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RESUMEN

Las proteinas G heterotriméricas son elementos cruciales en la regulacion de un
repertorio muy amplio de funciones bioldgicas en eucariotes. En hongos, estas proteinas
controlan la diferenciacién celular, la reproduccién, la respuesta a nutrientes, la
patogénesis, entre otros procesos. Mucor circinelloides es un patdgeno oportunista
fungico en humanos. En nuestro grupo de trabajo reportamos previamente que este
organismo tiene el repertorio mas grande de proteinas G heterotriméricas en el reino
Fungi. Especificamente, este mucoral expresa tres genes que codifican para subunidades
beta (Gpbl, Gpb2, Gpb3) de proteinas G heterotriméricas. Adicionalmente, reportamos
que el gen que codifica para la subunidad Gpbl presentd niveles de transcrito
incrementados durante el crecimiento micelial comparado con esporas o0 el crecimiento
levaduriforme. La interrupcion del gen que codifica para la subunidad Gpbl, demostrd su
relevancia para un desarrollo adecuado durante la transicion levadura-micelio, y para el
desarrollo de micelio durante el crecimiento en bajas concentraciones de oxigeno. Los
ensayos de infeccion en ratones por esporas mutantes de interrupcion del gen gpbl
(Agpb1l) mostraron un fenotipo con reduccién significativa en la virulencia, la invasibidad
de tejido y en la respuesta inflamatoria del huesped en comparacién con la cepa silvestre.
Este hallazgo podria ser atribuido a un crecimiento filamentoso reducido en los tejidos
animales. En este contexto, la interrupcién del gen de la subunidad regulatoria (PkaR1)
de la proteina cinasa A (PKA) también fue evaluada y mostr6 fenotipos similares a Agpbl.
Los fenotipos de Agpbl fueron suprimidos genéticamente por la sobreexpresion de
pkaR1, lo que indica que la ruta de la PKA esta bajo control de Gpbl en M. circinelloides
durante estos procesos. Adicionalmente, durante el crecimiento en bajas condiciones de
oxigeno, los niveles de cAMP fueron muchos mas altos en la cepa Agpbl comparados
con la cepa Silvestre, pero similares con los de la cepa ApkaR1l. Estos resultados
revelaron que M. circinelloides posee una ruta de transduccion de sefiales a través de la
cual Gpbl y PkaR1 controlan el crecimiento micelial en respuesta a bajos niveles de

oxigeno.

Los resultados de este trabajo son importantes para entender la funcién de la subunidad

Gpb1l de proteinas G heterotriméricas en la fisiologia de este mucoral.

Palabras clave: cAMP, dimorfismo, Mucor circinelloides,Virulencia fangica, Proteinas G

heterotriméricas, Proteina cinasa A.
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Abstract

Heterotrimeric G proteins are keystone elements that critically regulate a wide repertoire of
biological functions in eukaryotes. In fungi, these proteins control cellular differentiation,
reproduction, response to nutrients, pathogenesis, among others. Mucor circinelloides is a
fungal opportunistic in humans. In our group we have previously reported that this
organism harbors the largest repertoire of heterotrimeric G proteins in the Fungi kingdom.
Specifically, this Mucoral expresses three heterotrimeric G-protein beta subunits (Gpbl,
Gpb2, Gpb3). The Gpbl-encoding gene is upregulated during mycelial growth compared
with that in the spore or yeast stage. gpbl deletion mutation analysis revealed its
relevance for an adequate development during the dimorphic transition and for hyphal
growth under low oxygen concentrations. Infection assays in mice indicated a phenotype
with considerably reduced virulence and tissue invasiveness in the deletion mutants
(Agpbl) and decreased host inflammatory response in comparison with the wild-type
strain. This finding could be attributed to the reduced filamentous growth in animal tissues
compared with that of the wild-type strain. Mutation in a regulatory subunit of cAMP-
dependent protein kinase A (PKA) subunit (PkaR1) resulted in similar phenotypes to
Agpbl. The defects exhibited by the Agpbl strain were genetically suppressed by pkaR1
overexpression, indicating that the PKA pathway is controlled by Gpb1l in M. circinelloides
during these processes. Moreover, during growth under low oxygen levels, cCAMP levels
were much higher in the Agpbl than in the wild-type strain, but similar to those in the
ApkaR1 strain. These findings reveal that M. circinelloides possesses a signal transduction
pathway through which the Gpbl heterotrimeric G subunit and PkaR1 control mycelial

growth in response to low oxygen levels.

The results of this study are important to understand the function of the Gpbl subunit at

the pathophysiology of this Mucoral.

Key words: Mucor circinelloides, Fungal virulence, Heterotrimeric G proteins, hyphae,

Protein kinase A.
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l. INTRODUCCION
1.1 Generalidades de los hongos

Los hongos son organismos eucariontes heterétrofos que son componentes
indispensables de los ecosistemas, ya que contribuyen de manera importante a la
conservacion del ciclo del carbono (Bennet et al., 2002). Debido a su habilidad de
producir una amplia variedad de enzimas extracelulares, son capaces de degradar
todo tipo de materia organica, descomponiendo componentes del suelo, y por lo
tanto regulando el balance de carbono y de nutrientes (Zif¢éakova et al., 2016).
Frecuentemente, algunos hongos, denominados endofitos, colonizan el sistema
radicular de una planta, mejorando la absorcién de agua y de nutrientes de dicha
planta. Mientras que ésta provee a los hongos de carbohidratos formados a partir
de la fotosintesis. De hecho, esta simbiosis ha sido hallada en todas las plantas

estudiadas en ecosistemas naturales (Singh et al., 2011).

Estructuralmente los hongos, ademas de la membrana celular, y a diferencia de
las células de mamiferos, presentan pared celular. Dicha estructura tiene diversas
funciones, entre las cuales estan: mantener rigidez y la forma celular, el
intercambio de iones, la proteccion de la radiaciéon UV a través de la presencia de
pigmentos, y en el caso de patdgenos, regular la interaccion con sistemas de
defensa del hospedero (Martins et al., 2019). La pared celular estd compuesta de
polisacéaridos y proteinas estructurales, de los cuales los principales polisacaridos
son glucana, quitina y quitosana (Abo Elsoud y El Kady, 2019). La membrana
celular fangica contiene ergosterol a fin de brindar permeabilidad y la fuidez, cabe
mencionar que este compuesto no se encuentra en los demas eucariotes
(Rodrigues, 2018). Generalmente, los hongos pueden encontrarse en un estado
haploide, el cual se caracteriza en que cada célula tiene una sola copia de
material genético, en un estado diploide el cual tiene dos copias del material

genético, o existiendo también casos de polipliodia (Todd et al., 2017).

El tamafio del genoma de los hongos oscila entre 8.97 y 177.57 millones de pares

de bases de DNA (Mohanta y Bae, 2015). A manera de comparacion el genoma
2



del ser humano cuenta con 3000 millones de pares de bases (Walbot y Petrov,
2001), mientras que el de la bacteria Escherichia coli tiene 4.6 millones de pares
de bases (Blattner et al., 1997).

A pesar de que los hongos son muy diversos en su naturaleza, en cuanto a
fisiologia celular y genética, estos comparten componentes similares con las
células animales o vegetales. Por ejemplo, la multicelularidad, las estructuras
citoesqueléticas, el ciclo celular, el ritmo circadiano, la sefalizacion intracelular, la

reproduccién sexual, el desarrollo y la diferenciacion celular (Galagan et al., 2005).

1.1.1 Criterios de clasificaciéon

Como consecuencia de la relacion que guardan con otros organismos, los hongos
se clasifican como saprofitos (cuando obtienen sus nutrientes de organismos
muertos), simbiontes (al vivir en cooperativismo con otros organismos) o parasitos
(viviendo de otros organismos generando un dafo) (Baron, 1996). Es importante
mencionar que los organismos fungicos pueden combinar dichas interacciones en

respuesta a ciertas variaciones ambientales (Redman et al., 2001).

La espora es una estructura de dispersidbn en hongos, y es consecuencia de
eventos de reproduccion sexual o asexual. Las estructuras anatémicas de donde
provienen estas esporas represento un criterio de clasificacion de los hongos. Mas
concretamente, si derivan de un saco llamado asco se les llamd ascomicetos, si
provienen de un basidio se les llamo6 basidiomicetos, o zigomicetos para una

estructura denominada zigoesporangio (Sharma, 2005).

Actualmente, la clasificaciones filogenéticas mas aceptadas (Hibbett et al., 2007,
Spatafora et al., 2016, Bass et al., 2018) de los hongos se obtuvieron mediante el
uso de técnicas de biologia molecular, que incluyen la comparacion de las
secuencias de un conjunto de genes altamente conservados entre las especies.
Tal es el caso de los RNA ribosomales 28S, 18S y 5.8S, a-tubulina y B-tubulina;

los cuales se encuntran codificados en el nucleo. Los hongos forman un grupo



monofilético que en conjunto engloban al Reino Fungi. Dentro del subreino
Dikarya, se encuentran los Phyla Ascomycota y Basidiomycota. De igual manera
pertenecen al Reino Fungi los Phyla Chytridiomycota, Blastocladiomycota,

Cryptomycota, Zoopagomycota y Mucoromycota.
1.1.2 Phylum Mucoromycota

Anteriormente, los hongos zigomicetos fueron clasificados debido a caracteristicas
morfolégicas en un Unico Phylum monofilético llamado Zygomycota, dichos
hongos fueron considerados como un linaje primitivo del reino Fungi (Tanabe et
al., 2005). Esto por la carencia de estructuras fructiferas complejas y la mayoria de
los representantes tienen hifas cenociticas (sin septos) durante todo o parte de su
ciclo de vida. Sin embargo, los resultados obtenidos por andlisis filogenéticos no
mostraron que el Phylum fuera monofilético, en su lugar se propuso la existencia

de dos Phyla Zoopagomycota y Mucoromycota (Spatafora et al., 2016).

El Phylum Zoopagomycota contiene a las subdivisiones Entomophtoromycotina,
Kickxellomycotina y Zoopagomycotina, y constituye el linaje mas primitivo de los
anteriormente llamados zigomicetos y contiene especies que son primariamente
parasitos y patogenos de animales pequefios, y de otros hongos (Davis et al.,
2019). Taxondmicamente el Phylum Mucoromycota alberga a las subdivisiones
Glomeromycotina, Mortierellomycotina, y Mucoromycotina (Spatafora et al., 2016);
y principalmente consiste en hongos enddfitos de raices, descomponedores de
material vegetal e importantemente algunos géneros pueden ser patdgenos
oportunistas en humanos, como es el caso de los géneros Rhizopus, Lichteimia ,
Mucor, Cunninghamella, Rhizomucor, Apophysomyces y Saksenaea (Ertugrul y
Ariakn-Akdagli, 2014).

A su vez, la subdivisibon Mucoromycotina contiene a los 6rdenes Endogonales,
Umbelopsidales y Mucorales (White et al., 2006). Del orden Mucorales se
encuentran géneros como Mucor, Phycomyces, Rhizopus y Rhizomucor. Por
pertenecer a un linaje basal, los hongos mucorales han sido utilizados como

modelo de estudio para estudiar la evolucion fungica (Ma et al., 2009, Corrochano



et al., 2016). Existen mucorales dimérficos como es el caso de Rhizopus oryzae
(Karmakar et al., 2012) y Mucor circinelloides o monomorficos filamentosos como
es el caso de Phycomyces blakesleeanus (Cerda-Olmedo, 2001)). Los mucorales
tienen importancia industrial, tal es el caso de Rhizopus oryzae y R. microsporus
empleados en la fermentacion de muchos alimentos de la comida asiatica como el
tempeh, el cual se obtiene a partir de la soya (Nout y Rombouts, 1990; Hartanti et
al., 2015). R. oryzae también es productor de acidos organicos, etanol (Thongchul
et al., 2010, Meussen et al., 2012) y enzimas hidroliticas (Takahashi et al., 1978,
De Souza et al., 2019). No obstante varios mucorales son patdgenos para
humanos y causan la infeccion conocida como mucormicosis (Battaglia et al.,
2011).

1.1.3 Mucormicosis

Existen aproximadamente 1.5 millones de especies diferentes de hongos en la
tierra, pero solamente se conocen unas 300 que pueden causar enfermedades en
humanos (Garcia-Solache y Casadevall, 2011; Hawksworth, 2001). Esto debido a
que las especies fungicas patdégenas de humanos deben satisfacer cuatro
condiciones basicas: tolerancia a crecer e temperaturas altas, habilidad para
invadir al huésped humano, capacidad de lisar y absorber el tejido humano y

resistencia del sistema inmune humano (Kohler et al., 2015).

La mucormicosis es una infeccion fangica emergente causada por los mucorales
pertenecientes a los géneros: Rhizopus, Lichteimia (anteriormente conocido como
Absidia), Mucor, Cunninghamella, Rhizomucor, Apophysomyces y Saksenaea
(Ertugrul y Ariakn-Akdagli, 2014). Siendo los géneros mas comunes causantes de

esta infeccién son Rhizopus (73%) y Mucor (13%) (Almyroudis et al.,2006).

La inmunosupresion es un factor de predisposicion para la mucormicosis, con la
infeccibn generalmente limitada a pacientes con afecciones hematoldgicas,
transplantes de células madre hematopoyéticas, transplantes de 6rganos solidos y

diabetes (Hammond et al., 2011; Rammaert et al., 2012). La mucormicosis es la



tercer micosis mas frecuente en orden de importancia después de la candidiasis y
aspegillosis en pacientes con transplantes de células madre hematolégicas y
alogénicas. Basados en la localizacion anatomica, la mucormicosis puede
clasificarse en una de las seis formas: (a) rinocerebral, (b) pulmonar, (c) cutanea,
(d) gastrointestinal, (e) diseminada y (f) otras presentaciones poco comunes.
Dichas condiciones ademas de la rapidez del diagnostico pueden determinar el
pronostico final de la enfermedad (Petrikkos et al., 2012). La forma rinocerebral es
la mas frecuente y suele asociarse a pacientes diabéticos descompensados o0 con
enfermedades hematologicas (Zaballos et al.,, 2003). Se ha reportado
recientemente un aumento alarmante en la incidencia mundial de la mucormicosis
(Prakash y Chakrabarti, 2019).

Esta infeccidon, cuando es invasiva esta asociada a altos niveles de mortalidad. En
este sentido, se ha reportado que la tasa de mortalidad de la mucormicosis en
pacientes que recibieron transplante de 6rganos sélidos oscila entre un 49% y un
71% (Aslani et al., 2007; Almyroudis et al.,, 2006). En afios recientes se han
logrado avances sustanciales en el tratamiento de la infeccion flngica
mucormicosis. Diversos reportes indican la importancia de la excisién quirdrgica
de tejido necrotico o infectado, siempre y cuando sea factible. Basado en su
seguridad y eficacia, las formulaciones lipidicas de amforeticina B son el
tratamiento estandar para atender la mucormicosis (Spellberg e Ibrahim, 2010).
Ademas, se ha demostrado que el uso de un quelante de hierro denominado
deferasirox mejora el pronostico en modelos animales que padecieron

mucormicosis (Spellberg et al., 2012).

1.2 Mucor circinelloides
1.2.1 Generalidades

M. circinelloides es un mucoral dimérfico (Lubbehlsen et al., 2003). Es un modelo
de estudio en la regulacion de la diferenciacion celular ylas respuestas celulares a

la luz (Murcia-Flores et al., 2007). Adicionalmente, ha sido estudiado dado que es



un patdégeno emergente en pacientes inmunodeprimidos (Bastidas et al., 2012), se
le ha asociado también a la contaminacién de frutos como el noni (Nishijima et al.,
2011) y alimentos fermentados como el yogurt (Snyder et al., 2016); ademas
recientemente se le considera como una fuente de &cidos grasos para la
obtencion de fuentes de energia renovables como el biodiesel (Zininga et al.,
2019). Su metabolismo fermentativo ha sido investigado a la par de la obtencion
de etanol, ademas de que se ha evaluado el rendimiento de esta produccion
modificando condiciones de crecimiento (Wikandari et al., 2012). En este sentido,
a fin de explicar la asociacion entre los metabolismos fermentativo y oxidativo, en
nuestro grupo de trabajo, realizamos la caracterizaciéon del gen adhl el cual
codifica para un alcohol deshidrogenasa. Nuestros hallazgos indicaron que el
producto de dicho gen regula el efecto Crabtree y puede actuar ya sea como una
enzima fermentativa u oxidativa, dependiendo de las condiciones nutricionales
(Rangel-Porras et al., 2019).

Uno de los eventos diferenciativo mas estudiados en M. circinelloides es el
dimorfismo (Libbehisen et al., 2003, Valle-Maldonado et al., 2015b). No obstante
M. circinelloides presenta otros eventos diferenciativos, como la sintesis de
carotenos, inducida por la presencia de luz (Murcia-Flores et al., 2007, Zhang et
al., 2016), generando crecimiento radial que presenta tonalidad amarillenta a
diferencia de colonias crecidas en ausencia de luz que son albinas.
Adicionalmente el desarrollo de estructuras reproductivas y la esporulacion

también son regulados positivamente por la presencia de luz.

M. circinelloides ha sido empleado como huésped heterdlogo para la produccion
de enzimas relevantes de caracter industrial. Se ha evaluado, el efecto del
dimorfismo en el proceso de produccién y actividad enzimatica de glucosa
oxidasa. Se reportd una mayor produccion de esta enzima durante la morfologia
levaduriforme (Bredenkamp et al., 2010). A su vez, se han generado cepas que
acumulan licopeno de manera exacerbada, lo cual podria ser una alternativa para

la produccién industrial de licopeno (Zhang et al., 2017).



El genoma de este organismo ha sido secuenciado (Corrochano et al., 2016) y
esta disponible en la red (http://genome.jgi-psf.org/Mucci2/Mucci2.home.html). El
material gendémico de este organismo estd distribuido en 9 cromosomas
tratindose de 11,719 genes en 36.6 millones pares de bases (Mb)
(http://www.ncbi.nlm.nih.gov/genome/2804). Durante la dltima década, el
desarrollo de herramientas moleculares, ha permitido la manipulacion del genoma
de este hongo (Gutiérrez, et al., 2011; Vellanki et al., 2018). En nuestro grupo de
trabajo hemos validado al gen tfc-1, como un gen normalizador para ensayos de
RT-gPCR durante el dimorfismo de este mucoral (Valle-Maldonado et al., 2015a).
Este gen codifica para una subunidad del factor de transcripcion TFIIC, el cual a
su vez forma parte de ensamblaje del complejo de preiniciacion de la RNA

polimerasa lll.
1.2.2 Transiciones morfoldgicas en M. circinelloides

La estructura de dispersion y resiliencia a las condiciones adversas en el género
Mucor es la espora. Existiendo tres tipos de ellas: 1) zigosporas productos de la
recombinacién genética en la reproduccién sexual, y dos tipos de esporas
generadas asexualmente: 2) las esporangiosporas que pueden servir como
mecanismo de dispersion y se generan a partir de una estructura diferenciada
llamada esporangio y 3) las artrosporas aseguran la supervivencia bajo
condiciones de crecimiento adversas y se producen al diferenciarse crecimientos
maduros de micelio que se diferencian hacia cadenas de artrosporas (Orlowski,
1991). La reproduccion sexual sucede cuando hay fusion de hifas de origen

homotalico o heterotalico y conduce finalmente a la formacién de zigosporas.

La zigospora es una morfologia resiliente que permanece en reposo durante
periodos prolongados de tiempo, semanas 0 meses. El detectarse sefales
ambientales favorables se produce la germinacion y se genera una estructura
alargada conocida como esporangioforo, el cual presenta un cuerpo esférico en la
punta conocida como esporangio del cual se almacenan y se desprenden las
esporangiosporas. Las esporangiosporas tienen forma elipsoidal y aunque son

derivadas exclusivamente del habitat miceliar del género Mucor, éstras son



capaces de desarrollar la morfologia levaduriforme o miceliar dependiendo de la
disponibilidad de oxigeno y la fuente de carbono (Libbehisen et al., 2003). Si las
esporangiosporas se encuentra en anaerobiosis se favorece el crecimiento
isotropico (levadura), mientras que en condiciones aerdbicas el crecimiento de M.
circinelloides es polarizado (filamentos). Ademas del ambiente gaseoso, el
crecimiento levaduriforme en el caso de M. rouxii requiere que una fuente de

carbono fermentable (Bartnicki-Garcia, 1968).

Los crecimientos polarizados e isotrépico de M. circinelloides no son terminales y
puede haber transiciones de levadura a micelio o de micelio a levadura, esto al
modificar las condiciones de crecimiento (Mcintyre et al., 2002). Las hifas
multinucleadas del género Mucor son cenociticas, al no presentar septos
(divisiones). Adicionalmente, las levaduras son esféricas y multinucleadas
(Ocampo et al., 2012).

La artrospora es la estructura menos estudiada y entendida del género Mucor, sin
embargo su funcionalidad ha sido propuesta como un mecanismo de
supervivencia ya que se forma al fin del crecimiento exponencial o bajo

condiciones nutricionales desfavorables (Orlowski, 1991; Lubbehisen et al., 2003).

1.2.3 Genes involucrados en la regulaciéon de la diferenciacién morfolégicay

virulencia en M. circinelloides

La calcineurina es una fosfatasa especifica de serina-treonina, la cual es activada
por el complejo Ca?*-calmodulina. Esta enzima estd compuesta por dos
subnidades: la subunidad catalitica A, la cual tiene la actividad de fosfatasa y la
subunidad regulatoria B, la cual une al calcio y a la subunidad A; la union del
calcio activa el complejo enzimatico, permitiendo la disociacion de ambas
subunidades. En M. circinelloides fueron identificados tres genes que codifican
para subunidades cataliticas (CnaA-CnaC) y un solo gen homdlogo de la
subunidad regulatoria (CnbR) (Lee et al., 2013). Es de resaltar que la via de la

calcineurina controla la morfogenésis y la virulencia en este mucoral. La



interrupcion del gen cnbR que codifica para la subunidad regulatoria de la
calcinerurina condujo a un crecimiento monoférmico levaduriforme a pesar de la
presencia de condiciones aerobicas tanto en medio sélido como en liquido; esta
mutante es avirulenta en contra de Galleria mellonella a diferencia de la cepa
silvestre (Lee et al., 2013). Adicionalmente, cuando se interrumpié el gen cnaA, el
cual codifica para una de las subunidades cataliticas de la calcineurina en este
hongo, el fenotipo mostr6 un tamafio de la esporangiospora y virulencia
significativamente mayores en relaciéon con la cepa silvestre (Lee et al., 2013). De
manera similar en nuestro grupo de trabajo hemos reportado que los productos de
los genes gpall y gpal2, los cuales codifican para subunidades alfa de proteinas
G heterotriméricas regulan el tamafio de la esporangiospora en este mucoral
(Patifio-Medina et al., 2019). En este mismo trabajo se reporté que los resultados
de medicion de mRNA sugieren una relacion genética y funcional entre los genes
gpally gpal2 con la ruta de la calcineurina en M. circinelloides (Patifio-Medina et
al., 2019a). Recientemente se ha reportado la caracterizacion funcional de un gen
llamado bycA el cual codifica para una permeasa de aminoacidos. Este gen fue
asociado con la calcineurina, esto debido ya que la cepa doble mutante
AcnbRAbycA es capaz de crecer filamentosamente en medio sélido suprimiendo
el fenotipo de la cepa AcnbR la cual solo puede generar crecimiento levadurifome
(Vellanki et al., 2020).

En nuestro grupo de trabajo, hemos reportado que la interrupcion del gen adhl
(cepa Mb5), el cual codifica para una alcohol deshidrogenasa, durante condiciones
anaerobicas genera células hinchadas siendo incapaz de generar levaduras, a
diferencia de la cepa silvestre (Rangel-Porras et al., 2019). Adicionalmente, en un
trabajo posterior reportamos que la cepa M5 exhibié mayor virulencia que la cepa
silvestre R7B en contra del modelo murino (Diaz-Pérez et al., 2020). El
sobrenadante libre de células de la cepa M5 contenia concentraciones mas altas
de acetaldehido, lo que en parte explica el efecto téxico exarcerbado en
comparaciéon con la cepa silvestre (Diaz-Pérez et al.,, 2020). Ademas, hemos
validado la acumulacion del transcrito mediante RT-gPCR de este gen como un
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marcador de crecimiento levaduriforme en este hongo (Valle-Maldonado et al.,
2015a).

