T e e e
H126 P
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G-217B
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H137
H139
H140
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H167
H176
H178
H179
H185
H187
H189
H192
H194

G-217B
EH-315
EH-372
EH-373
EH-374
EH-375
EH-376
EH-377
EH-378
EH-383H
EH-3831I
EH-383P
EH-384H
EH-384I
EH-384P
EH-391
EH-393
EH-394B
EH-394H
EH-394P
EH-395B
EH-395P
EH-398P
EH-408H
EH-408P
EH-436
EH-437
EH-449B
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EH-449P
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H150
H151
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H158
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H163
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#NEXUS
[ Title

1

tub1@

dimensions ntax= 114 nchar= 274;
format missing=? gap=- datatype=nucleotide interleave=yes;

matrix

['Domain=Data;]

G-217B
EH-315
EH-372
EH-373
EH-374
EH-375
EH-376
EH-377
EH-378
EH-383H
EH-383I
EH-383P
EH-384I
EH-384P
EH-391
EH-393
EH-394B
EH-394H
EH-394P
EH-398P
EH-408H
EH-408P
EH-436
EH-437
EH-449B
EH-449I
EH-449P
EH-521
EH-522
EH-626B
EH-6551
EH-655P
EH-658H
EH-658P
EH-670B
EH-670H
EH-671B
EH-671H
EH-671P
EH-672B
EH-672H
EH-696P
154-04
190-03

55555555556666666666666666666666666666666666666666666666666666666666666666666666
99999999990000000000111111111122222222223333333333444444444455555555556666666666
01234567890123456789012345678901234567890123456789012345678901234567890123456789
AGGTATGACTTAATCCTAACCGGGAACTATTGTTTTCCCATATAGCTCCATTACAACAGCCGATATAGATTTCTATTGAT
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G-217B
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GCTAATGGCTTGGATTTACCTTTTTTATAGTTGTATTGCCTGGAACATGGCATTCAGGTAAATATATATCCCTGACCGGT
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G-217B GCTAATGGCTTGGATTTACCTTTTTTATAGTTGTATTGCCTGGAACATGGCATTCAGGTAAATATATATCCCTGACCGGT
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#NEXUS
[ Title ]
begin taxa;

(GA)nE

dimensions ntax= 49 nchar= 239;
format missing=? gap=- datatype=nucleotide interleave=yes;

matrix

[!'Domain=Data;]

G-217B
EH-315
EH-372
EH-373
EH-374
EH-375
EH-376
EH-377
EH-378
EH-383H
EH-383I
EH-383P
EH-384H
EH-3841
EH-384P
EH-391
EH-393
EH-394B
EH-394H
EH-394P
EH-395B
EH-395P
EH-398P
EH-408H
EH-408P
EH-436
EH-437
EH-449B
EH-4491I
EH-450H
EH-522
EH-626B
EH-655I
EH-655P
EH-658H
EH-670H
EH-671B
EH-671H
EH-671P
EH-672B
EH-672H
EH-696P
154-04
190-03
EH-46
EH-53
EH-317
1980
G-186B

G-217B
EH-315
EH-372
EH-373
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GAGAGAGAAACAGCGCTACAAAACCCAAGCGAAATCCCACGAGGCAATGAGAATGGAGAGGGA--ATGGAAGAGGTGAAG
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EH-383H
EH-383I
EH-383P
EH-384H
EH-3841I
EH-384P
EH-391
EH-393
EH-394B
EH-394H
EH-394P
EH-395B
EH-395P
EH-398P
EH-408H
EH-408P
EH-436
EH-437
EH-449B
EH-4491
EH-450H
EH-522
EH-626B
EH-6551
EH-655P
EH-658H
EH-670H
EH-671B
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EH-671P
EH-672B
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G-217B CAGCGAAGCAGCGAAG-------~ AGATGAAGAGACTGAGAGGTTATAAAAAAA-TTGGAGGTGGAGGTTGTTTTCCTT
EH-315 ..T....TT.C
EH-372 LT
EH-373 R
EH-374 LT
EH-375 LLTT. .
EH-376 R
EH-377 LT
EH-378 LWTT. .
EH-383H LWTT. .
EH-383I LLTT. .
EH-383P LLTT. .
EH-384H ..TTC.
EH-3841I ..TTC.
EH-384P ..TTC.
EH-391

L I I I e I I I I B B I I |
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G-217B
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EH-394H
EH-394P
EH-395B
EH-395P
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EH-449B
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EH-450H
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EH-626B
EH-655I
EH-655P
EH-658H
EH-670H
EH-671B
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CAGCGAAGCAGCGAAG-------- AGATGAAGAGACTGAGAGGTTATAAAAAAA-TTGGAGGTGGAGGTTGTTTTCCTT
. T.L LW TT..