Adicionalmente, en nuestro laboratorio hemos caracterizado funcionalmente a los
cuatro genes (arfl-arf4) que codifican para proteinas G monomeéricas de la familia
Arf (ADP-ribosylation-factor) en este hongo (Patifio-Medina et al., 2018). Los
productos de dichos genes participan en la regulacion del transporte vesicular. La
interrupcion del gen arf2 provoca una reduccidon siginificativa (80%) en la
formacion de levaduras comparado con la cepa silvestre (Patifio-Medina et al.,
2018). Por otro lado, la interrupcién del gen arfl condujo a una reduccion en la
cantidad y longitud de hifas durante el crecimiento aerdbico en relacién a la cepa
silvestre (Patifio-Medina et al., 2018). Ademas, la totalidad de las cuatro mutantes
sencillas de los genes arfl-4 mostraron mayor virulencia en contra de los modelos
de ratdon y nematodo en comparacion con la cepa silvestre (Patifio-Medina et al.,
2018).

Es importante mencionar que ademas de los genes arfl-4, el genoma de M.
circinelloides, contiene al menos dos genes que codifican para proteinas Arl (Arf-
like), arll-arl2 (Patifio-Medina et al., 2019b). La incapacidad de generar una
mutante Aarll homocarionte sugiere que es esencial para el crecimiento de este
mucoral. Ademas, la cepa Aarl1™®®) mostré una reduccion en la cantidad y longitud
de hifas durante el crecimiento aerdbico en relacion a la cepa silvestre (Patifio-
Medina et al., 2019b). Adicionalmente, se demostré6 que ambos genes arll y arl2
participan en el trafico vesicular al localizar adecuadamente a los endosomas en la
hifa. La mutante heterocarionte Aarl1™®)0) secreté al medio de cultivo componentes
de naturaleza proteica que presentan un efecto toxico en contra del modelo de
nematado en comparacién con la cepa silvestre (Patifio-Medina et al., 2019b).
Cabe mencionar que también en nuestro grupo de trabajo recientemente
comprobamos que los productos de los genes arll y arl2 estan involucrados
positivamente en la formacion de mitocondrias en este mucoral, controlando el

metabolismo oxidativo (Patifio-Medina et al., 2020).
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Ademas de lo anterior, se ha asociado a la ruta cAMP-PKA en la regulacion del
dimorfismo de M. circinelloides. La PKA consiste en dos subunidades regulatorias
(PKAR) gue se unen e inhiben la actividad de dos subunidades cataliticas (PKAC).
La uniobn del AMPc a las cadenas PKAR resulta en la liberacion de las
subunidades PKAC y se desencadena la cascada de fosforilacion de sustratos
proteicos especificos en residuos de serina y treonina que resulta en cambios en
la morfogénesis y en el dimorfismo. El gen que codifica para la subunidad
regulatoria PkaR1 fue sobreexpresado y dicha cepa mutante present6 un fenotipo
de hiperramificacion en crecimiento en medio solido (Wolff et al., 2002).
Posteriormente, se reportdé que la interrupcién del gen pkaR1 condujo a la
disminucion de la longitud de la hifa durante la transicion morfolégica levadura-
micelio (Ocampo et al., 2009). Cabe mencionar que el gen que codifica para la
isoforma pkaR4, es esencial, ya que su interrupcion generé células
heterocariontes, y esta mutante muestra un defecto en la emision del tubo
germinativo (Ocampo et al., 2012). Adicionalmente, la participacion de PKA en el
crecimiento polarizado en Mucor ha sido evidenciada usando anélogos de AMPc
como Né-monobutiril-F-AMPc, N8-benzoil-AMPc (Sorol et al., 2000). Estos analogos
estructurales imitan la actividad del AMPc y el fenotipo resultante es crecimiento
levaduriforme en condiciones aérobicas. La regulacion en el dimorfismo conferida
por el AMPc es muy relevante , ya que la remocion de los analogos del AMPc
provocdé una inmediata transicion morfologica de crecimiento isotropico a
filamentoso (Wolff et al., 2002; Ocampo et al., 2009).

Es importante mecionar que se ha reportado que los niveles de AMPc y la
actividad de PKA estan incrementados en el crecimiento levaduriforme durante el
dimorfismo en M. circinelloides en comparacion con el crecimiento filamentoso
(Lee et al., 2013, Vellanki et al., 2020).

1.3 Proteinas G en latransduccién de sefiales

La supervivencia requiere que los organismos seamos capaces de responder

efectivamente a los estimulos ambientales. La adaptabilidad es una capacidad
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clasica y caracteristica de los seres vivos, Yy consiste en la habilidad de
un organismo o de una parte del mismo para identificar un cambio negativo o
positivo en el medio ambiente y poder reaccionar a éste.

La regulacién genético-molecular de la percepcién y respuesta a estimulos en los
seres vivos implica un proceso complejo llamado transduccion de sefiales. El cual
consiste en la transferencia de informacion desde un ambiente externo hacia el
interior de la célula. Este sistema esta compuesto por un elemento sensor o
“receptor” para detectar la senal, un componente “amplificador’, que aumenta la
intensidad de la sefal intracelularmente regulando los niveles de segundos
mensajeros y un elemento “transductor” que realiza la labor de convertir la sefial
detectada por el receptor a una forma que pueda ser entendida y convertida a
respuesta por el amplificador. Existen ciertas sefiales que por su naturaleza
quimica pueden ingresar a la célula (aquellas moléculas lipofilicas, como las
vitaminas A y D y la hormona tiroidea) y pueden atravesar la membrana celular
hacia el interior de la célula donde pueden tener un efecto bioldgico afectando la
expresion a nivel transcripcional o traduccional (Brivanlou y Darnell, 2002). La
diversidad de los estimulos externos es muy amplia, e incluye sefiales acusticas,
cambios de temperatura, nutrientes, luz, hormonas, entre otros factores (Krauss,
2003).

1.3.1 Receptores involucrados en transduccion de sefales

El primer componente partipante en un sistema transduccién de sefiales en
eucariotas son los receptores. Dichos elementos que reconocen sefales de

diversos tipos, entre los cuales destacan:

-Receptores intracelulares. Se hallan localizados intracelularmente y cuando se
presenta la union de ligando migran hacia el nucleo, donde el complejo ligando-
receptor directamente regula la transcripcion génica. Dado que la localizacion de
esta clase de receptores es intracelular y actian directamente en el nacleo como
factores de transcripcion, comunmente se les ha llamado receptores nucleares.

Dentro de los receptores de esta clase se encuentran la gran familia de receptores
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de esteroides, como el estrégeno y la progesterona, y otras sustancias solubles en
lipidos como el acido retinoico y hormona tiroidea (Sever y Glass, 2013).
Adicionalmente, los receptores de esta clase presentan un motivo de unién a
ligando, ademéas de un dominio de unibn a DNA y de un dominio activador
transcripcional (Huang et al., 2010). En hongos se ha descrito en el ascomiceto S.
cerevisiae, la enzima PDRL1 reconoce al antifungico cicloheximida lo que provoca
la activacion de una via que confiere resistencia a este farmaco. Dicho mecanismo
implica la regulacion de la expresion de genes que codifican para transportadores
de farmacos, como es el caso de PDR5 el cual es un transportador pleiotrofico
dependiente de ATP (Naar y Thakur, 2009; Balzi et al., 1994; Gao et al., 2004.).

-Receptores que presentan actividad enzimatica intrinseca. Dentro de este
tipo de receptores se encuentran aquellos que tienen actividad catalitica de
tirosin-cinasa (por ejemplo el receptor de la insulina, receptores del factor de
crecimiento derivado de plaquetas, factor de crecimiento de fibrobastos , o del
factor de crecimiento epidermal). También incluyen a los receptores con actividad
enzimatica de serin-treonina cinasas (por ejemplo los receptores de activina y
factor de crecimiento transformante-B). Otro tipo de receptores incluirian a las
tirosin-fosfatasas (por ejemplo la proteina CD45 de células T y macrofagos)
(Koretzky et al., 1990), y finalmente los receptores con acitividad de guanilato
ciclasas (por ejemplo los receptores de péptido natriurético). Un ejemplo de
receptores con actividad enzimatica intrinseca en hongos incluye a la rodopsina-
guanilato ciclasa en el hongo acuatico Blastocladiella emersonii la cual como

respuesta a la luz modula la formacion de GMPc (Scheib et al., 2015).

-Receptores acoplados a proteinas G. Este tipo de receptores se denominan
GPCRs (por sus siglas en inglés, G-Protein Coupled Receptors). Se tratan de
receptores de siete pasos transmembranales que se encuentran conformados por
tres asas intracelulares y tres asas extracelulares, contando con un extremo amino
extracelular y con un extremo carboxilo intracelular. Se trata de un grupo muy

numeroso de receptores, que en humanos representa el grupo mas amplio de
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receptores membranales. El genoma humano codifica al menos 791 GPCRs. Y
representan el 30-40 % de los blancos moleculares de todos los farmacos

modernos (Wacker et al., 2017).

Dentro de este tipo de receptores se encuentran: los receptores olfatorios, los
receptores adrenérgicos y algunos receptores de hormonas: angiotensina,
glucagon, bradiquinina y vasopresina (Huang y Tesmer, 2011). Estos receptores
se encuentran presentes en todos los eucariontes, desde hongos hasta
mamiferos. Un ejemplo de este tipo de receptores en ascomicetos es el receptor
para detectar feromonas denominado PRE-2 en Neurospora crassa (Cabrera et
al., 2015). Es importante mencionar que los receptores acoplados a proteinas G,

transmiten la deteccion de la sefial a las proteinas G heterotriméricas.

1.3.2 Proteinas G

Dentro de los componentes transductores de sefiales se encuentran las proteinas
G, reciben su nombre porque unen e hidrolizan nucleétidos de guanina
(McCudden et al., 2005). Se trata de componentes muy importantes en la
transduccion de sefiales, una muestra de la importancia del aporte al conocimiento
de estas proteinas es que los investigadores Alfred Gilman y Martin Rodbell
ganaron el premio Nobel de Medicina en 1994 por su descubrimiento. Las
proteinas G incluyen dos familias generales: monoméricas y heterotrimeéricas

ambas involucradas en diversas funciones celulares.

Dentro de las proteinas G monoméricas existen las familias Ras, Rho, Ran, Rab y
Arf (Takai et al., 2001). Ha sido demostrada la participacion de la familia Ras en
procesos de oncogénesis (Repasky et al.,, 2004), la familia Rho ha sido
involucrada en la regulacion de la organizacion de actina, del ciclo celular y de la
expresion celular (Etienne-Manneville y Hall, 2002). Por su parte, lafamilia Ran
participa en el transporte nucleocitoplasmico de RNA y proteinas (Weis, 2003). A

su vez, la familia Rab cumple la funcion de regular el transporte vesicular y el

15



trafico de proteinas entre diferentes organelos de las rutas endociticas y exociticas
(Zerial y McBride, 2001). Finalmente, la familia Arf esta involucrada en la

regulacion del trafico vesicular (Nielsen et al., 2008, Patifio-Medina et al., 2018).

La otra gran familia de las proteinas G esta compuesta por las proteinas G

heterotriméricas.
1.3.2.1 Proteinas G heterotriméricas en hongos

Las proteinas G heterotriméricas (PGH) sirven a modo de intermediario entre el
receptor localizado en la membrana plasmatica y los efectores intracelulares, se
tratan del componente transductor de sefiales. Estructuralmente estan
compuestas de tres proteinas distintas: una subunidad Ga, una subunidad Gf y
una subunidad Gy (McCudden et al., 2005).

La subunidad Ga une el nucledtido GDP o GTP, determinando el estado de
inactivacion o activacion del complejo, respectivamente. La subunidad Ga muestra
homologia con las subunidades G pequefias, debido a que ambas tienen actividad
de GTPasa y comparten los dominios, llamadas caja G (G1-G5) que cumplen
dichas funciones (Sprang 1997). Sin embargo las diferencias con las proteinas G
monomeéricas consisteen que la subunidad Ga es mas grande, por lo regular entre
(35-45 kDa) en comparacion con las subunidades G pequefias (20-25 kDa).
Ademas, por lo general las subunidades Ga presentan un motivo caracateristico
susceptible a miristoilacion (MGXXXS) en el extremo amino terminal de la proteina
(Buss et al., 1987), y otro motivo susceptible a ADP-ribosilacion por la téxina del
cOlera (RSRVK) en la caja G2 (Van Dop et al., 1984), Ademas, las subunidades
Ga presentan otro motivo susceptible a ADP-ribosilacion por la toxina pertussis
(CAAX) en el extremo carboxilo terminal (West et al.,, 1985). Finalmente, las
proteinas G monoméricas carecen de los residuos necesarios para la interaccion
con la subunidad GB que estan presentes en las subunidades Ga (Takai et al.,
2001).
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Los analisis evolutivos de las subunidades Ga fangicas indicaron que estas
subunidades tienen una distribucién en cuatro grupos (I-1V), esta clasificacion fue

derivada de la funcionalidad de las subunidades Ga de mamifero (Bolker, 1998).

El grupo | fue relacionado con las subunidades Gailas cuales inhiben la actividad
de la adelinato ciclasa. Por su parte, el grupo Il fue asociado con las
subunidades Gas que estimulan la actividad de la adelinato ciclasa. Mientras que
los grupos Il y IV no han sido relacionados a subunidades de mamiferos (Bdlker,
1998; Li et al., 2007).

Las subunidades G[3 presentan caracteristicamente siete motivos dipéptido WD y
un residuo W% indispensable para la interaccion con la subunidad Ga (Whiteway
et al., 1994). La cristalizacion de subunidades Gp ha descrito su estructura
terciaria como un propulsor de siete laminas B circularizado con una hélice a en el
extremo amino terminal (Wall et al.,, 1995). Por su parte las subunidades Gy,
presentan caracteristicamente el motivo CaaX, siendo “a” un residuo alifatico, en
el extremo carboxilo terminal susceptible a farnesilacion o geranilacién necesario
para la interaccion con las membranas (Mulligan y Farber 2011). Las subunidades
Gy presentan los residuos L!® y N?° necesarios para la interacciéon con la
subunidad GB. Referentemente, a su estructura terciaria, ésta ha sido descrita
como dos hélices a unidas por un asa (Wall et al., 1995). En cuanto a las
subunidades GB y Gy, éstas forman un dimero muy estable que en condiciones

fisioldgicas no se disocia (Schwindinger y Robishaw, 2001).
1.3.2.2 Proteinas G heterotriméricas en M. circinelloides

Con anterioridad, se realizo la identificacion de cuatro subunidades Ga en el M.
circinelloides (Meza-Carmen et al., 2006). Posteriormente en nuestro grupo de
trabajo reportamos que Mucor circinelloides presenta el repertorio mas grande de
proteinas G heterotriméricas en el Reino Fungi, con doce subunidades Ga, tres
subunidades Gp y tres subunidades Gy (Valle-Maldonado et al., 2015b). En ese
mismo manuscrito, al analizar filogenéticamente las secuencias GB y Gy fungicas

propusimos una clasificacion para estas subunidades por primera vez y también la
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existencia de un posible evento de coevolucion debido a la distribucion en cuatro
grupos (I-1IV) para ambos tipos de subunidades, dependiendo de los Phyla
fungicos. En los grupos | estdn ascomicetos filamentosos, en los grupos Il estan
basidiomicetos, en los grupos lll se encuentran los mucorales, y en el grupo IV

estan ascomicetos levaduriformes y dimarificos (Valle-Maldonado et al., 2015b).

El mecanismo candnico de estucturacion del heterotrimero de PGH implica dos

posibles conformaciones:

-Heterotrimero asociado inactivo. Esta es la conformacion cuaternaria que tiene
el heterotrimero cuando la subunidad Ga esta asociada a las subunidades GB y
Gy, las cuales estan adyacentes entre si. La subunidad Ga tiene unido GDP en
esta conformacién. Importantemente, el heterotrimero estd anclado en la
membrana plasmatica mediante las subunidades Ga, y Gy. Estas subunidades
puede ser susceptibles para presentar modificaciones postraduccionales
(miristoilacion para Ga y farnesilacion o geranil-geranilacién para Gy) que
favorecen la interaccién con la membrana celular. La subunidad Ga ademas tiene
contacto con el receptor, funcionalmente este heterotrimero se encuentra inactivo
(Tesmer, 2010).

-Heterotrimero disociado activado. Al percibirse una sefial extracelular por
medio del receptor, se promueve el intercambio del GDP por GTP en |la
subunidad Ga. Lo anterior implica un cambio conformacional de la subunidad Ga,
que altera la interaccion con el dimero GBy, lo que a su vez produce una
disociacion del trimero. A continuacion, las unidades de sefalizacion,
correspondientes a la subunidad Ga-GTP y el dimero GBy, se encuentran
separadas, a esta conformacion se le conoce como activa. A su vez, cada una de
éstas unidades de sefializacion son capaces de interactuar con distintos efectores

generando especificamente diversas respuestas fisioldgicas (Tesmer, 2010).

Los complejos de sefalizacion de las proteinas G heterotriméricas activados
transmiten la sefial a proteinas efectoras que tienen actividad enzimatica, entre los

cuales estan las fosfodiesterasas especificas de GMPc (Artemeyev et al., 1992), la
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adelinato ciclasa (Levitzki y Bar-Sinai, 1991), las fosfolipasas (Smrcka et al., 2012)
o canales i6nicos como: canales de K*, Ca?* o CI (Zhang, 2011, Zhang et al.,
2011).

La activacion de estas proteinas efectoras puede conducir a cambios en la
concentracion intracelular de compuestos quimicos conocidos como segundos
mensajeros, como el GMPc, AMPc, diacilglicerol o inositol trifosfato, Ca?*, entre
otras, los cuales funcionalmente desencadenan reacciones fisioldgicas especificas
(Neer, 1994).

1.3.2.3 Regulacion de la actividad de las proteinas G

El grado de actividad de las proteinas G es regulado por las tasas de intercambio
de GDP por GTP en la subunidad Ga y a su vez por la velocidad de hidrélisis del
GTP a GDP. EIl primer proceso es catalizado por enzimas llamadas factores de
intercambio de nucle6tidos de guanina (GEF, por sus siglas en inglés, Guanine
Exchange Factors). Asi mismo, se ha propuesto que los mismos receptores
GPCRs pueden tener actividad GEF (Kahn, 2014), esto cuando ocurre la unién

del ligando y la activacion correspondiente del receptor.

Sin embargo, se ha reportado la existencia de proteinas tipo GEF que no son
receptores GPCR. Tal es el caso de RIC8 en el ascomiceto Neurospora crassa.
Mutantes carentes de este gen, muestran una disminucion drastica de los niveles
de proteina de las subunidades GNA1-3 (Ga) y GNB-1 (GB) y de la adenilato
ciclasa CR-1 en comparacion con la cepa silvestre. De igual manera, en la
mutante carente de RIC8 se reportaron afectaciones fenotipicas asociadas con
bajos niveles de AMPc como fueron una disminucién en el crecimiento vegetativo,

desarrollo sexual y asexual (Wright et al., 2011).

La hidrolisis del GTP unido a las subunidades Ga de las proteinas G se regula por
una familia de proteinas denominadas proteinas activadoras de GTPasa (GAP,
por sus siglas en inglés, GTPase-Activating Protein). Un ejemplo de lo anterior en
un modelo fungico es el caso de la enzima Sst2 de S. cerevisiae la cual se une a

la forma activa (Ga-GTP) de Gpalp, la cual es una subunidad Ga, dicha unién
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regula negativamente la sefalizacion al favorecer la inactivacion de la subunidad
Ga (Ga-GDP) (Dohlman et al., 1996). Con lo anterior, se demuestra la importancia
funcional de las proteinas GEFs y GAPs las cuales son reguladoras de la
sefializacion por proteinas G y se denominan por sus siglas en inglés RGSs .

1.3.2.4 Mecanismos no canéOnicos de asociacion de las proteinas G

heterotriméricas en hongos

Se ha reportado recientemente que las proteinas G heterotriméricas pueden
realizar funciones no canonicas, debido a la interaccidn con nuevos efectores,
activacion independientemente de receptores y la localizacion celular diferente a

la membrana plasmética.

La deteccion de glucosa en la levadura Saccharomyces cerevisiae es un
mecanismo no canénico de actividad de las PGH, Esto porque se ha demostrado
la participacion del receptor Gprl y la subunidad Ga, Gpa2p, mientras que no ha
sido comprobada la participacién de las subunidades Ste4p (GB) ni Stel8p (Gy)
presentes en este organismo. La evidencia disponible hasta el momento mostré
que la subunidad Gpa2p (Ga) en estas condiciones funciona sin la participaciéon de
las subunidades GB ni Gy. Ademas, se ha demostrado que las subunidades
Gpaz2p y Stedp no interactuan entre si lo cual refuerza la teoria de que no forman

un parte de un heterotrimero (Versele et al., 2001).

En este mismo organismo se ha comprobado de igual manera, que las
subunidades Ga, GB y Gy (Gpa2p, Stedp y Stel8p, respectivamente) pudieran
estar en una configuracion activada a niveles normalmente vistos solo en
presencia de ligando, de manera espontanea en ausencia de receptor, esto
sucede cuando el gen que codifica para el componente Sst2, un elemento RGS
(Siekhaus y Dubrin, 2005) es mutado. Se ha identificado la existencia de proteinas
activadoras de sefalizacion de proteinas G, independientes de receptor AGS (por
sus siglas en inglés: receptor-independent activators of G-protein signaling). Estas
proteinas son capaces de interactuar y activar a la subunidad Ga o al dimero GBy

de manera especifica (Blumer et al., 2005). Un ejemplo de lo anterior la proteina
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AGS1, en mamiferos, incrementa el intercambio de GTP en la subunidades Ga; y
Go, actuando como un GEF, en la ausencia del receptor (Cismowski et al., 1999,

Blumer y Lanier, 2014).

1.4 Funcién de subunidades G fungicas

La primera identificacion de una subunidad GB (Ste4p) fungica se reporté S.

cerevisiae (Whiteway y col., 1989).

A partir de ese momento ha habido mucho interés en el estudio de estas
subunidades G fungicas debido a que son subunidades homélogas a las de
mamifero. Las subunidades G fungicas tienen porcentajes altos de identidad
respecto a las de mamifero, un ejemplo es CPG-1 en Cryphonectria parasitica que
tiene una identidad mayor al 65% en comparacion a GNB1 de humano (Kasahara
y Nuss, 1997).

Ademas, se ha demostrado el papel relevante de las subnidades G fungicas en la

regulacion de la morfologia, reproduccion y virulencia.

Hasta la fecha han sido caracterizadas funcionalmente 19 subunidades Gf
fungicas (Tabla S3), todas ellas pertenecientes al subreino Dikarya, que incluye a
los Phyla Ascomycota y Basidiomycota.

En el ascomiceto fitopatogeno Fusarium verticilloides, el producto del gen gbbl, el
cual codifica para una subunidad G, regula positivamente la sintesis de la
micotoxina fumonisina B y la direccion del crecimiento polarizado en este hongo
(Sagaram y Shim, 2007). En contraste, en Monascus ruber, la subunidad G Mgb1
es un regulador negativo de la produccién de la micotéxina citrinina (Li et al.,
2014).

De manera similar en otro fitopatdgeno filamentoso C. parasitica, la interrupcion de

cpgb-1, cuyo producto es una subunidad G, condujo a una reduccién significativa
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de la pigmentacion, reproduccion asexual y de la capacidad virulenta en contra del

tejido de Castanea sativa (Kasahara y Nuss, 1997).

La verticilosis es una infeccion fungica frecuente en el tomate. Se reporté que la
interrupcion del gen que codifica para la subunidaf G, vgb, en Verticillium dahliae,
condujo a un fenotipo que mostré una reduccion de la virulencia en contra de esta

planta (Tzima et al., 2012).

El género Magnaporthe incluye hongos patégenos de arroz que producen la
enfermedad denominada piriculariosis. Dicha infeccion produce las mayores
pérdidas econdmicas ocasionadas por fitopatbgenos. En Magnaporthe grisea, se
comprobd que MGB1, una subunidad G es un regulador positivo de la virulencia

en conta de plantas de arroz (Nishimura et al., 2003).

Un aspecto importante que regulan positivamente las subunidades GB es la
reproduccion: KlSte4p en Kluyveromyces lactis (Navarro-Olmos et al., 2010),
GPB1 en Cryptococcus neoformans (Wang et al.,, 2000), STE4 en Candida
albicans (Dignard et al., 2008).

En nuestro grupo de trabajo, medimos los niveles de transcrito de los tres genes
que codifican para subunidades G (gpbl, gpb2 y gpb3) durante el dimorfismo de
M. circinelloides . Encontrando que el gen gpbl presenta los mayores niveles de

MRNA durante el crecimiento filamentoso (Valle-Maldonado et al., 2015b).
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2. ANTECEDENTES

Las subunidades G fungicas son parte del heterotrimero que componen a las
proteinas G heterotriméricas y son elementos importantes en la transduccion de
sefales al regular el crecimiento, la reproduccion y de la capacidad virulenta en
estos organismos (Tzima et al.,, 2012). Mucor circinelloides es un patégeno
oportunista en humanos y presenta el repertorio mas grande de proteinas G
heterotriméricas en el Reino Fungi (Valle-Maldonado et al., 2015b). Es un hongo
dimérfico, que presenta mayor virulencia en su crecimiento filamentoso (Lee et al.,
2013). Los niveles de transcrito del gen gpb1l, el cual codifica para una subunidad
GpB son significativamente mayores en dicha morfologia, respecto a los otros dos

genes que codifican a subunidades G, gpb2 y gpb3 presentes en este mucoral.

Los participantes moleculares en el crecimiento filamentoso y la regulacion de la

virulencia en M. circinelloides se conocen parcialmente.

3. JUSTIFICACION

En hongos se ha descrito la participacion de subunidades GB de proteinas G

heterotriméricas en la regulacion de la virulencia.

M. circinelloides es un hongo dimdfirco el cual ha sido reportado como patégeno
oportunista de humanos, siendo relevante en los afos recientes debido al
incremento en su incidencia. En este organismo, el gen que codifica para la
subunidad Gpbl de proteinas G heterotriméricas presenta el mayor nivel de
transcrito en micelio, el cual es la morfologia virulenta, respecto a los demas
genes que codifican para proteinas G heterotriméricas. La evaluacion funcional de
la subunidad Gpbl permitira demostrar su participacion en la virulencia de este

organismo.
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4. HIPOTESIS

La subunidad Gpbl de proteinas G heterotriméricas regula la ruta PKA y controla
positivamente la virulencia del hongo M. circinelloides a través del desarrollo

micelial.

5. OBJETIVOS

5.1 Objetivo General

Dilucidar la funcién de la subunidad Gpbl de proteinas G heterotriméricas en la

ruta PKA y en la virulencia de M. circinelloides asociada al desarrollo micelial.

5.2 Objetivos Particulares
A) Determinar la participacion de la subunidad Gpbl en el dimorfismo de M.
circinelloides.
B) Evaluar la regulacion de la virulencia de M. circinelloides por parte de la
subunidad Gpb1l.
C) Analizar la participacion del producto del gen gpbl en la regulacion del

crecimiento micelial a través de la via PKA.
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6. METODOLOGIA EXPERIMENTAL GENERAL

Objetivo 1

Interrumpir el gen gpbl mediante
recombinacion homodloga en
M. circinelloides MU402

Evaluar fenotipicamente el dimorfismo
— de la cepa Agpb1 de M. circinelloides

A J

Obtener esporas de Agpb1

Objetivo 3

Objetivo 2

'

i

Evaluar la sobreexpresion
de pkaR1 en Agpbl
\ J

|Crecimiento micelial y virulencia

Evaluacion de los niveles de
cAMP y la actividad de PKA
en las cepas Agpbl, ApkaR1,
Agpbl+pkaR1, MUG36

Inocular esporas en Mus musculus

h A

h A

Evaluar la supervivencia
de M. musculus

Evaluar los niveles de RNAmM de
marcadores de inflamacidn en
M. musculus mediante RT-qPCR

Evaluar los niveles de
carga fungica en
M. musculus mediante
qPCR
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7. MATERIALES Y METODOS

8. RESULTADOS

Las dos secciones (7 MATERIALES Y METODOS, y 8 RESULTADOS) de la

presente tesis, se presentan siguiente en el manuscrito:

Valle-Maldonado, M.l., Patifio-Medina, J.A., Pérez-Arques, C., Reyes-Mares, N.Y.,
Jacome-Galarza, I.E., Ortiz-Alvarado, R., Vellanki, S., Ramirez-Diaz, M.Il., Lee,
S.C., Garre, V., Meza-Carmen V. 2020. The heterotrimeric G-protein beta subunit
Gpbl controls hyphal growth under low oxygen conditions through the protein
kinase A pathway and is essential for virulence in the fungus Mucor circinelloides.
Cell Microbiol 19: e13236
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Abstract

Mucor circinelloides, a dimorphic opportunistic pathogen, expresses three hetero-
trimeric G-protein beta subunits (Gpb1, Gpb2 and Gpb3). The Gpb1-encoding gene is
up-regulated during mycelial growth compared with that in the spore or yeast stage.
gpb1 deletion mutation analysis revealed its relevance for an adequate development
during the dimorphic transition and for hyphal growth under low oxygen concentra-
tions. Infection assays in mice indicated a phenotype with considerably reduced viru-
lence and tissue invasiveness in the deletion mutants (Agpb1) and decreased host
inflammatory response. This finding could be attributed to the reduced filamentous
growth in animal tissues compared with that of the wild-type strain. Mutation in a reg-
ulatory subunit of cAMP-dependent protein kinase A (PKA) subunit (PkaR1) resulted
in similar phenotypes to Agpbl. The defects exhibited by the Agpbl strain were
genetically suppressed by pkaR1 overexpression, indicating that the PKA pathway is
controlled by Gpb1l in M. circinelloides. Moreover, during growth under low oxygen
levels, cAMP levels were much higher in the Agpb1 than in the wild-type strain, but
similar to those in the ApkaR1 strain. These findings reveal that M. circinelloides pos-
sesses a signal transduction pathway through which the Gpb1 heterotrimeric G sub-
unit and PkaR1 control mycelial growth in response to low oxygen levels.

KEYWORDS
cAMP, dimarphism, G proteins, hyphae, Mucoral, mucormycosis

source and availability of oxygen are the main factors that lead the

spores to germinate as hyphae or yeast. Hyphae development
Mucor circinelloides is a versatile fungus that displays several morphol- requires oxygen independently of the carbon source; meanwhile

ogies, including hyphae and yeast growth. The presence of a carbon the yeast growth requires an anaerobic atmosphere and fermentable
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carbon source (De la Crur et al, 2007 Libbshisen, Nislsen. &
Mclnbyre, 2003; Orlowski, 1991). The ability ta grow as either yeast
or mycelia has allowed dimaorphic species of Mucor to adapt to diverse
biological emdronments, using fermentative or axidative metabolism
IMorin-Sardin, Nodet, Coton. & lany. 2017 Ordowski, 1991).

Impartantly. this fungus has been used as a model organism
to elucidate the malecular mechanisms of the rare but lethal disease
called mucormycasis (Baldin & Ihrahim, 2017; Laper-Ferndndez
et al, 2I18; Lipez-Mufor et al, 2018; Patifio-Medina et al, 2018).
Certain strains of M. cirdnellgides also hawve the potential for use
in hiotechrological processes such as biodiesel production and
the biocontral of animal-parasitic nematodes (Khan et al, 201%;
Maorin-Sardin et al.. 2017, Rodrigues Reis et al. 2019). Additionally,
. circinelloides is a mode! Mucorales fungus with robust tools for
genetic manipulatian {Nagy et al. 2017; Nicalas et al., 2018; Trieu
et al.. 2017: Vellanki et al.. 2018). This fungus has been studied as a
model system for the understanding of cellular processes including
dimarphism. [LObbehiisen et al., 2003; Valle-Maldonade et al., 2015),
the light perceptian that stimulates carotenogenesis and spore pro-
duction {Corrochana & Garre. 2010 and RNA silencing [Nicolas &
Garre, 2014).

In several fungi, such as Candida albicans and Aspergifius
fumigatus. hyphal growth is critical for mycelial development and an
adequate invasion of their biclogical miche (Brand. 2012) Hyphal
growth invalees an apical extension of new cells that are nrganised in
the hyphal tip, which is responsible for sensing environmental condi-
tions (Brand & Gowe. 2009)

Several reports indicate that mycelial growth in M. dreineffaides is
invalved in its virdlence. A mutation in the cnBR gene, which encodes a
regulatory subunit of caldneurin, leads ta monamorphic yeast marphof-
ogy even in the presence of axygen, The AabR mutant is kess virulent
than the wild type [WT) strain (Lee Li. Calo. & Heltman, 2013). Interest-
ingly. the miutation in adh?, which encndes an alcohol delydrogenass,
led to mycelial monamorphic growth {Rangsl-Parras &t al., 2019), with
an exacerbated vitulent phenotype that was explained by higher levels
of secreted acetaldebyde (Diaz-Pérez et al.. 2020) These results suggest
that mycelial grawth in M. drcinetisides is critical for the development of
a fully virulent phenotype.

The heteratrimeric G-protein signalling pathway is omnipresent
among eukaryatic arganisms. and it is responsible for regulating spe-
cific respanses to o myriad of signals involved in growth, differentia-
tion, virulence. sto. (L. Wright, Krystofova, Park, & Borkovich, 2007).
Heterotrimeric G-proteins are signal transducers, which are canoni-
cally attached to the G-protein coupled receptor, They are composed
of 2 GTPase Gu suburit coupled to a dimer (G [Li et al, 2007).
These proteins are involved in the regulation of fungal hyphae growth
ILin, Alspaugh, Liu. & Harris. 2015). In Saccharomyces cerevisioe grown
urder limited ritrogen with normal glucase conditions. the glucose
receptor Gprl increases cAMP through Gpa2 (a Ga subunit} by acti-
vating adenyiyl cyrlase, which regulates the pseudohyphal differentia-
tion event [Fan, Harashima, & Heitman, XXX Moreover, byphal
grawth is involved in the pathogenesis of some fung; for example,

the heteratrimeric G subunit (Gphl) is needed in Fusarium axvsporum

far yphal growth and to cause infection in the plant host [Delgado-
Jarana, Martinez-Rocha, Roldin-Rodripuez. Rancero. & DO Pietro,
2005). Several effectors downstream of the heterotrimeric subunits
transduce the signalling, ion channels. phasphodiesterases  and
adenylyl cyclases, among others, tn produce the hyphal physiological
respanse [Li et al.. 2007).

The addition of cAMP to cultures of diverse dimarphic species of
Mucar stimulates yeast growth, even in aerobic conditions (Kubo &
Mihara 2007, Crlowski. 1991). Accordingly, it has been reported that
in M. circinelloides, intracellular cAMP accumutation is higher in yeast
compared to hyphal growth (Vellarki et al.. 20200, In eukaryotes. it
has been reparted that cAMP activates the protein kinase A [PKA)
pathway by hinding to the regulatory subunit [PkaR) that leads fn its
dissociation fram the catalytic subunit [PkaC), which activates several
trarscription factars that control the final morphalogeal fate of the
cell [Choi. Jung. & Kronstad, 2015) The fungal PKA pathway is
involved in several functions, incliding asexual sporulation, nutrient
sensing, growth and wirulence [Demuyser, Wan Genechten, Mizuno,
Colombo, & Van Dijck, 2018; Fuller & Rhodes, 212; Kozubaowski,
Lee. & Heitman. 2007; Liu et al.. 2018).

In M. cirdnefinides, the mRENA levels from pkaR1. which encode
the regulatory subunit of protein kinase A, are higher during mycelial
erowth compared with spore ar yeast cells {Qcampa et al. 2009;
Yalle-Maldonado et al., 20151 pkaR1 mRNA levels are also elevated
after shifting from anaerabic yeast growth ta aerobic filamentous
growth [Dcampo et al, 2009). Additionally. PkaR1-encoding gene
averexpression stimulates hyperbranching in M. ciranellaides [Walff.
Appel. Petersen, Poulsen. & Arnau, 2002). Mutation in pkaR1 causes
reduction of the hyphal length compared with that of the WT during
the yeast -to-hyphae transition {Ccampo et al., 2009}

We previously described in M. drcineflaides the most extensive
repertaire of heterotrimeric G proteins in the fungal kingdom: 12 Ga.
three G, and three Gy subunits (Walle-Maldonado, lacome-Galarza,
Diaz-Pérez, et al., 2015). Accordingly, it has been proposed a whole-
zenome duplication in Mucaromycotina fungi that could explain the
increased number of genes that encode signal transduction proteins
Carrochana et al., 20148). Phndngenetic analysis revealed the existence
of four phdogenetic groups {14V far fungal G subunits. The three
Gp subunits {Gpbl, GpbZ and Gpb3) encoded in the genome of
M. circineflaides belong to group (1l which is composed of subunits
from Mucnorales exclusively Valle-Maldonada, Jarome-Galarza, Diar-
Pérer, et al.. 2015). It is notewarthy that group |l is the only fungal
G group with no members that have been functionally characterised
ta date. Among all Gji subunits. the expression of gpbl is highly
elevated during mycelial growth campared to spore or yeast grawth,
suggesting the importance of Gphl during hyphal growth in
M. dircinetfoides Walle-Maldonado, Jacome-Galarza, Diaz-Pérez, &t al,
2015). Based on this infarmation. we speculate that Gpb1 positively
contrals mycelial growth.

In this waork, we provide evidence that the Gpbl gene is 4 positive
regulator of dimorphic transitions, virulence and filamentous g owth
under law oxyeen levels by controlling cAMP levels through the PKA
pathway in M. droinefaides. This is. to our knowledge. the first report
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of the functional characterisation of a Gjj subunit from a non-Dikarya

fungus.
2 | RESULTS
21 | Gpblisexpressed preferentially during

myecelial growth

Our group previously quantified the mRNA levels of the 18 hetero-
trimeric G-protein-encoding genes in spores, yeast or mycelia in the
R7B strain of M. circinelloides through reverse transcription quantita-
tive polymerase chain reaction (RT-gPCR) using the ACt method.
Some genes had morphology-dependent expression patterns, such as
gpall and gpal2, which are highly expressed in the spore morphology
(Valle-Maldonado, Jacome-Galarza, Diaz-Pérez, et al,, 2015). By re-
analysing the raw data (Valle-Maldonado, Jacome-Galarza, Diaz-Pérez,
et al., 2015) with a AACt approach, we found that among all 18 het-
erotrimeric G subunit-encoding genes, the gpb1 gene was expressed
highly (approximately 7-fold) in mycelia compared to spore or yeast
growth (Figure S1). We consistently made similar observations here in
MU402, a strain derived from R7B that was used as a recipient strain
in transformation experiments, which showed higher mRMNA levels of
Gpbl among the three Gjj subunit-encoding genes during mycelial
growth compared with spores or yeast stages (Figure 1). This suggests

Relative
expression to spores

5 & 4
gpb1

5 & 4
gpb2

5 & 4
gpb3

FIGURE 1 Transcript levels of heterotrimeric Gji-encoding genes
in spores, mycelia and yeast from the MU402 strain of

M. circinelloides. Total RNA was isolated from spores (5), mycelia

(M) or yeast (Y) from M. circinelloides strain MU402, These vegetative
growths were obtained after spores were incubated for 6 hrin YPG
medium, aerobically or anaerobically. A delta-delta Ct analysis (AACt)
was carried out for three Gf (gpb1-3) encoding genes. Bars represent
relative gene transcripts for each gene during vegetative growth
(mycelium or yeast) compared to the spore stage. The data are
represented as the average from three independent biological
replicates, * correspond to standard error (SE). Significance testing
was performed using ANOVA with Fisher's exact test for each gene
independently. For each G beta subunit-encoding gene, the different
letters above the bars denote statistically significance; values with
identical letter were not considered significantly different (p < .05)

that Gpb1 may have an important role in hyphal development or
filamentation in M. dircinelloides.

2.2 | Gpblisinvolved in the dimorphic transition
development of M. circinelloides

The high expression of the gpbl gene during mycelial growth
(Figure 1), suggest that Gpb1 could have a function during aerobic
growth. Therefore, to study the roles of the gpb1 gene in develop-
ment, we generated deletion mutants (Figure S2). The homologous
recombination event in the gpb1 locus was verified by PCR, Southern
blot and RT-gPCR (Figure 52). Three independent clone Agpbl
mutants (leuA~, pyrG') were selected for further characterisation; the
phenotypes displayed by these mutants were similar across all of the
experiments. We employed the MU636 (leuA™, pyrG') strain as a wild-
type (WT) control, with exception of the virulence rate similar pheno-
types were also observed with the MU402 strain.

Spore germination analyses in liguid or on solid media revealed no
significant differences in aerobic germination rate, morphology, biomass
or radial growth between the Agpb1 and WT strains (Figure S4).

Despite both Agpb1 and WT strains exhibit the yeast phenotype
in anaercbic conditions (Figure 2a), Agpbl mutants developed into
yeast slightly faster, and produced 14% more biomass than the WT
strain (Figure 2b, c). The quantification of adhl transcript in yeast
cells from 6 hr, revealed a moderate (32.86%), yet significant increase
in mRNA leveks in Agpbl compared with the WT strain (Figure 2d).
adhl1 encodes an alcohol dehydrogenase | that its transcript accumu-
lates mainly in yeast compared with mycelium or spores cells (Valle-
Maldonado, Jacome-Galarza, Diaz-Pérez, et al., 2015).

Based on these results, we hypothesised that Gpbl participates
partially as a regulator of yeast development under anaerobic condi-
tion in this fungus.

In order to desaribe the morphological phenotype of this Agpbl
strain in more detail, we characterised the dimorphic transitions. Indeed,
the yeast-to-hyphae transition in Agpbl resulted in a shorter hyphae
compared with that of the WT strain at 2 and 4 hr (Figure 3a, b). More-
over, Agpb1 grown in YPG medium showed a significant delay (approxi-
mately 50%) in the development of hyphae at 1 and 2 hr after the
transition compared to the WT strain (Figure 3c)), although, in YNB
medium, this delay in the hyphal growth was not present (Figure S5a).
Previously, we had described pkaR1, which encodes a protein kinase
regulatory subunit, as molecular marker whose transcripts accumulate
more mycelial growth in M. circinelloides (Valle-Maldonado, Jacome-
Galarza, Diaz-Pérez, et al., 2015). The mRNA guantification in the
yeast-to-hyphae transition of adh1 and pkaR1 showed that the Agpb1
strain had a modest but significant increase of expression of adh1 and
significantly decreased transcript levels of pkaR1 compared to the WT
strain (Figure 3d, e).

Additionally, in the hyphae-to-yeast transition, Agpbl showed
more vyeast cells than the WT strain (Figure 4a, b, Figure S5b).
The mRNA quantification in the hyphae-to-yeast transition of adhl
and pkaR1, showed similar results as the yeast-to hyphae transition
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Effect of gpb1 mutation on anaerobic growth of M. circinelloides. (a) Cellular morphology. Microphotographs taken by light

microscopy (40x) reveal the morphology of yeast cells of the Agpb1 and MU&36 strains grown anaerobically for 10 hr in liquid YPG. Scale

bar = 20 pm. (b) Cellular germination in YPG medium. The Agpb1 and MU636 strains were grown anaerobically in liquid rich YPG medium and
yeast cells were counted hourly. (c) Biomass production. Biomass accumulation in the indicated strains in aerobic cultures in rich YPG medium.
(d) Transcript levels of adh1. Relative mRNA levels of the adh1 (were determined for Agpb1 and MU636 yeasts that had been incubated
anaerobically for 6 hr in YPG. The data are represented as the average from three independent biological replicates, + correspond to standard
error (SE). Significance testing was performed using ANOVA with Fisher's exact test. For each condition, asterisks denote statistical

significance, (p < .05)

(Figure 4c, d). Together, the data suggest that Gpb1 might be required
for maintenance of filamentous growth during dimorphic transitions.

23 | Gpbl and PkaR1 are likely in the same
signalling pathway controlling the dimorphic
transitions of M. circinelloides

The phenotype of the Agpb1 mutant that produced shorter hyphae dur-
ing the yeast-to-hyphae transition i similar to that of the ApkaR1
(Ocampo et al., 2009). In fact, both strains showed similar morphologies

during yeast-to-hyphae and hyphae-to-yeast transitions (Figure 5a),

suggesting that Gpb1 and PkaR1 could be involved in the same signal-
ling pathway.

To examine if PkaR1 is downstream of Gpbl in M. circinelloides,
we expressed the WT allele of pkaR1 in Agpb1 by targeted integration
of pkaR1 under the strong promoter pZRT in the carRP locus. The
phenotype shown by the Agpbl strain overexpressing pkaR1 was
similar to the WT strain during morphological transitions (yeast-to-
hyphae or hyphae-to-yeast) (Figure 5a), suggesting that the over-
expression of pkaR1 suppresses the phenotype of the Agpb1 strain.

To examine that the morphological observations in Figure 5a are
congruent with the expression of molecular markers, the mRNA levels
of pkaR1 and adh1 were quantified after the yeast-to-hyphae transi-
tion (Figure 5b, ¢). We found that Agpb1 cells, after the shift to hyphal

growth, contain lower transcript of pkaR1 and higher adhl mRNA
levels compared with the WT (Figure 5b, c). Interestingly, the pkaR1
mRNA levels in the Agpb1 + pkaR1 strain were similar to those mRNA
levels from the WT strain during this transition (Figure 5b).

The mRNA levels of adh1 accumulated more in ApkaR1 compared
with those of the WT strain after the yeast-to-hyphal transition
(Figure 5c). Interestingly, the complementation with gpb1 or the over-
expression with pkaR1 in the Agpb1 strain restored the mRNA levels
of adhl, compared with the those of WT after the yeast-to-hyphae
transition (Figure 5c).

After the hyphae-to-yeast transition, the pkaR1 and adhl mRNA
levels were lower and higher, respectively, in the Agpb1 strain compared
with those of the WT (Figure 5d, €). Interestingly, ApkaR1 contained
adhl mRNA levels similar to those of Agpbl (Figure 5e), and pkaR1
overexpression in the Agpb1 strain restored the mRNA levels of adhl in
this transition to levels similar to those of the WT strain (Figure 5d, e).