L I I I B I I I I I I I I I I I I I I I I I I I I R I I B I I |
H
(=]
Q

220



ITS1-5.8S-1TS20

#NEXUS

[ Title ]

begin taxa;
dimensions ntax= 37; nchar= 621;
format missing=? gap=- matchchar=. datatype=nucleotide interleave=yes;
matrix

[!'Domain=Data;]

11111111112222222222333333333344444444445555555555666666666677777777778
12345678901234567890123456789012345678901234567890123456789012345678901234567890

DOWNS TTCCGTAGGTGAACCTGCGGAAGGATCATTACCACGCCGTGGGGGGCTGGGAGCCTCTGACCGGGACCCCTCCGCCCTCC
. T
.CG..
.CG.
.CG. .
A..
.CG.
.CG.
.CG. .
A. ..
.CG.
.CG. .
.CG. .
.CG. .
.CG. .
.CG..
.CG. .
.CG. .
.CG. .
.CG. .
.CG. .

HHa A3

HuaHAaAa-

fnnf0nN0NOnNONNONONONONNONNOONORQOOQQAON

T
1111111111111111111111111111111111111111111111111111111111111
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DOWNS  ---TACCCGGCCACCCTTGTCTACCGGACCTGTTGCCTCGGCGGTCCTGCAGCGATGCTGCCGEEGEAGCTTCTCCTCCC
EH_315
EH_373
EH_374
EH_375
EH_376
EH_377
EH_378
EH_383H
EH_384H
EH_391
EH_393
EH_394B
EH_394P
EH_398P
EH_437
EH_449I
EH_449P
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DOWNS
EH_521
EH_522
EH_626B
EH-655I
EH_655P
EH_658H
EH_659P
EH_670B
EH_670H
EH_671B
EH_671P
EH_672B
EH_672H
EH_696P
EH_46
EH 53
EH_317
G_186B

DOWNS
EH_315
EH_373
EH_374
EH 375
EH_376
EH_377
EH_378

EH 383H ....
EH_384H ....

EH_391
EH_393

EH_394B ...
EH_394P ....
EH 398P ....

EH_437
EH_4491

EH_449P ...

EH_521
EH_522

EH_626B ....

EH-6551

EH_655P ...
EH_658H ....
EH_659P ....
EH_670B ....
EH_670H ....
EH_671B ...
EH_671P ....
EH_672B ....
EH_672H ....

ITS1-5.8S-ITS28

1111111111111111111111111111111111111111111111111111111111111
8888888889999999999000000000011111111112 3333333333444444444455555555556
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CGGG-CCCGTGTCCGCCGGGGACACCGCAAGAACCGTCGGTGAATGATTGGCGTCTGAGCATGAGAGCGATAATAATCCA

EH_696P ....

EH 46
EH_53
EH_317
G_186B
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DOWNS
EH 315
EH_373
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EH_375
EH_376
EH_377
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GTCAAAACTTTCAACAACGGATCTCTTGGTTCCGACATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGC

EH_383H ...
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EH_391
EH_393

EH_394B

EH_394P

EH_398P ...
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EH_449I
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EH_626B

EH-6551
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EH_659P ...

EH_670B
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AGAATTCCGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCCTGGTATTCC ATGCCTGTCCGAGCGTCAT

EH _384H ...

EH_391
EH_393

EH 394B ...

EH_394P
EH_398P
EH_437

EH_449I

EH_449P ...

EH_521
EH_522

EH_626B ...

EH-6551

EH_655P ...

EH_658H
EH_659P

EH_670B ...

EH_670H
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ITS1-5.8S-1TS20
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DOWNS TGCAACCCTCAAGCGCGGCTTGTGTGTTGGGCCATCGTCCCCCT---GACCGGTGGG-ACGTGCCCGAAATGCAGTGGCG
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DOWNS GTGTCGAGTTCCGGTGCCCGAGTGTATGGGGCTTTGCCACCCGCTCTGGA-GGCCCGGCCGGCTCCGGCCCACCATCTCA
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DOWNS
EH_315
EH_373
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EH_376
EH_377
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EH_383H ...
EH_384H ...
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EH_393

EH_394B ..
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EH_437
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EH_522
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EH-655T

EH_655P ...
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ACCTCCTTTT----TCACACCAGGTTGACCTCGGATCAGGTAGGGATACCC-GCTGAACT
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