Moreover, the direct observation of the cellular morphologies
(Figure 5a) revealed a delay of formation of hyphae during the yeast-to-
hyphae transition for both mutants Agpbl and ApkaR1 (29.3-31.0%)
compared with wild type, Agpb1 + gpbl or the Agpbl + pkaR1 strains
that showed 74.33-76.77% of hyphal cells in transition (Table 52). In
the case of the hyphae-to-yeast transition, we found that the Agpbl
and ApkaR1 were more prone to develop yeast cells (86.3-90.0%)
compared with the wild type, Agpbl + gpbl or the Agpbl + pkaR1
strains that showed 42.67-45.67% (Table 52). These momphological
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FIGURE 3 Effect of gpb1 mutation on yeast-to-hyphae transition in M. circinelloides. {a) Cellular morphology. Agpb1 and MU636 spores were
incubated anaerobically in medium for 10 hr, then the resulting yeast cells were washed and transferred to fresh YPG or YNB media
supplemented with leucine and uridine and grown aerobically to promote the yeast-to-hyphae transition. Microphotographs taken by light
microscopy (40x) reveal morphology in liquid YPG and YNB at 2 and 4 hr of aerobic growth for the Agpb1 and MU&36 strains. Scale bar = 20 pm.
(b) Length of hyphae. Length of hyphae from Agpb1 and MU636 after the yeast-to-hyphae transition was determined for YPG and YNB media
supplemented with leucine and uridine at 2 and 4 hr under aerobic conditions. (c) Hyphae cell determination. The percentage of hyphae cells was
determined in YPG medium hourly for Agpb1 and MU&36 after the yeast-to-hyphae transition was induced. Hyphae cell was considered
independently of the number or length of the hyphae per mother cell. Relative mRNA levels of the adhl (d) and pkaR1 (e) genes were determined
for Agpb1 and MU636 yeasts that had been incubated anaerobically for 10 hr in YPG (1) and cells under the yeast-to-hyphae transition, in YPG
(2) or YNB (3) at 2 and 4 hr of aerobic growth, ACt analysis was performed to compare mRNA and gene expression levels between samples. The
data are represented as the average from three independent biological replicates, + correspond to standard error (SE). Significance testing was
performed using ANOVA with Fisher's exact test. For each condition, the different letters or the presence of asterisks above the bars or on the
lanes denote statistical significance. Values with identical letter were not considered significantly different (p < .05)

phenotypes correlate with the mRNA levels of pkaR1 and adhl during All these data indicate that PkaR1 is downstream of the Gpbl
dimorphic transitions; these genes are the molecular markers of fila- subunit in the signalling pathway, and the deletion of either gpb1
mentous and yeast growth respectively (Figure S5b-e). or pkaR1 led to phenotypes that are less prone to maintain or
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FIGURE 4  Effect of gpb1 mutation on hyphae-to-yeast transition in M. circinelloides. (a) Cellular morphology. Agpb1 and MU636 spores were
incubated aerobically in YPG medium for 5 hr, then the resulting hyphae cells were washed and transferred to fresh YPG or YNB media and
grown anaerobically to promote the hyphae-to-yeast transition. Microphotographs taken by light microscopy (40x) revealed morphology in liquid
YPG and YNB at 6 and 7 hr of anaerobic growth, respectively, for Agpb1 and MU636 strains. Scale bar = 20 pm. (b) Yeast cell determination. The
percentage of yeast cells was determined hourly for Agpb1 and MU&36 after the hyphae-to-yeast transition was induced. Relative mRNA levels
of the adh1 (c) and pkaR1 (d) genes were determined for Agpb1 and MU636 germlings that had been incubated for 5 hr aerobically in YPG (1) and
cells under the hyphae-to-yeast transition, in YPG (2) and YNB (3) at é and 7 hr of anaerobic growth. ACt analysis was performed to compare
mRNA and gene expression levels between samples. The data are represented as the average from three independent biological replicates,
correspond to standard error (SE). Significance testing was performed using ANOVA with Fisher's exact test. For each condition, the different
letters or the presence of asterisks above the bars or on the lanes denote statistical significance; values with identical letter were not considered

significantly different (p < .05)

generate hyphae development after dimorphic transitions compared the WT. To test this hypothesis, we used diabetic murine host system

with the WT. that has been previously employed to test virulence (Patino-Medina
et al., 2018; Patifio-Medina et al., 2019).

In the diabetic mouse host model, both Agpb1 and ApkaR1 strains

24 | The gpbl gene is required for virulence exhibited a significantly attenuated virulence compared with the WT

of M. circinelloides strain; showing ApkaR1 a more virulent phenotype than the Agpbl

strain (Figure 6a). We measured the fungal load in mouse tissue using

Since the Agpbl strain is less prone to produce hyphae compared tfc-1 to indirectly determine the degree of invasion of the fungus, as

with the WT after dimorphic transitions (Figures 3 and 4), and the fila- previously reported (Patifo-Medina, Vargas-Tejeda, et al., 2019). The

mentous morphology is associated with a more virulent phenotype livers infected with Agpbl spores showed lower levels of the tfc-1

compared with the yeast morphology (Lee et al., 2013), we hypo- fungal gene marker during gPCR compared with the levels from

thesised that the Agpbl strain would be less virulent compared with tissues infected with the WT (Figure 6b). Similarly, the ApkaR1-
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FIGURE 5 Genetic suppression of gpb1 deletion in the dimorphic transitions by pkaR1 overexpression in M. circinelloides. (a) Morphological
yeast-to-hyphae or hyphae-to-yeast transitions were evaluated for the MU636, Agpb1, ApkaR1, Agpb + gpb1 and Agpb1 + pkaR1 strains in

M. circinelloides in YPG medium, following the methodology described previously. Microphotographs taken by light microscopy (40x) reveal the
morphology of the mentioned strains. Scale bar = 20 pm. Total RNA was isolated from cells harvested at 2 hr during the yeast-to-hyphae
transition (b, ¢} or at 6 hr during the hyphae-to-yeast (d, ) transition. The transcript levels of the pkaR1 (b, d) and adh1 (c, e) genes were
determined by reverse transcription quantitative polymerase chain reaction (RT-gPCR); these genes are validated molecular markers associated
with, respectively, mycelia and yeast morphologies in M. dircinellvides. The ACt expression analysis employed the tfc-1 gene as a normaliser. The
data are represented as the average from three independent biological replicates,  correspond to standard error (SE). Significance testing was
performed using ANOVA with Fisher's exact test. For each condition, the different letters above the bars denote statistical significance; values

with identical letter were not considered significantly different (p < .05)

inoculated groups showed higher levels of tfc-1 compared with the
Agpb1 groups, but lower levels compared with those injected with the
WT strain (Figure éb). Furthermore, the restored Agpb1 + gpb1 or the
overexpressing Agpbl + pkaR1 strains resulted in similar liver fungal
loads compared with those of the WT strain (Figure 6b). Lower levels
of mRNA of the cellular stress marker BIP and the inflammation
markers IL-6, IL-1f and TNF-a were found in the liver tissue that was
infected with Agpbl spores compared with those of the WT strain,

the restored Agpbl +gpbl and the overexpressing Agpb1 + pkaR1
strains (Figures 6¢—f). These data indicate that Gpb1 and PkaR1 are
required for tissue invasion, as well as cellular damage and inflamma-
tory response in the hosts.

In order to determine whether the less virulent character of the
Agpb1 strain could be a result of a higher sensitivity to phagocytosis
by macrophage, we grew the spores in the presence of the oxidant
stressor hydrogen peroxide (H;Oz). We found that the spores from
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FIGURE 6 Genetic suppression of gpbl deletion by pkaR1 overexpression in virulence regulation in M. circinelloides. (a) Spores (2 x 107) from
the MU6&36, Agpb1, ApkaR1, Agpb1 + gpb1 and Agpb1 + pkaR1 strains were intraperitoneally injected into streptozotocin-induced diabetic mice
and survival was monitored daily for a week. (b) Fungal burden in the mice was determined by quantitative polymerase chain reaction (gPCR)
using the tfc-1 gene from M. circinelloides and i-actin from Mus musculus 15 days post-infection. A ACt analysis was performed to compare the
relative abundance of the fungal DNA compared with that of the murine DNA. The mRNA levels of inflammation markers BIP (c), IL-6 (d), TNF-a
(e), and IL-1§ (f) were determined by reverse transcription quantitative polymerase chain reaction (RT-gPCR) from mouse livers infected with the
corresponding spores 15 days post-infection. The data are represented as the average from three independent biological replicates, + correspond
to standard error (SE). Significance testing was performed using ANOVA with Fisher's exact test. The different letters above the bars or on the
lanes denote statistical significance; values with identical letter were not considered significantly different (p< .05)

the Agpbl and ApkaR1 strains showed lower colony survival com- that the WT, Agpbl +gpbl and Agpbl + pkaR1 strains displayed
pared with the WT, Agpbl + gpbl and the Agpbl +pkaR1 strains apparently an increase in the hyphal growth compared to the Agpbl
(Figure 7a). After 6 hr of co-cultures with macrophages, we observed and ApkaR1 strains (Figure 7b).
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ApkaR1, Agpb1 + gpb1 and Agpb1 + pkaR1 strains were incubated with or without 4 mM H,0, at 28°C. (a) Survival was calculated after 24 hr of
growth by dividing the number of colonies in treated samples by the number of colonies in untreated samples. (b) Macrophages were seeded at
8 x 10° cells/well in DMEM basal medium and cocultured with 2 x 10° spores from M. circinelloides for é hr. Germination of spores interacting
with macrophages was observed under direct observation by light microscopy (40x). Scale bar = 20 um. Arrows indicate hyphae germination.

(c) pkaR1 mRNA levels were quantified by reverse transcription quantitative polymerase chain reaction (RT-gPCR) at 6 hr after initiation of spore
and macrophage interactions. ACt analysis was performed to compare mRNA and gene expression levels between samples. (d) Quantitation of
CFUs from spores after é hr of incubation with mouse macrophages. The CFUs from the control correspond to the spores in DMEM basal
medium without macrophage confrontation. Figures show the average and SD of three independent experiments, + correspond to standard error
(SE). Significance testing was performed using ANOVA with Fisher's exact test. The different letters above the bars indicate statistical
significance; values with identical letter were not considered significantly different (p < .05)

In order to quantify the hyphal growth, we used and indirect
approach based on the quantitation of the mRNA levels of pkaR1,
which is a validated molecular marker of hyphal development in
M. circinelloides (Diaz-Pérez et al, 2020; Patifo-Medina, Vargas-
Tejeda, et al., 2019; Valle-Maldonado, Jicome-Galarza, Gutiérrez-
Corona, et al., 2015). The results showed that the WT, Agpb1 + gpb1
and Agpb1 + pkaR1 strains contain higher levels of mRNA of pkaR1,
compared with the Agpb1 and ApkaR1 strains (Figure 7c), correlating
with lower hyphal development in either the Agpb1 or ApkaR1 strains.
Additionally, we quantified the CFUs produced from spores that
survived the digestion by the macrophage after 6 hr of interaction.
Spores from the WT, Agpb1 +gpb1 and Agpb1 + pkaR1 strains pro-
duced significantly more CFUs (290.3-310.3%) after the macrophage

interaction than the Agpbl and ApkaR1 strains (Figure 7d). These
results indicate that the spores from the Agpb1 and ApkaR1 strains
mutant strains are more susceptible to be digested by the macro-
phages than the spores from the WT, Agpbl + gpb1 and Agpbl +
pkaR1 strains. All these results suggest that Gpb1 and PkaR1 are posi-
tive regulators of virulence in M. circinelloides in diabetic mice.

2.5 | The G beta subunit gpb1 controls hyphal
growth under lower oxygen in M. circinelloides

We observed that the Agpb1 strain is more prone to generate or
maintain the yeast morphology compared with the WT during both
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dimarphic transitions {Figures 3 and 4). Growth under restricted
oxygen levels has been reported to regulate morphogenesis in ather
dimarphic fungal pathogens such as C. albicans (Setiadi, Doedt,
Cottier, Moffz, & Ernst, 20046). Moreover, oxygen levels in the petita-
rneal cavity and intestina! tissues are around 53-7.6% [Carreau
et al., 2011; Ortiz-Prado et al., 2017; Renvall & Niinikoski, 1980), con-
sidering that the spore inoculation of M. circinelloides spores was per-
formed in this murine anatomical area, it is possible that similar
oxyeen levels could be present during the infection. Based on this
information, we hypaothesised that the Agpbi strain would generate
maore yeast cells under lower oxygen conditions compared with the
WT. In order ta determine the effect of low meygen levels, we induced
hyphal merphology under constant shaking at 140 rpm., which leads
to 14.4 + 1. 2% dissclved oxygen, cantrary to shaking at 50 rpm.
which leads to 7.3 £ 0.56% dissolved axygen. As shown in Figure 54,
the Agph1 straln showed similar a hyphag germinatian rate as the WT
at 160 r.pm. However, at 50 r.pm., the WT generated BO% hyphae
and 208 yeast cells after 8 hr [Figure 8a), but the Agpbl strain
showed 90% yeast cells and 13% hyphae. The ApkaR? strain showed
B8% yeast cells and 12% hyphae. whereas the Agpbl + gob1 ar the
Agpbl + pkaR1 showed similar percentages of morpholagies as the
WT strain [Figure 8a). The morpholagies found during the growth at
low axygen levels (7.3 £ 0.56%) indicate that deletion of gpb1 or
pkaR1 increased the development of yeast cells compared with the
WT {Figure 8b).

The Agpbl strain grown in low oxygen had lower mRNA levels
of pkaR1 and higher adh1 mRMA levels, campared with the WT and
other strains shown in Figure Be, d Remarkably, the averexpression
of pkaR1 in the Agpbl strain restored the hyphae/yeast prapartion
to that of the WT [Figure 8al and the mRNA levels of adhl. On the
other hand, the mRMNA levels of pkaRl in the Agpb1 + gpbl strain
were simllar to the Agpbl + pkaR] strain and the WT [Figure 8c, d).
The guantification of transcript levels of pkaR1 and adh1 in the livers
of mice infected with the different strains indicates that liver tissue
infected with Agpbl or ApkaR1 contained higher mRNA levels of
adhl, as well as lower levels of mRMNA of pkaR? for Agpb1 {similar to
those levels found in vitro for these mutant strains), compared with
those tissues infected with the WT ar the Agpbl + gpbl strains
[Figure 8e, f).

These results indicate that Gpbl and PkaR1 are positive regula-
tars of filamertous growth of M. circinelloides in low oxveen condi-
tians in vitro, They also likely regulate in vive morphology in tissues
like the peritoneal cavity where the oxygen levels are around 5.3
to 6.7% [Rervall & Miinikoski, 19800 or in the intestinal tissues
with 7.6% dissolved oxygen [Carreau et al, 2011; Ortiz-Prada
et al, 2019).

It is irteresting to note that the mutation of gpb1 did not lead ta
a full defect either during dmorphic transiions [Figures 4 and 5] or
low axygen condition growths [Figure 8a). This could be explaired In
part due M. circinefloides harbours three gpb genes [gpb1-gpb3) and
based on the previous [Valle-Maldanado, Jacome-Galarza, Diaz-Pérez,
et al., 2015) and this new transcription pattern analysis during dimor-
phism in the wild-type R7B and MUAGZ strains might suggest that

gpb2 could have a principal role duing hyphal growth, ard gpb3
might be important for hyphal and yeast development in this fungus
{Figure 1) In order to know if 3 compensatory role could exist for
gpb2 and gpb3 in Agpbl, their mRNA levels were quantified in the
Agpb1 strain. The mutation of gob1 led to the mRNA increase of gpb2
during hyphal (52.78%) or low axygen level cultures {32.01%) respect
to the wild-type strain. Mearwhile, mRMA levels from grb3 were alsa
increased in the Agpbd strain but in lesser sxtend compared with
gpb2 [Figure 56). These results suggest that Gpb2 and/or Gpb3 could
partially compensate the ahsence of Gpbl in M. cicinellides during
these growth conditions, although more experiments are needed o
confirm this suggestion.

Addiiorally, we searched for transcription factars corsensus
motifs in the promoter regians [1 kb upstream of ATG start codaon)
of the gph1, gpb2 and gpb3 genes in M. circinellaides in order to deter-
mine a putative transcription factor that could be invoived In the
hyphal growth of M. circinellaides. We found that only for the pra-
moter region of the gob1 and not the other two grb genes [gpbl and
gpb3), a pukative consensus motif [CATTCTT) for the transcription fac-
tor TEC1p at SO bp upstream of the ATG codon [Figure 573) [Heise
et al., 2010; Hwang, Chamban, & Davidson, 1793). In this extert, it
has been demonstrated in C albicans that TEC transcription factor is
expressed mainly in the hyphal morphaology [Schweizer, Rupp, Tavior,
Réllinghoff. & Schrippel, 20003, Moareover, its disruption showed that
this gene is a positive regulator of hyphal development and virulence
i this fungus [Schweizer ot al., 2000).

Irt arder to determine whether any TEC1p homaologue was pre-
sent in M. cirdnellaides, we used the TEC1p of 5 cerevisiae as a bait
to guery the genome of this arganism {hitps://genome jgi.doe gov/
Mucei2/Mucci2. home btml). At least two TEC1p homolaguses (Tecl
and Tec2, with ID numbers: 84476 and 106,595 respectively) were
found [Flgure S7h). These sequences cantain the characteristic struc-
tural motifs and the TEA/ATSS domain in Tecl {Heise et al., 2010).
In addition, Tecl and Tec2 share 54.6 and 53.12% at sequence iden-
tity within the TEA/ATSS domain when compared with TEC1p of
5. cerevisiae [Pigure 57h). These analyses suggest that the hyphal tran-
scription factor Tecl or/and TecZ in M. circineligides could participate
in the regulation of expression of gpk1 during hyphal growth,

2.6 | The G beta subunit gpbl negatively controls
the cAMP levels in M. circinelioides experiencing low
oxygen levels

The PKA signalling pathway is regulated by cAMP, a secondary mes-
senger, whase productian is modulated by heteratrimeric G-proteins
{Sassone-Corsi, 2017). The yeast morphology of dimarphic Mucor spe-
cies is stimulated by the addition of cAMP [Orlowski, 1991). Our data
indicated that the Agph1 stralnwas more prone to gererate and main-
tain yeast morphology durdng dimorphic transiions or upon growth
under law oxygen levels. These results suggest that Agpb1 could con-
tain higher intracellular cAMP levels compared with the WT. To dem-
onstrate this bypothesis, the intracellular cAMP levels were measured
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FIGURE B Effect of oxygen concentration on the morphology of Agpb1 from M. circinelloides. Spores from the MU636, Agpb1, ApkaR1,

Agpb1 + gpb1 and Agpb1 + pkaR1 strains of M. circinelloides were inoculated onto YPG media and incubated with constant shaking (50 r.p.m.).

(a) Hyphae and yeast abundances were counted at 8 hr. (b) Microphotographs taken by light microscopy (40x) reveal representative cellular
morphology. Scale bar = 20 pm. Total RNA was isolated from cells at 8 hr of incubation and the transcript levels of the pkaR1 (c) or the adh1

(d) genes were determined by RT-gPCR; these genes are validated molecular markers associated with, respectively, mycelia and yeast
morphologies in M. circinelloides. Diabetic-induced BALB/c mice were intraperitoneally inoculated with 20 x 10° spores from the MU636, Agpb1,
ApkaR1, Agpbl + gpb1 or Agpb1 + pkaR1 strains. At day seven, the mice were euthanised. Total RNA was isolated from their livers and mRMNA
levels of pkaR1 (e} or the adh1 (f) genes were determined by RT-qPCR. The ACt expression analysis employed the tfc-1 gene as a normaliser. Bars
represent the mean of three independent assays, and error bars correspond to the standard error (SE). Significance testing was performed using
ANOWVA with Fisher's exact test. The different letters above the bars denote statistical significance; values with identical letter were not
considered significantly different (p < .05)

during low oxygen growth conditions. Our results show that Agpbl
and ApkaR1 contain significantly higher cAMP levels compared to
the Agpbl-restored, Agpbl-overexpressing pkaR1 and WT strains
(Figure 9a). Since high PKA activity has been associated with yeast
development in this fungus (Lee et al, 2013), we evaluated strains

grown in low oxygen levels for PKA activity. Our results showed that
Agpb1 and ApkaR1 display significantly higher PKA activity compared
with the other strains (Figure 9b). These results demonstrate that
Gpb1l positively regulates hyphal growth by controling the PKA
pathway.
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FIGURE? Gpbl isinvolved in the regulation of cAMP levels and
PKA activity in M. circinelloides. Spores from the MU636, Agpb1,
ApkaR1, Agpb1 + gpb1 and Agpb1 + pkaR1 strains from

M. circinelloides were inoculated into YPG media and incubated with
constant shaking (50 r.p.m.} for 8 hr, and intracellular cAMP levels

(a) and PKA activity (b) were detected. The data are represented as
the average from three independent biological replicates, +
correspond to standard error (SE). Significance testing was performed
using ANOVA with Fisher's exact test. The different letters above the
bars indicate statistical significance; values with identical letter were
not considered significantly different (p < .05)

3 | DISCUSSION

This work provides evidence that the key regulator Gpb1l is highly
expressed during mycelial growth and is necessary for hyphal devel-
opment during dimorphic transitions in low oxygen levels, contribut-
ing to M. circinelloides virulence.

Heterotrimeric G-proteins are keystones in the regulation of fun-
gal morphogenesis (Li et al., 2007). In M. circinelloides, twelve Ga, three

Gp and three Gy subunits have been described, giving it the most
extensive repertoire of these subunits in the fungal kingdom currently
reported (Valle-Maldonado, Jacome-Galarza, Diaz-Pérez, et al,, 2015).
To our knowledge, 19 fungal G subunits have been functionally
characterised to date (Table 53). All of these subunits belong to phylo-
genetic groups | (filamentous ascomycetes), Il (basidiomycetes) or IV
(dimorphic or yeast ascomycetes) (Table S3); group Il is composed of
subunits from Mucorales including the three Gp subunits from
M. circinelloides. Notably, none of the subunits in group Ill had been
functionally characterised.

gpb1l mRNA levels are highly elevated during mycelial growth
(Valle-Maldonado, Jacome-Galarza, Diaz-Pérez, et al., 2015) compared
with the rest of the Gfi subunits (Figure 1), suggesting a role of this
gene in the regulation of mycelial morphology. Mycelial growth in
M. circinelloides has been reported to cause virulence (Diaz-Pérez
et al, 2020; Lee et al, 2013). Several factors stimulate mycelial
growth in M. circinelloides: presence of oxygen, non-fermentable
carbon sources and inorganic nitrogen sources (Mclntyre, Breum,
Arnau, & Nielsen, 2002; Orlowski, 1991). Host components may pro-
mote the virulence of this fungus, as blood serum also stimulates
hyphal germination of the spores (Patific-Medina, Vargas-Tejeda,
etal., 2019).

This work demonstrates that the prevalent morphology of
M. circinelloides under low oxygen levels (approximately 7%) is hyphal
(Figure B). Although the deletion of gpb1 did not alter mycelial mor-
phology development during growth at relatively high oxygen concen-
trations (pproximately 14%), during dimorphic transitions or oxygen
limitation in the Agpbl strain clearly increased yeast development
compared with the WT strain. The defect could be critical for infec-
tion and virulence as mycelial development is required and low oxy-
gen levels are prevalent during fungal infection of the tissues (Grahl,
Shepardson, Chung, & Cramer, 2012). Virulence assays using diabetic
mice confirmed that the gpbl gene is required for virulence, where
the Agpb1 strain was not able to invade mouse tissue like the WT or
the Agpb1 + gpb1 restored strains (Figure &). This could be explained
in part because of the more sensitivity to H;O, and the higher propor-
tion of yeast cells formed as a result of Gpb1 loss in a low-oxygen tis-
sue environment. These yeast cells could be more effectively killed by
macrophages (Figure 7) as has been described (Lee et al., 2013). These
results are in accord with the mycelial morphology prevalence in host
tissues infected with M. circinelloides (Dizbay et al, 2009; Khan,
Ahmad, Brazda, & Chandy, 2009).

The data presented here are consistent with other relevant human
pathogenic fungi that have been shown to become filamentous in hyp-
oxic or anoxic in vitro conditions, such as the dimorphic pathogen
C. albicans (Setiadi et al, 2006), the monomorphic filamentous fungi
A. fumigatus (Hall & Denning, 1994) and F. oxysporum (Gunner &
Alexander, 1964). Similarly, it was reported in the entomopathogenic
fungus Isaria fumosorosea that the relative abundance of hyphae
or yeast in an in vitro culture is regulated by oxygen availability
(Jackson, 2012). In concordance, the filamentous growth of the patho-
genic fungi C. albicans is critical for its virulence (Da Silva Dantas
et al., 2016), and this morphology is positively regulated by low oxygen
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levels (Setiadi et al., 2006). Moreover, transcriptome analysis in this
organism when grown under oxygen limitation has shown that hypha-
specific genes were up-regulated compared with growth under higher
oxygen conditions (Setiadi et al., 2006).

Given that Agpb1 showed shorter hyphae during yeast-to-hyphae
transitions (Figure 3), and that a similar phenotype had been already
reported for the ApkaR1 strain (Ocampo et al., 2009), we attempted to
elucidate a possible functional relationship between these two genes.
The ApkaR1 strain showed similar phenotypes compared with Agpb1,
as it was more prone to develop yeast under low oxygen conditions
(Figure 8). It also showed attenuated virulence and fungal invasion
(Figure 6) compared with the WT strain. For fungal heterotrimeric

(a) Low oxygen level conditions

Wl LEY I 130f21

G-proteins, it has been reported that genes that participate in the same
signalling pathway usually displayed similar altered phenotypes when
they were disrupted individually (Landry & Hoffman, 2001; Landry,
Pettit, Apolinario, & Hoffman, 2000; Whiteway et al, 1989; Yang,
Poole, & Borkovich, 2002).

Co-participation of gpb1 and pkaR1 in regulating hyphal growth
under low oxygen levels and virulence was supported by restoring
WT phenotypes following pkaR1 overexpression in the Agpb1 strain
(Figures 8 and 9). The functional relationship between Gpb1 and
PkaR1 might rely on the Gpb1-mediated regulation of adenylyl cyclase
activity, which in turn increases cAMP levels to activate PKA (Choi
et al., 2015). The increased cAMP levels and PKA activities found

Promotes hyphal growth
Increased virulent phenotype
Decreased phagocytosis
Increased tissue invation

C ) ‘o PkaC?
(R{R) PkaR1

Inhibited

—

% — teawer] = AR
— t
PkaC?

Promotes yeast growth
Decreased virulent phenotype

Increased phagocytosis
Decreased invation

ApkaR1 PkaR1

FIGURE 10 Possible models to explain the regulatory role of Gpb1 in M. circinelloides grown under low oxygen growth conditions. The low
oxygen levels during the growth of spores generate unknown signal(s) that maintain hyphal growth in the WT strain. (a) Gpb1 is a putative
regulator of adenylyl cyclase (AC) activity in M. circinelloides under low oxygen conditions. (1) Gpb1 is part of an activated Gpy heterodimer that
intrinsically exerts a direct inhibitory modulation on adenylyl cyclase (Tang & Gilman, 1991). (2) Gpb1 is part of a Gy dimer that antagonistically
binds to the Ga stimulatory (Gas) subunit, inhibiting indirectly the AC activity (Mehrabi et al., 2009). (3) Gpb1 is part of a Gy dimer that binds to
Ga inhibitory (Gai), the unknown signal release the dimer Gy and the Gai that inhibits the AC activity (Chen, Choi, & Nuss, 1996). All of these
scenarios decrease cAMP levels through the inhibition of AC. Lower levels of cAMP do not stimulate the dissociation of the regulatory subunits
(PkaR) from the catalytic subunits (PkaC), which finally promotes hyphal morphology with an increased virulent phenotype. (b) In contrast, the
lack of Gpb1 or PkaR1 through the disruption of either gpb1 or pkaR1 affects cAMP levels and PKA activity. The deletion of gpb1 would not
result in the promotion of formation of the inhibitory Gfiy dimer leading to unrepressed AC or an adequate Gas Gai signalling that modulates the
AC. Accordingly, it has been described that the incorrect formation of the heterotrimer (in this case by the lack of Gpb1) would lead to
impairment of signalling (Landry et al., 2000; Landry & Hoffman, 2001). All these scenarios in the Agpb1 strain would activate AC, increasing
cAMP levels and promoting the activation of the PKA pathway. Moreover, the lack of pkaR1 releases the catalytic subunits (PkaC), activating the
PKA pathway. Lack of Gpb1 or PkaR1 results in increased yeast growth under low oxygen levels and a reduced virulence phenotype
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in both Agpbl and ApkaR1 mutants (Figure 9) might be responsible
for the increased yeast development during growth under low
oxygen conditions (Figure 8), considering that the addition of a cAMP
analogue favoured yeast growth in other Mucor species (Pereyra,
Mizyrycki, & Moreno, 2000; Pereyra, Zaremberg, & Moreno, 1992).

The levels of intracellular cAMP are a result of the combined
effect of adenylyl cyclase-modulated synthesis of cAMP and
phosphodiesterase-dependent degradation of cAMP. In such a con-
text, it has been demonstrated that physical interaction of Rla, a mam-
malian regulatory subunit of the PKA, and RegA, a phosphodiesterase
leads to an increase by several folds of the catalytic activity of the lat-
ter. Thus, it was concluded that Rla, a pkaR1 homologue, is a positive
activator of the phosphodiesterase activity of RegA (Moorthy, Gao, &
Anand, 2011). Although we do not have a clear cut explanation in
M. circinelloides, it might be possible that the deletion of pkaR1 in low
oxygen conditions, leads to the decrease of phosphodiesterase cata-
Iytic activity of a RegA homologue(s) in M. circinelloides contributing
the higher cAMP detected in this strain.

Both cAMP levels and hyphal growth have been reported to be
positively regulated by Gp subunits in other fungi, including
F. oxysporum (Jain, Akiyama, Kan, Ohguchi, & Takata, 2003), Neuros-
pora crassa (Yang et al, 2002) and Mycosphaerella graminicola
(Mehrabi, Barek, Van der Lee, Waalwijk de Wit, & Kema, 2009).
However, in M. circinelloides, it is likely that Gpb1 negatively regulates
the activity of adenylyl cyclase and promotes hyphal growth
under low oxygen conditions. Different scenarios could explain the
Gpb1-dependent regulation of the PKA pathway in M. circinelloides
when grown under low oxygen (Figure 10). We are currently trying to
determine the other subunits (Ga and Gy) of the heterotrimeric pro-
tein that are interacting with Gpbl to control the PKA pathway to
promote hyphal development under low oxygen, and in consequence
regulate the virulence process. Notably, to our understanding, this is
the first report of the functional characterisation of a G subunit in an
early diverging fungus.

4 | CONCLUSIONS

Gpb1 is functionally associated with PkaR1 and up-regulates virulence
and its deletion generates reduced hyphal growth during dimorphic
transitions, as well as reduced hyphal growth under low oxygen levels

TABLE 1  Mucor circinelloides strains used in this study

Strain Genotype

R7B leuA™

MU402 leud™, pyrG~ R7B
MU636 leuA™, pyrG* MU402
Agpbl gpb1, leuA™, pyrG* MU402
ApkaR1 pkaR1~, leuA™, pyrG’ MU402
Agpb1 + gpb1 leuA’, pyrG*, carRP~ Agpb1
Agpb1 + pkaR1 leuA®, pyrG*, carRP™ Agpb1

Parental strain
M. circinelloides f. lusitanicus CBS 277 49

by controlling the cAMP-PKA pathway. Thus, gpb1 deletion mutants
are more prone to develop yeast cells, which are correlated with a
non-virulent, less invasive phenotype that results in decreased cellular
damage and inflammation in mouse tissue. This study demonstrates
the participation of Gpb1 and PkaR1 in the regulation of the yeast-
hyphae fate of M. circinelloides that could contribute to controlling the
infection event.

5 | EXPERIMENTAL PROCEDURES

5.1 | Fungal strain and growth media

The M. circinelloides f. lusitanicus MU402 strain (lewA ™, pyrG~) (Nicolas,
De Haro, Torres-Martinez, & Ruiz-Vazquez, 2007), a uracil and leucine
auxotroph derived from the R7B strain, was used as a recipient strain
to knock out the gpb1 gene. The MU636 strain (leuA™, pyrG*) derived
from M. circinelloides MU402 was also employed in this work (Navamo-
Mendoza et al, 2019). A ApkaR1 strain was provided by Dr. Silvia Rossi
from Universidad de Buenos Aires, Argentina (Ocampo et al, 2009)
(Table 1). Spores were obtained from cultures of M. circinelloides grown
on plates with yeast-peptone-glucose (YPG) medium containing 3 g
yeast extract, 10 g gelatine peptone, 20 g glucose, supplemented as
needed with uracil (200 mg/L) and 15 g of bacteriological agar in 1 L at
pH 4.5. Spore harvesting, counting and preservation were carried out
as previously reported (Valle-Maldonado, Jacome-Galarza, Gutiérrez-
Corona, et al., 2015). Minimal medium casaminoacids (MMC) selective
culture medium was used, containing 10 g/L casaminoacids, 20 g/L glu-
cose, 0.5 g/L yeast nitrogen without amino acids (Nicolas et al,, 2007),
supplemented with uracil (200 mg/L) as needed and 15 g/L of agar
when solid media were made.

5.2 | Spore germination and growth quantification
in aerobic, self-anaerobic and low oxygen conditions

Aerobic growth was obtained in a 250-ml flask with 25 ml of
YPG, inoculated with 5 x 10° spores of M. circinelloides per millilitre.
Liquid cultures were maintained at 28°C for 24 hr with constant
shaking at 160 r.p.m. Anaerobic growth was obtained in 125-ml flasks
with 125 ml of YPG medium inoculated with 5x 10° spores of

Source

Roncero, 1984

Nicolds et al., 2007
Navarro-Mendoza et al., 2019
This work

Ocampo et al., 2009

This work

This work
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M. circinelioides per mL, as described previously [Salcedo-Hernandez &
Ruiz-Herrera, 1993).

It has been described that axvgen levels in the culture media are
modulated by changing the revalutions per minute {r.pm.) during
shaking [Somerville & Proctor, 2013). Moreover, we have already
described the use of this methodology to generate low oxygen levels
in the liquid cultures [Patifin-Medina et al, 2020). Low oxyzen levels
in the ¥YPG media were achieved by constart shaking at SGr.p.m.
onr an orbital incubator. leading to 7.3 + 0.56% dissolved oxygen. simi-
lar oxygen levels are present in the peritoneal cavity [5.3-67%)
{Rervall & Niirikoski, 1980) ar in the irtestinal tissues {7.65%) (Carreau,
El Hafry-Rahbi, Matejuk, Grillon. & Kieda. 2011: Ortiz-Prado. Dunn.
Vasconez, Castillo, & Viscor, 20119), these anatamical areas in where
the spores were inoculated in the mice. Meanwhile, 160 rpm. led to
approximately 14.4 2 1.2% dissolved oxygen. Oxygen levels were
determined using an oximeter [HIZ144: Hanna [nstruments Lid.,
Leighton Buzzard, WK]. Germination percentage was calculated for all
corditions, as hyphal cells or budding yeasts counted in 100 cells
total.

Tao determine dry weight, mycelia and yeast cells were collected
from liguid cultures by filtration, washed twice with distilled H.O and
dried in pre-weighed filter papers (Whatman No. 5). Filters were dried
for 94 hr at 8)°C and, after codling, the dry weight of the cells was
determined.

5.3 | Dimorphic transitions: Yeast-to-hyphae
and hyphae-to-yeast

Yeast and byphal cells were abtained fram M. circinelloides anasrobic
and acrobic cultures, respectively. and were utilised for marphoge-
netic transition experimerds, as previously described IDe la Cruz
et al., 2007).

Briefly, transitions were abtained as follows: far hyphae-to-yeast,
spares were initially grown zerobically far 5 br, after that, fillrated
cells were inoculated into fresh culture medium and were grown
anaerabically for 3 hr as described previously [De la Cruz et al.. 2007).
For yeast-ta-hyphae transitian, spares were initially grown anzerobi-
cally for 10 br to enforce yeast growth followed by collection filter
through and inaculation into new culture medium, which were grown
aerohically far 3 hr. All growth conditions employed ¥YPG medium at
constant temperature [28°C).

54 | Spore production and radial growth
To produce spores. YPG media supplemented with uracil were inocu-
lated with each strain |50 spores) The plates were incubated for
6 days at 28°C in the presence of light and then spares were
harvested and counted using a hematocytometer chamber.

The radial growth of M. circinelloides was monitared by inoculat-
irng 50 spores on the centre of YPG plates supplermented with uracil
and the colony diameter was measured daily over & days.

5.5 | Total RNA and genomic DNA isolation
Biological samples from M. drcinefloides, mouse tissues and macro-
phages were used to isolate tatal RMA and genomic DINA using an
RMNAgasy mini kit and a QlAamp DNA Mini Kit respectively [Giagen.
WVenlo, Netherlands).

Biomass of M. drcineflaides was collected at indicated times
after aerobic or anaetobic growth and filtered thraugh filker paper
{WWhatman No é, Sigma-Aldrich. St. Louis, MO) and washed with ster-
ile distilled water. Secondly, approximately 30 mg of mycelia samples
wers trarsferrad into a tube of MaghA Lyser Graen Beads [Roche Life
Scierce, Penzberg, Germanyi pre-cooled on ice. Seven hundred micro-
litres af the denaturing RLT buffer from RMeasy Mini Kit (Qiagen,
“enlo, Netherlands) were added immediately before homogenization.
The cell disruption was performed in the MagNA Lyser Instrumert
[Roche Life Science, Pengberg, Germanyl, as described previausly
[Walle-Maldonado, Jacome-Galarza, Gutiérrez-Corana, et al, 2015)
Far DNA extraction, the samples were treated with RNAse A [Roche
Life Science. Penzberg Germany). Purity of the extracted DNA
and RMA from samples was confirmed using agarose gels and

spectrophotometer.

5.6 | Quantitative reverse transcription
polymerase chain reaction {qRT-PCR)

Primers and hydralysis probes for gpbi to gpb3, tfc-1. adhl, pkaR1
are described previously (Walle-Maldanado, Jacome-Galarza, Diaz-
Pérez, et al, 2015; Valle-Maldanado, Jacome-Galarza, Gutiérrez-
Corona, et al, 2015). The tfc-1 gene a previously validated control
gene that encodes for a subunit of the transcription factor TFINC,
was used for gRT-PCR normalisation [Walle-Maldonado, Jacame-
Galarza, Gutiérrez-Corona, et al, 2015 We also analysed the
expression of IL-14, IL-6. TNF-a. BIP and j-act {internal control) from
Mus museulus [Diaz-Pérer et al., 2020 Patifin-Medina =t al., 201%)-
The reactions of gRT-PCR were performed as described previously
{Valle-Maldonado, Jicome-Galarza, Diaz-Pérez, et al., 2015). gpb1-
gpb 3 mRNA levels from MUAD? strain were quantified using a AACE
[Figure 1) analysis, as well as the gpa, gpb and gpg genes mRKA
levels using the previous raw data from R7B strain [Fgure 51)
alrearly reported {(Valle-Maldonada, Jacome-Galarza, Diaz-Pérez,
et al, 2015).

5.7 | Targeted deletion of gph1 from
M. circinelloides

The gpb? 5' and 3" upstream regions were coupled with the pyrG
selection gene using an averlan-PCR approach. In this process, thres
PCR fragments containing overlapping sequences between gpbl
and pyrG were PCR-amplified using the following oligonucleatides
[Table 51} gpbl-pUPwd and gpb 1-pURev-pyrG, which amplified 1-kh
from the 5 upstream region of the start translation codon of gpbl:

41



16 of21 W] LEY

VALLE MALDONALC £T AL

and cligonuclectides gpbl-pDRey and gpbl-pDFwd-pyrG. which
amplified 1-kb from the 3' downstream region of the stop translation
codon of gpb1. In aligonucleatide gpbl-pURev-pwG. an added nucle-
otide sequence at the 3 end hybridised to the 5 ends of pwG; and in
oligonucleotide gpbl1-pLFwd-pyrG, an added nuclectide sequence at
its 5" end hybridised to the 3’ end of pyrG. The pene pyrG was PCR-
amplified using the oligonucleotides PyrG-Sac-Fwd and PyrG-Sac-
Rev. with pMAT1700 as a template. Three individual PCR reactions
were performed to obtain three DNA fragments. The gpb1 5 region.
pyrG {2 ki), and the gpil 3 region, which were all purified by agarose
gels. Overlapping PCR was performed using 100 L of each template;
10 M each of the oligonucleotides gpbl-pUFwd and gpbl-pOiRev
and 1 pl of Herculase 1l Fusion Enzyme (Agilent Technalogies), at a
molar ratio of 1:2:1, were used to generate the replacement fragmert
for gpbl.

Protaplasts obtained fram germlings of the MUMI2 strain were
transformed with the replacement DMA fragmerts (3 pgdtransforma-
tion] acrording to a previously described protocol (Gutiérrer, Laper-
Garcia, & Garre, 2011). Transformants were obtained under selective
conditions on MMC agar plates lacking uracil for single deletion
mutants or YNB agar plates lacking uracil and leucine for the double
mutants. Manosponc cultures were abtained after five eyvcles of spor-
ulation in either selective medium or rich medium, at which paint,
10004 of the spores cauld graw an the selective medium, indicating

the transfarmation of all nuclei.

58 | Molecular identification of gpbl mutant
strains from M. circinelloides

5.81 | PCR and southern blet confirmation of
gpb1 gene deletion

Transformants with homologous recombiration of the gpbl locus
with the pyrG marker were selected PCR using the oligonucleotides
gph1-C-Pwd [forward) and pyrG-R2 [reverse) (Table $1) that hybridise
in the selectable marker sequence ta determine a homologous inte-
gration evert; a positive recambination event was determined by PCR
amplification of 1.12-kb band. A lack of amplification band indicated
the WT genotype (Figure 52).

Additionally. a total of 1 pg of genomic DNA from MUMG2 and
the trarsfarmants were dipested with Hincll. DNA was separated by
electraphoresis and transferred to niylon membranes [HybandTM-M+,
Amersham Biosciences, UK) following the recommended protocal.
Sowthern blot hybridization was performed under stringent condi-
tions. DNA probes were labelled with [x-""P] dCTP using Ready-Ta-
Go Labelling Beads {GE Healthcare Life Science), and they were pre-
pared as follows: it was added 1 pl of Gene Ruler ONA Ladder Mix.
50 ng aof DMNA prabe {1 kh) that was directly amplified from genamic
OMA fram M. circinelloides using the primer pairs that amplified the 5
upstreamn region UMR of the start translation codan from gpp1, 2 yl of
hexanucleotide mixture and double distilled water to complete a total

wolume of & pl.

59 | Construction of Agpbl complemented with
the gpb1 and pkaR 1 overexpressed strains

The complemented Agph1 +grb? and Agpb? + pkaR? strains {pywG',
lud”, carRP) were obtained by integrative transformation with the
gpb] or phkaR WT allde at the carfP gene lacus of the Agpil (G,
lewA™, carRP") strains [Figure $3). The carRP gene encodes a lycopens
cyclase that catalyses the transformation of ycopene to beta-carotens.
Betacarotene is a yellow-orange pizgment responsible for the yellowish
colouration of this furgus. As a result of silencing the carRP gene. the
rarmplemerted strains had albino colonies instead of the yellowish colo-
nies of the MU402 or Agpbl strains. The transformation fragments
included about 1.1 kb upstream of the start of the carRP gene open
reading frame [ORF) and approximately 1.1 kb downstream of the
stop codon. The vector plasmid employed was pMAT 1476 [Rodriguez-
Frémeta, Gutiérrez. Torres-Martinez. & Garre. 2013). These two frag-
ments barder the le1A (4.4 kb) and gpb? 2.5 kb) ar pkaR'1 (2.5 kb) genes.
The gpb1 gene is under the regulation of its native pramater and termi-
nator sequences in Agpbl + gpbl strain and is under the regulation
of promoter p2ZRT in MUA4D2 + gobl; the pkoR1 gene is under the
regulation of promaoter pZRT. used previously [Rodriguez-Frémeta et al.
2013}, in both strains. The size of these transformation fragments
is araund 6.6 ks far the pyrG fragments and @ kb for the feud frag-
ments [Figure S3). For selection, spores from individual calanies fram
the MMC ar YMB minimal media were transferred after 5 days anto
new minimal medium agar plates at 28°C and used for subsequent spor-

ulation cycles until homakaryaotic albino colonies were cbserved.

510 | Promoter analysis of G beta subunit-
encoding genes from M. circinelloides

A typical fungal length promoter covers around &3-1000bp
Haverty. Hansen. & Weng. 2004; Liu & Ringnér, 2007; Patil. U, &
Walter, 2004), Consequently. we searched for transcription factors in
the pramater reginns {1 kb upstream of ATG start codan), of the
gpbl, gpb2 and gpb3 in M. circinelioides. We employed the Search
Transcription Factor tool using the TF database of 5. cerevisioe (hitp://

www.yeastract.com/formfindregulators.php).

511 | Ethics statement

The mouse virulence model protoeol was carried aut following the
recommendations of the Mexican Federal Regulations for the Use
and Care of Laboratory Animals lapproval no. NOM-062-Z00-1%99;
Especificaciones técnicas para la produccidn. cuidado v usa de los ani-
males de laborataric/Technical specifications for production. use and
rare af Iahoratory animals) {SAGARPA, 2001). The Internal Binsecurity
and Binethics Cammittee of Instituto de Investigaciones Quimica Bio-
logicas de la Universidad Michoacana de San Nicolas de Hidalgo first
reviewed the experimental protocals and then approved them ffrade
number 06-1372016).
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512 | Mouse-killing assays

Spore virulence of this fungus was assessed in mice as described pre-
viously (Rodriguez-Andrade et al., 2014), with minor modifications.
Briefly, male BALB/c mice (12-16 weeks old, weighing approximately
20 g) were treated with streptozotocin (200 mg/kg; Sigma) to induce
a diabetic state (= 250 mg/dl glucose). Each group of mice (n = 6 mice
each) was inoculated with 2 x 107 spores from each mutant strains
along with the WT by intraperitoneal injection.

513 | Macrophages spore killing assay

Mouse RAW 2674 monocytes/macrophages (TIB-71) were purchased
from American Type Culture Collection (Manassas, VA). Cells were
maintained in Dulbecco’'s modified Eagle's medium (DMEM; Sigma-
Aldrich St. Louis, MO) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, 5t. Louis, MO), 100 U/ml penicillin, and 100 pg/mil strep-
tomycin (basal medium) at 37°C in an atmosphere containing 5% CO,
for 24 hr before treatment.

Macrophages were seeded at 8 x 10° cells/well in DMEM basal
medium without antibiotics and incubated at 37°C in six-well plates.
After incubation ovemight, the basal medium in each well was replaced
with fresh medium, and the macrophages were then co-cultured with
2 x 10° spores from Mucor circinelloides in DMEM medium for & hr.
Immediately after, the macrophage and spore pellets were recovered by
centrifugation at 2000 x g for 5 min and resuspended in 0.1 ml of sterile
distillate water and separated into two tubes with 0.05 ml each. One of
the tubes was frozen and used until nucleic acid extraction was done.
Meanwhile, the other tube was diluted (1:50) and used to plate 200 of
the initial spores in order to evaluate CFU on YPG solid medium. For
the CFU assay, the control was the spores in DMEM basal medium
without macrophage interaction. The CFU were quantified 24 hr after
incubation in the presence of light at 28°C.

514 | Image analysis

An Olympus CKX41 microscope equipped with a 40x objective lens
and a DMC-T25 camera (Panasonic, Kadoma, Japan) was used to cap-
ture images of spores or spore germination. Hyphal lengths and spore
sizes were determined using QCapture Pro 7 and Leica Application
Suite software.

515 | Quantification of intracellular cAMP levels
and protein kinase A activity

Spores from the MU&36, Agpbl, ApkaR1, Agpbl + gpbl or Agpbl +
pkaR1 strains were inoculated into YPG media and incubated
with constant shaking (50 r.p.m.) for 8 hr. Biological samples obtained
under these conditions were used in either cAMP or PKA
measurements.

Cells intended for cAMP measurements were separated from
media and frozen in liquid nitrogen. Upon nitrogen evaporation,
60 mg of cells were weighed and resuspended in 1 ml of 0.1 M HCI,
and 250 pl of glass beads (0.1 mm] (BioSpec Products, Inc., Bartles-
ville, OK) were added. Samples were homogenised by three pulses at
full speed for 30 s with 1 min incubation on ice intermittently in a
bead beater (Model 607; BioSpec Products, Inc.). The supernatants
were measured for cAMP using the Direct cAMP ELISA kit (Enzo Life
Science, San Diego, CA). Protocols were followed according to the
manufacturer's instructions. The optical density was measured at
405 nm on a microplate reader (Bio-Rad Benchmark; Bio-Rad Labora-
tories, Hercules, CA).

5.151 | PKA activity

We obtained crude protein extract (0.5 pg) from each sample, and
PKA-specific kinase activity was quantified by using the PKA Colori-
metric Activity Kit (Invitrogen, Carlsbad, CA) as described previously
(Lee et al., 2013).

5.16 | Statistical analysis
All the data were evaluated by analysis of variance (ANOWVA, statisti-
cally significant differences (a < .05) shown in letters. Fisher's exact

test was used for analysis.
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Figure S1. Transcript levels of heterotrimeric G-protein-encoding genes in
spores, mycelium and yeast in the R7B strain from M. circinelloides. Raw Ct-
data from RT-gPCR were retrieved from Valle-Maldonado et al., 2015b. JAcome-
Galarza, Diaz-Pérez, et al., 2015 and a novel AACt was carried out for 12 Ga
(gpal-12), 3 GB (gpbl-3) and 3 Gy (gpgl-3) encoding genes. Spores were
incubated for 6 h in liquid YPG rich media, in aerobic or self-anaerobic conditions
that led to mycelium or yeast, respectively. Bars represent relative gene transcript
for each gene during vegetative growth (mycelium or yeast) compared to the spore
stage. Asterisk stands for the gpgl gene that was only detected in the yeast
morphology. The data is represented as the average from three independent
biological replicates, + correspond to standard error (SE). Significance testing was
performed using ANOVA with Fisher’s exact test. For each gene the different
letters above the bars denote statistical significance, values with identical letter

were not considered significantly different (p<0.05).
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Figure S2. Deletion of gpbl in M. circinelloides. The 5" and 3’ regions (1.1 kb
for each) upstream and downstream from the start and stop codons, respectively,
of gpbl were designed to flank the pyrG selection marker for gene deletion. The

recombinant fragment was used to transform protoplasts of the strain MU402

(pyrG, leuA™) is shown. (a) Molecular confirmation by PCR of the Agpb1 strain,
the lane C+ showed the amplicon (1.0 kb) that cover the 5°region that flanks the
recombinant gpbl fragment; the lane Agpbl showed the amplicon (1.12 kb) that
confirms the integration of the transformation fragment in the gpbl locus. (b)
Molecular confirmation by Southern blotting was performed using specific probes
for gpbl gene. DNA samples from transformed and parental (MU402) strains were

digested with the indicated restriction enzyme (H, Hincll) and the corresponding
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bands to each genotype were observed (WT: 2.8 kb and Agpbl: 1.8 kb). (c) mMRNA
levels of gpbl was quantified by RT-gPCR using total RNA isolated from spores of
each strain, a ACt analysis was performed. The data is represented as the average
from three biological replicates of independent cultures, + correspond to standard
error (SE). Significance testing was performed using ANOVA with Fisher’s exact
test. The different letters above the bars denote statistical significance, values with

identical letter were not considered significantly different (p<0.05).
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Figure S3. Generation of the complemented Agpbl+gpbl and over expressed

3 kb—
2.5kb —

i

Agpbl+pkaR1l strains in M. circinelloides. The overexpressed mutants
MU402+gpbl and MU402+pkaR1 are derivated of the MU402 strain that was
transformed by the gpbl (a) or pkaR1 (b) wild-type allele at the carRP locus.
Similarly, the complemented Agpbl+gpbl (c) and over expressed Agpbl+pkaR1
(d) strains (pyrG*, leuA*, carRP") were obtained by integrative transformation with
the gpbl or pkaR1 wild-type allele at the carRP gene locus of the Agpbl strain
(pyrG*, leuA:, carRP*). We used a transformation fragment that contained about
1.1 kb upstream of the start of the carRP gene ORF and approximately 1.1 kb
downstream the stop codon. These two fragments flank the leuA (4.4 kb) and gpbl
(2.5 kb) or pkaR1 (2.5 kb). The molecular confirmation of the integration of the

transformation fragment was done by PCR, the presence of an amplicon of 2.3 kb

revealed the integration of gpbl or pkaR1 in MU402 (a and b); meanwhile the
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integration of gpbl or pkaR1 in Agpbl was confirmed by the presence of an
amplicon of 2.5 kb (c and d). gpbl gene is under the regulation of its native
promoter and terminator sequences in Agpbl and it is under the regulation of
promoter pZRT in MU402; pkaR1 gene is under the regulation of promoter pZRT in
both strains. The size of those transformation fragments is around 6.6 kb for the
pyrG fragments and 9 kb for the leuA fragments. The complemented strains

resulted in albino colonies instead of the MU402 or Agpb1 yellowish colonies.
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Figure S4. Effect of gpb1 mutation on aerobic growth of M. circinelloides. (a)
Aerobic germination. Agpbl and MUG636 strains were grown aerobically in liquid
rich or minimal media (YPG or YNB, respectively) and germinules were counted
hourly. (b) Cellular morphology. Microphotographs taken by light microscopy (40 x)
reveal morphology of germinules in liquid YPG and YNB, at 6 or 8 h, of aerobic
growth for Agpbl and MUG636 strains. Scale bar =20 ym. (c) Biomass production.
Biomass was filtered, dried and weight wa determined from Agpbl and MU636
aerobic cultures in rich and minimal media at 6, 12 and 24 hours of growth. (d)
Radial growth. Radial growth was determined daily for Agpbl and MU636 strains
on solid YPG or YNB media. Three independent experiments were conducted.
Statistically significant differences are indicated by asterisks (ANOVA and Fisher’s

tests; p<0.05).
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Figure S5. Effect of gpbl mutation on filamentous and yeast cells count in
yeast-hyphae or hyphae-yeast transitions in YNB medium in M.
circinelloides. Agpbl and MU636 spores were incubated anaerobically in YPG
medium for 10 h, then the resulting yeast cells were washed and transferred to
fresh YNB medium supplemented with leucine and uridine and grown aerobically to

promote the yeast-hyphae transition. (a) Filamentous cells determination. The
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percentage of hyphae cells was determined hourly for Agpbl and MU636 after the
yeast-to-hyphae transition was induced. Agpbl and MU636 spores were incubated
aerobically in YPG medium for 5 h, then the resulting germlings were washed and
transferred to fresh YNB media and grown anaerobically to promote the hyphae-
yeast transition. (b) Yeast cells determination. The percentage of yeast cells was
determined hourly for Agpbl and MU636 after the yeast-mycelium transition was
induced. The data is represented as the average from three independent biological
replicates, + correspond to standard error (SE). Significance testing was performed
using ANOVA with Fisher's exact test. For each condition the asterisks above the

bars denote statistically significance, (p < 0.05).
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Figure S6. Transcript levels of heterotrimeric GB-encoding genes in aerobic
and low oxygen cultures from the Agpbl and MU636 strain of M.
circinelloides. Total RNA was isolated from vegetative growths obtained after
spores from Agpbl or MU636 strains were incubated for six hours in YPG medium
aerobically (H) or after eight hours in low oxygen conditions (LO) as reported
previously. mRNA levels of the three GB (gpbl-3) encoding genes were
determined by RT-gPCR A delta Ct analysis (ACt) was carried out, using the
validated tfc-1 gene as normalizer. The data is represented as the average from
three independent biological replicates, + correspond to standard error (SE).
Significance testing was performed using ANOVA with Fisher’s exact test. For
each gene the different letters above the bars denote statistically significance,

values with identical letter were not considered significantly different (p<0.05).
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Figure S7. Teclp homologues in M. circinelloides. (a) An analysis in the
promoter region of the gpbl gene was carried out, a putative consensus sequence
(CATTCTT) for the TEC1p transcription factor, the TATA box and the start codon
are depicted in bold and underlined letters. (b) Two putative homologues of Teclp
in Mucor circinelloides (Mci_Tecl and Mci_Tec2; ID numbers, 84676 and 106595,
respectively) were aligned using ClustalW with AbaA (XP_750232.1) from
Aspergillus fumigatus (Afu), TEC1 (AOW28471.1) from C. albicans (Cal) and
TEC1p (NP_009639.3) from Saccharomyces cerevisiae (Sce), GenBank accession
numbers are shown in parenthesis. The TEA/ATTS DNA-binding domain, and the
structural motifs which consist of an a-helix and two B-sheets are shown with

boxes (Hwang, Chambon, & Davidson, 1993).
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Table S1. Oligonucleotides used for PCR assays

Name Sequence 5-3° Tm(°C)/GC%
gpb1-pUFwd gtactCTCGAGCTGAAACTTTAACCGTGAGACCTTT 72.84/44.44
gpbl-pURev-pyrG caagtaccaatgctgaggcaAGCAAATGATTCCCTTCAACTCAAAC 76.36/43.48
gpbl-pDFwd-pyrG cgatagcatggccagtgtacCTTGATTTCGATACACTGGCCC 78.09/52.38
PyrG-Sac-FWR GCACCGgagctcTGCCTCAGCATTGGTACTTG 76.66/59.38
PyrG-Sac-REV GTGTGGQgagctcGTACACTGGCCATGCTATCG 76.33/59.38
gpbl-pDRev CtggcGAATTCTCAGTAGCTCCCTCTTTTTCCAC 73.51/50
gpb1-C-Fwd TGGCACATATTAGGTCAAAATGTTGCTATCGATCC 70.73/40
pyrG-R2 ATCCCACCAGAAGGAGTACATGG 66.5/52.1
carB CR GAGTTATGAACGCGGAATACTTCAGG 66.31/46.15
gpbl-F1 caaaataactaaatctcgagCATCATGCCAAATACAAACAACG 71.7/34.88
pkaR1-F1 caaaataactaaatctcgagATGATCACTGACGAACATCCG 71.93/39.02
carRP 3’ CR TTGTGTCTTGGGTTTTCTTC 59.2/40

Lowercase letters represent restriction sites.

The lowercase and bold letters show the region that hybridizes to the pyrG, leuA or pZRT

sequences.
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Table S2. Effect of Gpb1l in hyphal and yeast cells proportions during
dimorphic transitions of M. circinelloides

Yeast-to-Hyphae Transition

Hyphae-to-Yeast Transition

Cellular count (%)

Cellular count (%)

Strain Yeast Hyphae Yeast Hyphae
MU636 25.67 + 2.52 74.33 £ 2.52 45.67 £5.51 54.33 £ 5.51
Agpb1 70.67 £2.08 | 29.33+2.08 86.33 + 4.04 13.67 £ 4.04

ApkaR1 69 + 2.08 31+2.08 90 + 3.61 10 + 3.61
Agpb1 +gpb1 | 24.33+3.51| 75.67+3.51 45.67 £ 6.43 54.33 £ 6.43
Agpb1 +pkaR1 | 23.33+3.79 | 76.67 £3.79 42.67 £4.51 57.33+4.51

Dimorphic transitions were done by independent triplicates assays; + stand for the
standard deviation. Yeast (%) or hyphae (%) represent the cellular morphologies
observed after the transitions.
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Table S2. Functions of fungal GB subunits

Subunit
Organism Phylum Function Reference
Group
CGB1 Cochliobolus Positive regulator of female
heterostrophus Ascomycota fertility, conidiation and virulent|Ganem et al,
Group | capacity against maize 2004.
Negative regulator of vegetative
CPGB-1 growth.
Cryphonectria parasitica | Ascomycota Kasahara & Nuss
Group | Positive regulator of virulent|1997.
capacity agains chesnut stems.
Positive regulator of hyphal growth | Jain, Akiyama,
Fgbl and virulent capacity against|Kan, Ohguchi, &
Fusarium oxysporum Ascomycota tomato plants. Takata, 2003
Group |
Positive regulator of cAMP levels. |Guo et al., 2016
Fgbl Negative regulator of filamentous
Fusarium sacchari Ascomycota growth. Kaneko et al,
Group | Positive regulator of reproduction 2013.
Gbal Indispensable for infecting the | mer
Stagonospora nodorum | Ascomycota  |wheat plant, and for asexual : ,
Group | y .p ’ Trengove, Oliver,
P sporulation. & Solomon, 2012.
GBB1 . o Positive regula.tor of thg productlon Sagaram, & Shim
Fusarium verticillioides | Ascomycota of the mycotoxin fumonisin and the 2007
Group | hyphal polarity. '
GNB-1 Positive regulator of reproduction. Yang, Poole, &
Neurospora crassa Ascomycota Borkovich. 2002
Group | Positive regulator of cCAMP levels. | POrkovicn, :
Negative regulator of the
GzGPB1 production of mycotoxins
Gibberella zeae Ascomycota deoxynivalenol and zearalenone. | YU etal., 2008.
Group |

Continues on next page
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Subunit

Organism Phylum Function Reference
Group
MGB1 Positive regulator of conidiation
Magnaporthe grisea Ascomycota and virulent capacity against rice | Nishimura, Park, &
Grupol p|ant5_ Xu, 2003.
Positive regulator of vegetative
growth and asexual sporulation.
Mgbl " o A t Li, He, Lai, Shao,
Group | onascus ruber scomycota Negative  regulator  of the|g Chen, 2014.
P production of the mycotoxin
citrinin.
Positive regulator of filamentation
MgGPB1 .
Myco_sr_)hal‘ere”a Ascomycota and pathogenlCIty' Mehrabi et al.,
r | graminicola N 2009.
Group Positive regulator of CAMP levels. 009
SfaD Positive regulator of vegetative
. . growth_ Rosén, Yu, &
Aspergillus nidulans Ascomycota
Grupo | _ _ Adams, 1999.
Negative regulator of sporulation.
Vg Positive regulator of the virulent|Tzima,
Verticillium dahliae Ascomycota | Capacity against tomate plants. | paplomatas,
Group | Negative regulator of sporulation Tsitsigiannis, &
g g P * |Kang, 2012.
Bppl . : .- Positive regulator of reproduction
Ustilago maydis Basidiomycota Muller et al., 2004.
Group || and repressor of yeast growth.
GPBl Cryptococcus - Positive regulator of mating and |Wang, Perfect &
Basidiomycota . I .
Group Il neoformans haploid fruiting. Heitman, 2000.
Git5 Schizosaccharomyces
o Ascomycota Response to glucose. Welton & Hoffman
Group Iv | POombe 2000.
KIStedp
Kluyveromyces lactis Ascomycota Positive regulator of reproduction. | Navarro-Olmos et
Group IV al., 2010.

Continues on next page
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Table S2. Functions of fungal GB subunits (Continuation)

Subunit
Organism Phylum Function Reference
Group
STE4 . .
Candida albicans Ascomycota Positive regulator of reproduction. Dlgpard, Andre, &
Group IV Whiteway, 2008.
STE4 Saccharomyces Indispensable for the reproduction | Whiteway et al.
.. Ascomycota .
Group IV cerevisiae of haploid cells. 1989.
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9. DISCUSION

Los resultados de este trabajo indican que el gen gpbl presenta altos niveles de
transcrito durante el crecimiento micelial. La cepa mutante Agpbl presenté una
disminucién de la virulencia posiblemente correlacionado con el decremento del
crecimiento filamentoso durante las transiciones morfolégicas y en bajas
concentraciones de oxigeno. Se identifico la relacion funcional Gpbl y PkaR1 en
la regulacion positiva del crecimiento filamentoso y de la virulencia en este

mucoral.

Las proteinas G heterotriméricas (PGH) son reguladores clave en la morfogénesis
fungica (Li, et al., 2007). Previamente en nuestro grupo de trabajo identificamos
los genes que codifican para PGH en el mucoral dimérfico M. circinelloides.
Interesantemente el repertorio consistié en 12 subunidades Ga, 3 GB y 3 Gy,
siendo el mas numeroso reportado en un organismo en el Reino Fungi (Valle-
Maldonado et al., 2015). Adicionalmente, en el misma investigacion se realizd una
clasificacion filogenética para las subunidades GB y Gy. Para ambos tipos de
subunidades la distribuciéon fue de la siguiente manera: grupo filogénetico |
(ascomicetos filamentosos), grupo filogénetico Il (basidiomicetos), grupo
filogénetico Il (mucorales) y grupo filogénetico IV (ascomicetos levaduriformes y
dimdérficos) (Valle-Maldonado et al., 2015).

Hasta la fecha, se han caracterizado funcionalmente 19 subunidades G fungicas
(Tabla ). Todas estas subunidades pertecen a los grupos filogéneticos I, 1l o IV.
Notablemente ninguna de las subunidades del grupo filogénetico Ill, el cual

contiene subunidades GB de mucorales, habia sido caracterizado hasta la fecha.

Los niveles de transcrito del gen gpbl se encuentran elevados durante el
crecimiento micelial (Valle-Maldonado et al., 2015) en comparaciéon con los otros
genes que codifican para subunidades GB (Figura 1), sugiriendo una posible
participacion de este gen en la regulacion del crecimiento micelial. Se ha
demostrado que existe una asociacion entre niveles altos de transcrito de genes

que codifican para subunidades Ga durante un estadio en particular y la funcion
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biolégica de dichos genes en M, circinelloides. Por ejemplo, los genes gpall y
gpal2 que codifican para subunidades Ga, presentan altos niveles de transcrito
durante el estadio de espora respecto a los demas genes que codifican para
subunidades Ga (Valle-Maldonado et al.,, 2015b), interesantemente la doble
mutante que tiene ambos genes interrumpidos mostré6 un aumento significativo en

el tamafio y velocidad de germinacion de la espora (Patifio-Medina et al., 2019a).

El crecimiento micelial en M. circinelloides ha sido asociado a una mayor
virulencia en este hongo (Diaz-Pérez et al.,, 2020; Lee et al., 2013). Se ha
reportado que varios factores estimulan el crecimiento micelial en M. circinelloides:
la presencia de oxigeno, y la disponibilidad de fuentes de carbono fermentables y
de nitrégeno inorganico (Mcintyre et al., 2002; Orlowski, 1991). De igual manera,
es probable que algunas sefales provenientes del hospedero pudieran promover
la virulencia en este hongo, se ha demostrado que suero proveniente de sangre
estimula la germinacion micelial de esporas (Patifio-Medina et al., 2019).

Los resultados de este trabajo demuestran que la morfologia prevalente en bajas
condiciones de oxigeno (~7%) es micelial (Figura 8). La interrupcion del gen gpbl
no alter6 el crecimiento micelial durante crecimiento en crecimiento aerdbico en
condiciones alta concentracion de oxigeno (~14%). Sin embargo, durante las
transiciones dimorficas o durante crecimiento en limitacion de oxigeno, la cepa
Agpbl mostr6 un aumento significativo en la formaciébn de levaduras en
comparacion con la cepa silvestre. Este defecto podria ser relevante para la
regulacion de la infeccion y virulencia, ya que el desarrollo de micelio es necesario
para la infeccion fungica de tejidos, los cuales presentan niveles de oxigeno bajos
(Grahl et al., 2012).

Los ensayos de virulencia usando ratones diabéticos, confirmaron que el gen gpbl
es necesario para la regulacién de la virulencia; la cepa Agpbl no fue capaz de
invadir el tejido de ratén al nivel de la cepa silvestre o la cepa complementada
Agpbl + gpbl (Figura 6). Lo anterior podria ser explicado en parte por la mayor
sensibilidad a H202y la mayor proporcion de levaduras formadas como resultado

de la pérdida de Gpbl en un ambiente tisular de baja concentracion de oxigeno.
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Estas levaduras pueden ser fagocitadas con mayor facilidad por los macréfagos
(Figura 7), como ha sido descrito (Lee at al.,, 2013). Estos resultados son
concordantes con la prevalencia de morfologia micelial en la infeccion del tejido
del hospedero por parte de M. circinelloides (Dizbay et al., 2009; Khan et al.,
2009).

Los resultados obtenidos en este trabajo son consistentes con otros patégenos
fungicos relevantes de humanos que han mostrado su capacidad de desarrollar
crecimiento filamentoso en condiciones hipoxicas o andxicas in vitro como es el
caso del dimorfico patégeno Candida albicans (Setiadi et al., 2006), y los
ascomicetos filamentosos monomorficos Aspergillus fumigatus (Hall y Denning,
1994) y Fusarium oxysporum (Gunner y Alexander, 1964). Similarmente, ha sido
reportado que en el hongo entomopatégeno Isaria fumosorosea la proporcién
relativa de crecimiento micelial o levadurifome esta regulada por la disponibilidad
de oxigeno (Jackson, 2012).

De manera similar el crecimiento filamentoso del ascomiceto patégeno Candida
albicans es un factor critico para regular su virulencia (Da Silva Dantas, et al.,
2016), y esta morfologia esta positivamente regulada por la presencia de bajos
niveles de oxigeno (Setiadi et al., 2006). Adicionalmente, un analisis
transcriptomico en este ascomiceto mostrO que durante un crecimiento bajos
condiciones limitantes de oxigeno, los genes especificos del crecimiento
filamentoso acumularon una mayor cantidad de transcrito en relacion al

crecimiento bajo condiciones mas altas de oxigeno (Setiadi et al., 2006).

Dado que la mutante Agpbl mostré hifas mas cortas durante la transicion de
levadura a micelio (Figura 3), el cual es un fenotipo similar al descrito previamente
para la cepa ApkaR1 (Ocampo et al., 2009). Fue de nuestro interés dilucidar la
posible relacion funcional entre estos dos genes. La cepa ApkaR1l mostré
fenotipos similares comparados con Agpbl. ApkaR1 fue significativamente mas
propensa a desarrollar levaduras en bajas condiciones de oxigeno (Figura 8). De
igual manera, mostré una disminucion en la virulencia y en la invasion fungica del

tejido murino (Figura 6) comparado con la cepa silvestre. En el caso de las
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proteinas G heterotriméricas fungicas, se ha reportado que genes que participan
en la misma ruta de sefalizacion muestran usualmente fenotipos con las mismas
alteraciones cuando fueron interrumpidos individualmente (Landry y Hoffman,
2001; Landry et al., 2000; Whiteway et al., 1989; Yang, et al., 2002).

La co-participacion de gpbl y pkaR1 en la regulacién de crecimiento micelial en
bajas condiciones de oxigeno se sugiere fuertemente al restaurar los fenotipos de
la cepa silvestre al sobreexpresar a pkaR1 en la cepa Agpbl (Figuras 5y 8). La
relacion funcional entre Gpbl y PkaR1 pudiera derivar en la regulacion de
actividad de la actividad de adenilato ciclasa (AC) la cual incrementa la niveles de
cAMP que activan a la PKA (Choi et al., 2015). Los niveles aumentados de cAMP
y actividad de PKA encontrados en ambas mutantes Agpbl y ApkaR1 (Figura 9),
pudieran ser responsables del aumento del desarrollo levaduriforme durante bajas
condiciones de oxigeno (Figura 8), esto debido a que la adicién de un anélogo de
cAMP favorecio el crecimiento levaduriforme en otras especies del género Mucor
(Pereyra et al., 2000; Pereyra et al., 1992).

Los niveles de cAMP intracelulares son el resultado del efecto combinado de la
sintesis de cAMP a través de la actividad de AC y la degradadacion dependiente
de fosfodiesterasa. En dicho contexto, en mamiferos se ha demostrado que la
interaccion fisica de RIla, una subunidad regulatoria de PKA, y RegA, una
fosfodiesterasa aumenta la actividad catalitica de esta ultima. Por lo tanto, se
concluyé que Rla es un activador positivo de la actividad de fosfodiesterasa de
RegA (Moorthy et al., 2011). A pesar de que no tenemos una explicacion definitiva
en M. circinelloides, es posible que la interrupcion de pkaR1 en bajas condiciones
de oxigeno, condujo a la disminucion de la actividad catalitica de al menos un
homologo a RegA en este mucoral y finalmente contribuyendo al cAMP

aumentado detectado en esta cepa (Figura 9).

En otros hongos se ha reportado que tanto los niveles de cAMP como el
crecimiento filamentoso son regulados positivamente por subunidades Gf,
incluyendo a F. oxysporum (Jain et al., 2003), N. crassa (Yang et al., 2002) y

Mycosphaerella graminicola (Mehrabi et al., 2009). Sin embargo, en M.
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circinelloides, es posible que Gpbl regule negativamente la actividad de AC y

promueva el crecimiento filamentoso en bajas condiciones de oxigeno.

Existen escenarios distintos que pudieran explicar la regulacion de la ruta PKA
mediada por Gpbl en M. circinelloides durante el crecimiento en bajas condiciones

de oxigeno (Figura 10).

A) Una de las posibilidades implicaria que la subunidad Gpbl fuese un
regulador de la actividad de la adelinato ciclasa. Esta posible actividad

puede ser explicada concretamente en alguna de las siguientes formas.

1) Gpbl forma parte de un heterodimero GBy activo que intrinsecamente
ejerce una modulaciéon inhibitoria de la adenilato ciclasa en M.
circinelloides durante bajas condiciones de oxigeno. Este tipo de
actividad ha sido descrita para el dimero GBy (Tang & Gilman, 1991).

2) Gpbl forma parte de un heterodimero GBy que antagonisticamente se
una a una subunidad Ga estimulatoria (Gas) de la AC por lo tanto
inhibiendo indirectamente la actividad de AC (Mehrabi et al., 2009).

3) Gpbl forma parte de un heterodimero GBy el cual se une a una
subunidad Ga inhibitoria (Gai) de la AC, la sefal desconocida liberan al
dimero GBy y a la subunidad Gai que inhibe la actividad de la AC (Chen
et al., 1996).

Los posibles escenarios anteriores implican la disminucion de los niveles de cAMP
como consecuencia de la inhibicion de la AC. Los niveles bajos de cAMP no
estimulan la disociacion de las subunidades regulatorias (PkaR) de las
subunidades cataliticas (PkaC), lo que finalmente promueve el crecimiento

polarizado con un fenotipo con virulencia aumentado.

B) En contraste, la carencia de Gpbl o PkaR1 a través de la interrupcién de
ya sea gpbl o pkaR1 afecta los niveles de cAMP y la actividad de PKA. La
interrupcion de gpbl impediria la formacion del dimero inhibitorio Gy, lo

gue ocasionaria la no represion de la actividad AC. O bien también se
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pudiera impedir una correcta senalizacion de subunidades Gas o Gai que
modularian la actividad de AC. De manera semejante, se ha reportado que
la formacion incorrecta del heterotrimero (en este caso la carencia de Gpbl)
conduciria a una transduccion de sefales defectuosa (Landry et al., 2000;
Landry y Hoffman, 2001). Todos estos escenarios en la cepa Agpbl
activarian a la AC, aumentando los niveles de cAMP y promoviendo la
activacion de la ruta PKA. Ademas, la carencia de pkaR1 libera a las
subunidades cataliticas (PkaC), activando la ruta PKA. La interrupcién de
Gpbl o PkaR1 resulta en un crecimiento levaduriforme aumentado en bajas

condiciones de oxigeno y un fenotipo con virulencia reducida.

Notablemente, para nuestro entendimiento, este es el primer reporte de la

caracterizacion funcional de una subunidad G en un hongo mucoral.

10. CONCLUSIONES

El producto del gen gpbl esta funcionalmente asociado con PkaR1, y es un
regulador positivo de la virulencia, y su interrupcién generé un crecimiento

filamentoso reducido durante las transiciones dimorficas.

Nuestros resultados indican que Gpbl regula positivamente el crecimiento
filamentoso durante bajas condiciones de oxigeno al modular la ruta cCAMP-
PKA.

El hecho que la mutante Agpbl sea proclive a generar levaduras, puede
explicar el fenotipo avirulento y con menor capacidad invasiva, dafio celular

e inflamacién en el modelo murino.

11. PERSPECTIVAS

Identificar a la(s) subunidad(es) Ga y Gy que regulan junto con Gpb1 y PkaR1 el

crecimiento filmentoso en bajas condiciones de oxigeno.
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Abstract  Mucor circinelloides is a dimorphic fungal
model for studying several biological processes including
cell differentiation (yeast-mold transitions) as well as bio-
diesel and carotene production. The recent release of the
first draft sequence of the M. circinelloides genome,
combined with the availability of analytical methods to
determine patterns of gene expression, such as quantitative
Reverse transcription-Polymerase chain reaction (qRT-
PCR), and the development of molecular genetic tools for
the manipulation of the fungus, may help identify M. cir-
cinelloides gene products and analyze their relevance in
different biological processes. However, no information is
available on M. circinelloides genes of stable expression
that could serve as internal references in gRT-PCR analy-
ses. One approach to solve this problem consists in the use
of housekeeping genes as internal references. However,
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validation of the usability of these reference genes is a
fundamental step prior to initiating QRT-PCR assays. This
work evaluates expression of several constitutive genes by
gRT-PCR throughout the morphological differentiation
stages of M. circinelloides; our results indicate that tfe-1
and ef-1 are the most stable genes for qRT-PCR assays
during differentiation studies and they are proposed as
reference genes to carry out gene expression studies in this
fungus.

Keywords Dimorphism - Mucor circinelloides -
Quantitative real time RT-PCR - Reference genes

Introduction

Mucor circinelloides is a fungus belonging to the class of
zygomycetes, which exhibits a wide range of morpholog-
ical stages in accordance with culturing conditions. For
example, in cultures carried out in the presence of a fer-
mentable carbon source and oxygen, the spores of M. cir-
cinelloides germinate and grow in the form of hyphae and
eventually lead to mycelium, but in the absence or under
low levels of oxygen, the spores develop into yeast cells
[1-3]. This zygomycete is also capable of developing
yeast-like cells from starting hyphae and vice versa under
appropriate culturing conditions, a phenomenon that has
been termed morphological transition [2]. By other hand. it
had been described that M. circinelloides shows physio-
logical photo-response [4], is also considered an opportu-
nistic pathogen in immunosuppressed patients [5], and had
been proposed as an alternative for production of biodiesel
as a renewable energy source [6]. On the other hand, the
development of molecular tools to analyze the biological
role of certain genes in M. circinelloides, such as protoplast
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In fungi, heterotrimeric G proteins are key regulators of biological processes such as mat-
ing, virulence, morphology, among others. Mucor circinelloides is a model organism for
many biclogical processes, and its genome contains the largest known repertoire of
genes that encode putative heterotrimeric G protein subunits in the fungal kingdom:
twelve Ga (McGpal—12), three Gp (McGpb1—3), and three Gy (McGpgl—3). Phylogenetic
analysis of fungal Ga showed that they are divided into four distinct groups as reported
previously. Fungal Gp and Gy are also divided into four phylogenetic groups, and to our
understanding this is the first report of a phylogenetic classification for fungal Gp and Gy
subunits.
Almost all genes that encode putative heterotrimeric G subunits in M. circinelloides are
differentially expressed during dimorphic growth, except for McGpgl (Gy) that showed
very low mRNA levels at all developmental stages. Moreover, several of the subunits are
expressed in a similar pattern and at the same level, suggesting that they constitute dis-
crete complexes. For example, McGpb3 (G), and McGpg2 (Gy), are co-expressed during
mycelium growth, and McGpal, McGpb2, and McGpg2, are co-expressed during yeast
development. These findings provide the conceptual framework to study the biological
role of these genes during M. circinelloides morphogenesis.
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Pseudomonas aeruginosa plasmid pUMS05 possesses a pathogenicity island that contains the pumAB
genes that encode products with sequence similarity to Toxin—Antitoxin (TA) modules. RT-PCR assays on
the overlapping regions of the pumAB genes generated a bicistronic messenger RNA, suggesting that they
form an operon. When the pumAB genes were cloned into the pJET vector, recombinant plasmid pJET-
pumAB was maintained under nonselective conditions in Escherichia coli cells after six daily subcultures,
whereas pJET without pumAB genes was lost. These data indicate that pumAB genes confer post-
segregational plasmid stability. In addition, overexpression of the PumA protein in the E. coli BL21
strain resulted in a significant growth inhibition, while BL21 co-expressing the PumA and PumB proteins
did not show growth inhibition. These results indicate that pumAB genes encode a TA system where the
PumB protein counters the toxic effects of the PumA toxin. Furthermore, P aeruginosa PAO1 trans-
formants with the pumA gene increased Caenorhabditis elegans and mouse mortality rate and improved
mouse organ invasion, effects neutralized by the PumB protein. Moreover, purified recombinant His-
PumA protein decreased the viability of C. elegans, indicating that the PumA protein could acts as a
toxin. These results indicate that PumA has the potential to promoter the PAO1 virulence against
C. elegans and mice when is expressed in absence of PumB. This is the first description, to our knowledge,
of a plasmid-encoded TA system that confers plasmid stability and encoded a toxin with the possible
ability to increase the P aeruginosa virulence.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

plasmid pUMS05 is an Incl type of 123 kilobases (kb) in size,
originally isolated from a P. aeruginosa clinical strain, which confers

Pseudomonas aeruginosa is a versatile Gram-negative bacterium
that is ubiquitously distributed in different terrestrial, aquatic, an-
imal, human, and plant environments [38]. P. aeruginosa is one of
the most important opportunistic pathogens in humans. Patients
with chronic diseases or with compromised immune systems, such
as immunodeficiency or burns, are at greater risk of infection [32].
In addition, P. aeruginosa uses a shared subset of virulence factors to
elicit disease in both plants and animals [33]. The conjugative

* Corresponding author. Instituto de Investigaciones Quimico-Biologicas, Uni-
versidad Michoacana, Edificio B-3, Ciudad Universitaria, 58030 Morelia, Mich.,
Mexico.
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resistance to chromate ions and inorganic mercury |10]. Sequence
analysis revealed that pUMS505 carries several adaptive genes,
including umuD, which functions as a transcriptional regulator of
SOS genes | 14], as well as several genes related to virulence [35]. It
has been suggested that pUMSO05 could provide Pseudomonas
strains with a wide variety of adaptive traits that can comprise
selective factors for the distribution and prevalence of this plasmid
in diverse environments [34]. The predicted products of Open
Reading Frames (ORF) 123 and 124 from pUM505 exhibit sequence
similarity to Toxin—Antitoxin (TA) systems [34]. TA systems are
small genetic modules found in bacterial mobile genetic elements,
as well as in bacterial chromosomes, which currently are group into
the six types of TA systems [23,28]. The toxins of all characterized
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template, and the fragment was subsequently cloned into the
pJET1.2/blunt vector. In order to amplify the pumA and pumB genes
independently, primers OD; and OR; and the OD3 and OR; were
used, respectively (Table 51)(Fig. 1a). The amplified fragments were
also purified and cloned into the pJET1.2/blunt vector. Recombinant
plasmids were transferred by electroporation to E. coli [M101 and
transformants were selected on LB agar plates with Ampicillin.

For subcloning pumAB genes or pum individual genes into the
pUCP20 vector, recombinant plasmids from pJET derivatives were
digested with restriction enzymes BamHI and Xbal, and DNA frag-
ments were ligated onto the corresponding sites of pUCP20. Re-
combinant plasmids were transferred by electroporation to
P aeruginosa PAO1 or E. coli ]M101 and the transformants were
selected by culturing on LB agar with Carbenicillin or Ampicillin,
respectively.

2.5. Plasmid stability tests

For stability tests, E coli JM101 (pJET-pumAB) cultures were
grown in NB without Ampicillin selection at 37 °C with shaking for
24 h. Serially diluted samples were then plated on nutrient agar
with or without Ampicillin. Plates were incubated for 24 h at 37 °C
and Colony-Forming Units (CFU) were measured for each condition.
The initial cultures were then diluted 1:50 in fresh medium without
antibiotic, incubated for 24 h, and the CFU were measured; the
described procedure was repeated daily for up to 6 days. As a
negative control of plasmid stability, the same procedure was fol-
lowed using cultures of E. coli [M101 (pJET-o0rf131). To confirm the
presence or absence of plasmids pJET-pumAB or pJET-orf131, CFU
were obtained from nutrient agar plates with and without Ampi-
cillin, and agarose gel electrophoresis of plasmid DNA isolated by a
mini-prep procedure was performed.

2.6. Overexpression and purification of Toxin—Antitoxin proteins

The pumA gene coding region, as well as the DNA region from
the pumA start codon to the pumB stop codon (for co-expression of
both PumA and PumB proteins), were amplified by PCR using iso-
lated pUMS505 plasmid as the template; the primers employed
were Dir123pTrc and Rev123pTrc or ODpTrc2A123-4 and
ORpTrc2A123-4, respectively (Table 51). The amplified fragments
were cloned into the pJET1.2/blunt vector, and the recombinant
plasmids were transferred by electroporation to E. coli J]M101 and
transformants were selected on LB agar plates with Ampicillin. The
pumA gene coding region was obtained after digesting the plasmid
with the restriction enzymes Pstl and Hindlll, and the pumAB region
was obtained by enzyme digestion with BamH! and Hindlll; both
fragments were purified and subcloned into their corresponding
restriction enzyme sites of the pTrcHisC or pTrcHis2A vectors,
respectively. Recombinant plasmid pTrcHis-pumA encodes the
tagged His-PumA recombinant protein of ~16 kDa that possesses a
6X-His tag at the N-terminal end. Recombinant plasmid pTrcHis-
pumAB encodes the PumA protein of a theoretical 11.1 kDa in size
and the tagged PumB-His recombinant protein of -17 kDa that
possesses a 6X-His tag at the C-terminal end. Fragment direction-
ality was verified by sequencing with the pTrcHis Forward primer
(Thermo Fisher Scientific, Waltham, MA, USA). The recombinant
plasmids were transferred by electroporation to E coli BL21-
CodonPlus® (DE3)-RP, followed by selection of transformants on
LB agar plates with Ampicillin. Overnight cultures of E. coli BL21
(pTrcHis-pumA) or E. coli BL21 (pTrcHis-pumAB) were diluted 1:50
into 250 ml of fresh NB medium and cultured with shaking at 37 °C
until ODggg = 0.5. Overexpression of His-PumA and PumA/PumB-
His (in co-expression) proteins was induced with 1 mM lsoPro-
pyl-p-o-ThioGalactopyranoside (IPTG) and the cultures were

incubated for an additional 6 h. Cells were harvested by centrifu-
gation at 7500 rpm for 30 min at 4 °C; the pellets were suspended
in loading buffer [25 mM Tris (Tris [hydroxymethyl] amino
methane)-HCl pH 6.8, 1% SDS (Sodium Dodecyl Sulfate ), 0.35 mM [i-
mercaptoethanol, 12.5% glycerol, and 0.005% bromophenol blue]
and heated for 5 min at 95 °C. Overproduction of the His-PumA and
PumB-His recombinant proteins were verified by SDS-PAGE using a
Tris-glycine buffer.

His-PumA and PumB-His proteins purification was performed as
described by Ref. [42]. Cells were disrupted by sonic oscillation for
clarification and debris was removed by centrifugation. The su-
pernatant was loaded onto a Nickel-NTA resin (Qiagen) packed into
a column. The His-PumA and PumB-His proteins were recovered by
elution with 200 mM Imidazole as described by Ref. [4]. Purification
was monitored by recombinant protein detection by SDS-PAGE
followed by staining with Coomassie blue.

For Western blot assays, a duplicate of the previously mentioned
polyacrylamide gel was transferred onto a nitrocellulose mem-
brane (Hybond ECL). The membrane was incubated 1 h at 37 °C
with HisProbe-HRP (Thermo, Rockford, IL, USA) diluted at a 1:1000
ratio, and the bound probe was visualized with the Super Signal
West Pico reagent (Thermo Fisher Scientific, Waltham, MA, USA).

2.7. Bacterial growth assays

Liquid cultures of P. aeruginosa PAO1 or E. coli [M101 containing
the pUC-pumA recombinant plasmid were utilized to evaluate the
effects of PumA protein expression. Overnight cultures were
diluted 1:50 in 250 ml of fresh NB medium and growth was
monitored at intervals by measuring ODgpp, Serially diluted sam-
ples were then plated on nutrient agar with Ampicillin and incu-
bated for 24 h at 37 °C and the CFU were measured.

In addition, the effects of His-PumA protein overexpression or
the PumA and PumB-His proteins co-expression in E. coli BL21 were
assayed by measuring their growth in liquid medium in the pres-
ence or absence of the IPTG inducer. Overnight cultures of E. coli
BL21 (pTrcHis-pumA) or E. coli BL21 (pTrcHis-pumAB) were diluted
1:50 in 250 ml of fresh NB medium, and growth was monitored at
intervals by measuring ODgpg. At this point, PumA protein over-
expression and PumAB proteins co-expression were induced by
adding 1 mM of IPTG, and bacterial growth was monitored at in-
tervals by measuring ODgpp.

2.8. RT-qPCR assays

For pumA gene expression measurement from the BI21
(pTrcHis-pumA) strain, cultures were incubated for 6 h after their
induction with 1 mM of IPTG, and cells were harvested by centri-
fugation. Total RNA was isolated and quantified as described in the
RNA isolation method mentioned previously. Oligonucleotide
primers and hydrolysis probes for RT-gPCR of the pumA gene and
the 165 rRNA reference genes (listed in Table 51) were designed
employing Biosearch Technologies software (www.biosearchtech.
com/support/applications/realtimedesign-software) and were
purchased from Biosearch Technologies (Novato, CA, USA). Ampli-
fication of the pumA gene and the 165 rRNA genes was performed
using the 5 exonuclease probe RT-gPCR method. RT-qPCR was
performed with total RNA samples (500 ng) and the SuperScript Il
Platinum One-Step RT-qPCR Reagent kit (Thermo Fisher Scientific,
Waltham, MA, USA) on the LightCycler 480 Il System (Roche Mo-
lecular Diagnostics, Pleasanton, CA, USA). Amplification signal
curves were analyzed at absorption wavelengths of 530 nm.
Appropriate positive and non-template controls were included in
each test run. Relative expression of the pumA gene was normalized
with expression values obtained from 165 rRNA genes from
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P.  aeruginosa  (accession number  AE004091; region:
722096—723631) or E. coli (accession number AJ605115). Estima-
tion of relative gene expression was performed via the classical
calibration dilution curve and slope calculation. A five-fold dilution
series (500—0.05 ng total RNA) was prepared and utilized as sample
in the RT-qPCR. Efficiency (E) was obtained from standard curves
utilizing the formula E = (10 ~'5'°P*_1) « 100. Relative expression
levels were determined with the efficiency correction method,
which takes into account amplification efficiencies between target
and reference genes [31].

2.9. Virulence assays

2.9.1. Caenorhabditis elegans killing assays

C. elegans Bristol N2 [6] worms were synchronized by hypo-
chiorite isolation of eggs from gravid adults, followed by hatching
of eggs in S-basal medium [39]. L1 larvae were transferred onto
NGM (Nematode Growth Medium) [39] in plates seeded with the
E. coli OP50 strain previously grown on the plates as a food source
and incubated at 20 °C for 4-5 days until they reached the young
adult phase. Worms were rinsed off the plates and washed in S-
basal medium. Cultures of P. aeruginosa strains were grown over-
night in M9 broth at 37 °C, centrifuged, and the pellets were sus-
pended in fresh M9 broth and grown to an ODgpp = 0.4. For each
experiment, 20 worms were dispensed into each well of a 24-well
Costar plate (Corning, Inc., Corning, NY, USA). The worms were
incubated with 1 = 10° (+1 x 10%) CFU of the bacterial strain
contained in a total volume of 1 ml, and the plates were incubated
for 36 h at 20 °C and scored for live worms at 6, 12, 24, and 36 h.
P. aeruginosa PAO1 (pUCP20) and M9 medium were used as a
positive and negative control, respectively. A worm was considered
dead when it no longer responded (moved) to a touch stimulus.
Worms that died as a result of becoming adhered to the wall of the
plate were excluded from the analysis. For all assays, bacterial
concentrations were confirmed by dilution, plating, and counting.
Two independent assays with two replicates were conducted for
each worm group. By supernatant effects assays the cultures of
P. aeruginosa strains were grown overnight in M9 broth at 37 °C and
centrifuged to obtain the supernatant. The worms were incubated
with 100 pl of the bacterial strain supernatant in a total volume of
1 ml and the plates were incubated for 36 h at 20 “C and scored for
live worms at 6, 12, 24, and 36 h. Two independent assays with two
replicates per experiment were conducted for each worm group.

PumA protein toxicity on C. elegans was determined by His-
PumA purified protein incubation. A total of 20 worms were
dispensed into each well of 24-well plates (Corning) and incubated
with 10, 25, 50, or 100 pg ml ! of His-PumA protein in a volume of
100 pl, and the plates were incubated for 48 h at 20 °C and scored
for live worms at 6, 12, 24, 36, and 48 h. C elegans was incubated in
M9 medium, and M9 containing protein elution buffer with or
without 0.2 M of Imidazole were used as negative controls. Addi-
tionally, His-PumA protein toxicity to C. elegans was analyzed after
their denaturation by heating at 95 °C for 2 h or by hydrolysis
utilizing 100 pg ml ! of Pronase E (Sigma-Aldrich). Finally, the
PumaA toxicity effect neutralized by PumB protein was determined
by C. elegans incubation in presence of His-PumA and PumB-His
purified proteins in a ratio 1:1 and 1:2. Two independent experi-
ments with two replicates were performed for each worm group.

2.9.2. Mouse virulence experiments

The protocol for mouse manipulation assays followed the rec-
ommendations for animal manipulation issued by SAGARPA (Sec-
retaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca y
Alimentacion, México), 2001.

To assess the virulence and colonization ability of Pseudomonas

strains, groups of 10, 8—10-week-old male BALB/c mice weighing
18—22 g were used. The virulence assays were conducted as
described by Ref. [35] and inoculated (100 ul) with as single dose
administered by tail-vein injection with 3 » 108 (+3 x 10%) CFU.
Mouse survival was monitored each day. Two independent assays
were conducted for each group.

To assess the colonization ability of P. aeruginosa PAO1 bearing
pumAB genes, the mice were anesthetized with sodium pentobar-
bital (24 mg/kg) and inoculated via tail-vein administration with
5 « 10° (£5 = 10%) CFU contained in a volume of 100 pl as described
by Ref. [35]. At 48 h post-inoculation, the mice were euthanized and
samples were taken for analysis. Heart, lungs, and kidneys were
removed by dissection, weighed, and homogenized in 10 mM
MgS04 utilizing a mortar and pestle. Organ homogenates were
serially diluted in 10 mM MgSO4 and plated on LB agar for CFU
determination. Three independent assays were conducted for each
mouse group. For all assays, bacterial inoculum concentrations
were confirmed by dilution, plating, and CFU determination.

2.10. Statistical analysis

Data analysis was carried out with GraphPad Prism 5 software.
ANalysis Of VAriance (ANOVA) employing the Tukey test was per-
formed for all Pseudomonas assays. In addition, a Student (-test was
carried out for the analysis of the expression assays. P < 0.05 was
considered statistically significant.

3. Results and discussion
3.1. The pumAB genes of plasmid pUM505

Owing to their similarity with previously characterized proteins,
ORF 123 and 124 from the pathogenicity island of pUMS505 were
reported to encode a probable TA system [34]. These ORF were
renamed as pumA and pumB genes for the pUMS505 Tox-
in—Antitoxin system. PumA is a predicted protein of 99 aa (Gen-
Bank accession number AEQ93530) that was previously reported to
exhibit 55% sequence identity with the RelE protein (toxic
component) of the TA system from Klebsiella pneumoniae
(ZP_06016753) [34]. A recent BLAST analysis showed that the pumA
gene encodes a protein that is 73% identical to an uncharacterized
addiction module killer protein from Pseudomonas putida (NCBI
Reference Sequence WP_011005862). Additionally, an amino acid
sequence alignment with proteins of the RelE toxin superfamily
with known biological function was conducted. The alignment
revealed that the PumA protein possesses only 22% identity to
MjRelE from Methanococcus jannaschii, 18% to YoeB from E coli, and
14% to PhRelE from Pyrococcus horikoshii (Fig. S1, Supplementary
Material). The low identity of PumA with RelE-like proteins is not
surprising, in that it has been reported that amino acid sequences of
RelE-like proteins are quite divergent, even those originating from
the same or closely related bacterial species [16]. In general, RelE-
like sequences present 24—47% similarity among themselves and
15—28% identity with the canonical RelE protein from E. coli K-12
[15]. Although highly divergent at the primary sequence level, the
PumA protein contains a secondary structure predicted by the
MINNOU program that is characteristic of toxins of the RelE su-
perfamily, constituted by five-stranded [i-sheet flanked on one side
by u-helices #1 and o2 and, on the other side, by a-helix 3 [15]
(Fig. S1, Supplementary Material). It has been reported that,
despite very low conservation at the amino acid sequence level,
RelE-like proteins share secondary and tertiary structures with
similar folding [16]. Additionally, PumA contains conserved-type
residues (Val4, Val4l, Val44, lle53, Val61, and Val81) and highly-
conserved residues (Asp40, Arg52, His54, and Arg60) that are
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found in the MjRelE and YoeB proteins (Fig. S1, Supplementary
Material). The mutation of Arg62 in MjRelE, which corresponds to
Arg65 of PhRelE, renders a toxin inactive [15]; the Arg62 residue
located in MjRelE corresponds to Arg60 in the PumA sequence. This
analysis suggested that PumA could belong to the RelE toxin family.

The pumB gene encodes a putative transcriptional regulator of
96 aa (GenBank accession number AEQ93531) with 92% identity to
the antitoxin HTH protein (Helix-Turn-Helix xenobiotic-resistant
family-like proteins) from Pseudomonas alcaligenes (AAD40346)
[34). The PumB protein contains a predicted HTH DNA-binding
domain (Fig. 52, Supplementary Material) that is characteristic of
the Xre family of antitoxins, and this domain has often been found
in characterized antitoxins [44]. In type Il TA systems, the antitoxin
is generally a DNA-binding protein that binds to the operator of the
operon torepress its own transcription. In the majority of cases, the
HTH motif is located at the N-terminal domain of the antitoxins
[11]. Examples of the existence of the HTH motif in solved struc-
tures of antitoxins include PezA [21], as well as HigA [37]. However,
the HTH motif of PumB was located at the C-terminal region of the
protein (Fig. 52, Supplementary Material). A similar position of the
HTH motif was found in the functional antitoxin MqsA of E. coli [8].
This analysis suggests that the PumB protein could function as an
HTH-type antitoxin protein.

As mentioned previously, the pumA gene encodes a putative
RelE-type toxin, while the pumB gene encodes a putative HTH-type
antitoxin, and it is suggested that these genes encode a hybrid TA
system. In general, it has been assumed that each toxin family is
associated with a specific antitoxin family; for instance, RelE pro-
teins are frequently associated with RelB antitoxins [17]. However,
many hybrid systems exist in which a TA locus contains a toxin of
one class and an antitoxin of another class [ 3]. Together, these re-
sults suggest that pumAB genes from plasmid pUMS505 encode a
putative TA hybrid system.

3.2. pumAB genes form an operon

The pumA and pumB genes exhibited a genetic arrangement
where pumA, which encodes a putative toxin, was located upstream
of pumB, which encodes an antitoxin (Fig. 1a). In the majority of TA
systems, antitoxin genes are located upstream of their cognate
toxin genes, suggesting that antitoxins appear to possess an
advantage over their cognate toxins with regard to their production
| 44]. However, there are exceptional cases in which toxin genes are
located upstream of their cognate antitoxin genes, suggesting that
these differences in gene order might exert a subtle effect on the
toxin-to-antitoxin ratio in the cell, which in turn regulates toxin
function |44]. Additionally, sequence analysis revealed that pumA
and pumB genes contain a putative il promoter that showed at the
non-typical —35 to —10 box in the 5 region of pumA (Fig. 1a); no
promoter region was identified for pumB, suggesting that these two
genes constitute an operon that could be expressed from the pumA
promoter. In type Il TA systems, toxin and antitoxin genes are
commonly co-transcribed, forming operons [13], suggesting an
evolutionary advantage of the close vicinity of coding regions.
Additionally, pumAB genes have overlapped coding regions; the
stop codon of pumA and the initiation codon of pumB share four
nucleotides (Fig. la). Overlapping of coding sequences is a
conserved feature of paired TA systems [23].

To investigate the existence of a possible transcriptional linkage
of the pumAB genes, RT-PCR analyses were performed. Primers
were designed to amplify complementary DNA (cDNA) synthesized
from a transcript spanning the overlapping pumAB region (Fig. 1a).
When total RNA from exponential-phase cultures of the
P. aeruginosa PAO1 (pUMS505) strain was probed, a sole ~440-bp
DNA fragment, covering the overlapping region, was detected

(Fig. 1b, lane 2). No corresponding fragment was detected in the
negative control (Fig. 1b, lane 1). A less intense DNA band was
observed with RNA obtained from stationary-phase cultures
(Fig. 1b, lane 3), which is in agreement with previous reports of TA
systems displaying higher expression levels in the exponential
growth phase [26]. These data demonstrate that the pumAB genes
are co-transcribed into a bicistronic mRNA, and strongly suggest
that they form an operon.

3.3. The pumAB genes confer plasmid stability

Since the function of plasmid-encoded TA systems is related to
plasmid stabilization, we investigated whether pumAB genes are
able to promote plasmid maintenance. Because pUMS505 addi-
tionally to possess the putative TA system contains several genes
probably related with the partition, segregation, maintenance, and
stabilization of plasmids, as well as parA, parB, xerD, xerC, and ssb,
respectively, [34], in order to test this, pumAB genes were first
cloned into the Ampicillin (Ap)-resistance pJET vector and the re-
combinant plasmid p|ET-pumAB obtained was transferred to the
E. coli [M101 strain. Plasmid segregation was tested by measuring
CFU in E. coli ]IM101 (pJET-pumAB) and [M101 (pJET-orf131) strains
after 24-h consecutive subcultures in non-selective NB medium;
samples were withdrawn each day, diluted, and plated on nutrient
agar with or without Ap, as described under Methods. CFU of pJET-
orfl31-containing cells decreased in each subculture on the Ap
plates from day 3 (corresponding to 216 generations) and, after day
6 (corresponding to 432 generations), these were undetectable
(Fig. 2). In contrast, CFU counts in transformants bearing the pJET-
pumAB plasmid remained without significant changes throughout
the assay. Agarose gel electrophoresis of mini-prep plasmid DNA
isolations from the subcultures confirmed the absence of plasmid
bands from p|ET-orf131 clones, as well as the presence of recom-
binant plasmid in clones from pJET-pumAB transformants (Fig. 53,
Supplementary Material). These data indicate that the presence of
pumAB increases the stability of the pJET plasmid and suggest that
they do so by means of a post-segregation killing mechanism

10

CFU (x 108 mI*)

4

0 1 1 T T T
1 2 3 4 5 6

Subcultures (days)

Fig. 2. Plasmid stability conferred by pumAB genes from pUMS505. Cultures were
grown in Nutrient Broth at 37 °C with shaking, and consecutive 24-h subcultures were
performed without antibiotic selection. Serial dilutions from each subculture were
plated on Nutrient agar medium with Ampicillin, and CFU were counted as described
under Methods. Symbols: (), E coli JM101 (pJET-0rf131) as a negative control; (@),
E coli ]M101 {pJET-pumAE). Data shown are the means of three independent assays in
duplicate with Standard Error (SE) bars shown.
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involving a TA system, probably composed of the PumA toxin and
its PumB cognate antitoxin.

3.4. Overexpression of the pumA gene inhibits E. coli growth

To investigate whether a functional toxin is encoded by pumA of
pUMS05, this gene, including its putative promoter, was subcloned
into the pUCP20 shuttle vector; recombinant plasmid pUC-pumA
was transferred to the P. aeruginosa PAO1 strain, and growth ki-
netics in liquid cultures was measured. The presence of the pUC-
pumA plasmid did not cause growth inhibition in PAO1 cells
(Fig. S4a, Supplemental Material). This effect was not expected
because the pumA gene was identified in a plasmid from a Pseu-
domonas strain and, as was shown, is expressed in this strain
together the pumB gene as an operon (Fig. 1b). However, an
explanation to this result may be attributed to the fact that the
pumA gene is not expressed in PAO1 under its own promoter into
the pUC20 vector. However, another possibility could be that the
product encoded by the pumA gene was less toxic to PAO1 than to
E. coli, bearing in mind that the function of pumAB genes in plasmid
stability was determined in E coli. To discern between these pos-
sibilities, pumA gene expression was determined by RT-gPCR assays
from cultures of P. aeruginosa PAO1 containing the recombinant
pUC-pumA plasmid. The results showed that the pumA gene was
expressed in the P. aeruginosa PAO1 strain (Fig. S4c, Supplemental
Material). The latter suggested that this gene is functional in this
strain. To determine whether the product of the pumA gene affects
the growth of E coli cells, recombinant plasmid pUC-pumA was
transferred to E coli ]M101 and growth kinetics in liquid cultures
were analyzed. The results demonstrated no differences in the
growth of E. coli cells through the presence of the pUC-pumA
plasmid (Fig. 54b, Supplemental Material). Additionally, the results
of expression by RT-qPCR analysis showed that the pumA gene was
expressed in this strain (Fig. 54c, Supplemental Material). These
results noted that when PumA is expressed in physiological levels,
it does not affect cell growth, suggesting that a high expression
level is required. In Mycobacterium tuberculosis, a correlation be-
tween the expression levels of the VapC toxin from TA systems and
its ability to confer a toxic phenotype has been reported [2]. To
determine whether the overexpression of PumA affects bacterial
growth, the pumA gene was subcloned into the pTrcHisC expression
vector under the control of an IPTG-inducible promoter, and re-
combinant plasmid pTrcHis-pumA was transferred to the E. coli
BL21 strain. Growth kinetics with or without IPTG induction was
then measured in BL21 derivatives. BL21 cells containing the vector
alone, with IPTG, exhibited no harmful effects on growth. In
contrast, [PTG-induced BL21 transformants containing recombi-
nant plasmid pTrcHis-pumA displayed clear growth inhibition as
compared with non-induced transformants (Fig. 3a), and these
results were consistent with a decrease in the CFU count (Fig. S5,
Supplemental Material). Additionally, pumA gene expression levels
with or without IPTG induction were determined, and the results
showed an increase of about 70 times of the pumA transcript with
respect to the non-induced condition (Fig. 3b), indicating that
overexpression of PumA affects E. coli growth. Several reports
demonstrated that overexpression of the toxins of TA systems
produced cell growth inhibition; for example, in E. coli K-12
(MG1655), RelE, MazF, YeeV, and Ykfl toxins inhibited bacterial
growth when they were ectopically overexpressed [7,30]. Addi-
tionally, has been reported that some toxins caused cell growth
inhibition when they were heterologously and ectopically overex-
pressed in E coli BL21, as well as the Vap(-3 and Tox28 toxins from
Acidithiobacillus ferrooxidans, YoeB from Streptococcus suis, and
YoeB from Staphylococcus equorum [9,26.46|. Therefore, our results
indicated that, like others toxins from TA systems, a high expression

level of the pumA gene is required to affect bacterial growth, sug-
gesting that PumA functions as a toxin in E. coli. Since many genes
can be toxic to cells when they are overexpressed, it was important
to determine whether cell growth inhibition by PumA is neutral-
ized by expressing its cognate antitoxin. We compared the growth
of E. coli BL21, in which the pumA was expressed either individually
or together with its cognate pumB, under the control of the same
inducible promoter, to determine whether pumB allowed cell
growth in the presence of the inducer. The pumAB gene pair was
cloned into the pTrcHis2A vector and transferred to E. coli BL21, as
described in Methods. When co-expression of PumA and PumB-His
proteins was induced by IPTG, BL21 cells did not exhibit growth
inhibition in comparison with the strain with individual His-PumA
overexpression (Fig. 3a). These results were consistent with the CFU
count (Fig. S5, Supplemental Material), suggesting that PumB pro-
tein could neutralize the growth inhibitory effect of PumA. Over-
expression of recombinant His-PumA and PumB-His proteins was
verified by SDS-PAGE and by Western blot analysis (Fig. 56, Sup-
plementary Material). In type Il TA systems, the major role of the
antitoxin is to neutralize the toxic function of its cognate toxin
mediated by the toxin-binding domain [44|. The majority of the TA
systems from E. coli and Mycobaterium smegmatis tested experi-
mentally showed that the toxin inhibited bacterial growth, indi-
cating an effect that is neutralized by its cognate antitoxin [36].
These results indicate that PumaA acts as a toxic protein in E. coli and
that its effects are neutralized by the presence of PumB protein,
which supports the notion that these proteins form a functional TA
system in Pseudomonas.

3.5. Expression of the pumA gene has the potential to increases
P aeruginosa virulence

It has been reported that some strains of P. aeruginosa, such as
the highly virulent PA14 strain, can kill the C. elegans nematode,
utilizing virulence factors that are also required for pathogenesis in
mammalian or plant hosts [40], In addition, chromosomally enco-
ded TA systems may be related to the virulence of bacterial path-
ogens [ 13,41]. To determine whether the pumAB TA system from
pUMS05 participates in P. aeruginosa virulence, assays to test their
ability to kill C. elegans were conducted. Since the pUMS505 contains
several genes that are related with the virulence of P. aeruginosa
[35], pumAB genes were cloned, either paired or individually, in the
pUCP20 vector, and recombinant plasmids pUC-pumAB, pUC-pumA
and pUC-pumB were transferred to P. aeruginosa PAO1. The results
revealed that transformants containing the pumAB genes displayed
similar viability levels as compared to the vector-only PAO1control
strain (~-60% of worms killed in 36 h) (Fig. 4a), suggested that in the
conditions carried out the PumAB TA system is not involved in the
virulence of P. aeruginosa. However, interestingly transformants
with the pumA gene in the same conditions assayed increased PAO1
ability to kill worms at ~95% at 36-h post-incubation as compared
to the control strain, whereas transformants with plasmid con-
structions containing pumB displayed similar viability levels as
compared to the control strain (~60% of worms killed in 36 h)
(Fig. 4a). In order to rule out the possibility that the virulence ef-
fects observed may be due to differences in the growth rate of the
transformants analyzed, growth assays were performed and the
results exhibited no harmful effects on growth among the trans-
formants (Fig. S7, Supplementary Material). These data indicate
that the pumA gene product improves the ability of PAO1 to kill
C. elegans, this effect is neutralized by the pumB gene product.
Additionally, the effect of the supernatant from Pseudomonas
strains on the C. elegans viability was assayed and the results
showed that the supernatant from P aeruginosa contained the
pumA gene was able to kill the ~75% of worms in 36 h of incubation;
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bacterial growth and the PumB protein neutralized this effect. (a) Cultures were grown at 37 “C with shaking in Nutrient Broth, and

growth was monitored atintervals as Optical Density (OD) at 600 nm (ODgoq) with a spectrophotometer. Symbols: ( ¢ ), E coli BL21 (pTrcHisC) with 1 mM IPTG; (@) or (O ), E coli
BL21 (pTrcHis-pumA) with or without 1 mM IPTG, respectively; (M) and (), E. coli BL21 (pTrcHis-pumAB) with or without 1 mM IPTG, respectively. The data shown are means from
the duplicates of three independent assays with Standard Error (SE) bars shown. (b) Expression levels of pumA from cultures of E, coli BL21 (pTrcHis-pumA) strain with or without
1 mM IPTG determined by RT-qPCR as described under Methods. Values represent the means of two independent determinations in duplicate with Standard Error (SE) bars shown,
normalized with respect to transcription of the 165 gene from E. coli. Statistical analysis was conducted with Student t-test to compare the expression, and significant differences

(p < 0.0001) are indicated by asterisks (***).

whereas P. aeruginosa strains contains the pumB or pumAB genes
showed similar killer (~-25%) than the P aeruginosa control strain
(Fig. S8, Supplementary Material), suggested that the toxin could be
secreted to the media growth by the bacteria or release from bac-
terial lysis to generate toxic effects on the bacterial host. In Rick-
ettsia containing vapBC TA systems has been suggested that the
toxic effect of on its host could be related to the release of toxin in
host cell cytoplasm from a TA complex that is secreted or released
following rickettsial death [5]. In addition, comparative genomic
studies have shown that the presence of TA systems is significantly
associated with the pathogenicity of bacteria | 13]. M. tuberculosis
contains at least 30 functional TA systems, whereas its non-
pathogenic counterpart, M. smegmatis, has three functional TA
systems |36]. Furthermore, TA modules have been shown to be
involved in the virulence of Salmonella and Leptospira interrogans
[13,22]. These results suggest that a toxin from a plasmid-encoded
TA system might contribute to increasing the virulence of its host.

Additionally, to determine whether the PumA protein is able to
kill C. elegans, worms were incubated with increasing concentra-
tions of purified His-PumA protein. The results showed that
10 pg ml ! of His-PumA protein was able to kill ~55% of worms in
36 h, and that this effect increased at ~70% with 100 pg ml ' of
recombinant protein (Fig. 4b). These harmful effects were not
observed when the worms were incubated only with the buffers
used for protein elution in these assays (Fig. 59, Supplementary
Material). Similar results were previously reported to the VapC
toxin from the VapBC TA system of Rickettsia spp, this protein was
toxic to mammalian cells when injected into the cytoplasm as a free
toxin [5]. Additionally, we determined the toxic effect of PumA on
C. elegans after its denaturalization. The results demonstrated that
worm death levels comprised up to ~35 or ~45% when PumA was
denaturized by heat or by protease E treatment, respectively, as
compared to non-denaturized protein at the same concentration
that was able to kill the ~70% of worms (Fig. 4c). The denaturized
protein decreased in lethality toward C. elegans, suggesting that the

toxic effect was not provided by the components of the reaction
mix, since a similar worm death was observed between treatments
and also suggest that correct structure of the protein is required for
its function. Finally, the neutralization of the toxicity of PumA on
C. elegans by the PumB protein was analyzed, and the results
showed that when the worms were incubated simultaneously with
PumA and PumB proteins in a 1:2 (toxin:antitoxin) radio, the toxic
effect of PumA decrease 50%; whereas, in a 1:1 radio no changes in
the toxicity was observed (Fig. 4d), supporting the role of
neutralization of PumB and suggested a molar relationship be-
tween PumA and PumB proteins. The ratio of the toxin:antitoxin of
TA systems had been described is important to determine the
stoichiometry of the TA protein complex as well as to regulate the
transcription of the TA systems, this phenomenon was termed as
conditional cooperativity that reflects that excess toxin often per-
turbed operator binding by TA complexes |19]. An example of this
cooperativity are the CcdAB system from F plasmid of E. coli, where
both modules form a (CcdA)2—(CcdB)2 complex which binds DNA
to regulate the repression state of the ccd operon, and the addition
of CcdB extra to protein-DNA complex lead an operon derepression
[1]. Together, these results indicated that the PumA protein affects
the worm viability and suggest that this protein in absence of PumB
possess the potential to function as a toxin. It had been described
that under non-stress conditions, the toxicity of RelE toxin from
RelEB system of E. coli is neutralized by the RelB antitoxin by
forming a tight non-toxic RelBE complex; but under environmental
stress conditions, the antitoxin is degraded by cellular proteinases
and RelE is activated [ 12]. In Streptomyces cattleya DSM 46488 it
was described that the relBE2sca operon transcription was induced
under osmotic stress, along with the ClpP proteinase genes, and
subsequent in vivo analysis showed that the antitoxin was degraded
by ClpP [25]. This reports suggests that in some bacterial growth
conditions is possible that the decrease in the antitoxins levels
allow that the toxin perform its toxic effects.

To test if pUM505 pumA gene may also has the ability toincrease
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Fig. 4. The product of pumA gene kills Caenorhabditis elegans. (a) Effects of P aeruginosa transformants with pumAB genes on C elegans viability. Groups of 20 worms were
incubated with 1 = 107 (+1 = 10%) Colony-Forming Units {CFU) of the indicated strains, as described under Methods, Mixtures were incubated at 20 “C and scored for live worms at
the indicated times. Symbols: (0), M9 medium; (@), P. aerugi PAO1 pUCP20; (@), P aeruginosa PAD1 (pUC-pumAB); (A ), P. aeruginosa PAD1 (pUC-pumA), and (W),
P. aeruginosa PAO1 (pUC-pumB). (b) Effects of the PumA protein on C. elegans viability. Groups of 20 worms were incubated with purified His-PumA as described under Methods.
Mixtures were incubated at 20 °C and scored for live worms at the indicated times. Symbols: { © ), M9 medium with 0.2 M Imidazole; (W ), (). (M), and ( @ ), M9 medium with 10,
25, 50, or 100 pg ml~" of His-Puma, respectively. (c) Effects of previously denaturized His-PumA on C elegans viability. Symbols: (0), M9 medium; (O ), M9 medium with 02 M
Imidazole; (@), M9 medium with 100 pg mi~" of His-PumA; ( A ), and (), M9 medium with 100 ug ml~" of His-PumA denaturized by Pronase E or by heat, respectively. (d)
Neutralization of the PumA protein effects on C elegans viability by PumB. Groups of 20 worms were incubated with purified His-PumA with or without PumB as described under
Methods. Mixtures were incubated at 20 “C and scored for live worms at the indicated times. Symbols: { O ), M8 medium with 0.2 M Imidazole; ( @ ), M8 medium with 5 pg ml~" of
His-PumA, ( A }and (W ), M9 medium with 5 pg mi~! of His-PumA with 1:1 or 1:2 (His- PumA:PumB-His) ratio, respectively. The data shown are means from the duplicates of two

independent assays.

the virulence in an animal model, a total of 3 = 10° (£3 = 10°) CFU
of PAO1-derivative strains were individually inoculated by intra-
venous (iv.) administration, and mouse survival was monitored
each day. It was found that mice infected with P. aeruginosa PAO1
(pUC-pumA) led to 20% lethality at day 3 post-inoculation, and
reached 60% lethality at day 12 compared with mice inoculated
with P aeruginosa (pUCP20) or with P. aeruginosa (pUC-pumB),
which both maintained 100% survival until day 12 post-inoculation
(Fig. 5a). This result indicates that the toxin encode by the pumA
gene increase the pathogenicity of P. aeruginosa in a mammalian
host. Additionally, the effect of the pumA on mouse colonization
was determined with the previously mentioned PAO1-derivative
strains, as described under Methods. The presence of the pumA
gene significantly increased PAO1 CFU in mouse heart (two-fold),

lung (six-fold), and kidney (six-fold) as compared with those
inoculated with transformants with the plasmid containing the
pumB gene, which yielded CFU counts similar to those of the
empty-vector strain (Fig. 5b). To determine whether the expression
of the PumB antitoxin could neutralize the virulence effects sup-
plied by the presence of the pumA gene, mice were inoculated with
P. aeruginosa transformants containing pumAB genes. The results
showed that the CFU count was similar to that of the empty-vector
strain or to that of the plasmid containing the pumB gene (Fig. 5b).
These data indicate that PumA expressed alone possess the ability
to increases PAO1 invasiveness into mouse organs, an event
neutralized by the pumB product. Several chromosomal TA systems
have been shown to cause increased virulence in their bacterial
hosts against animals, including TA systems from E. coli [27],
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Salmonella typhimurium [13 ], M. tuberculosis [36], L interrogans [22]
however, this relationship has not been reported for elements of
plasmid-encoded TA systems. These results further confirmed that
pumAB genes encode a TA system, comprising the PumA toxin and
its cognate PumB antitoxin, being the toxin the element with ca-
pacity to generate toxic effects. To our knowledge, this is the first
toxin from a plasmid-encoded TA system from P. aeruginosa that
has demonstrated participation in virulence. The increase of PAO1
virulence and the invasion by PumA toward the organisms
employed in this work (invertebrates and mammals) suggest that
the virulence mechanism involved may be conserved in these
evolutionarily divergent hosts. The mechanism by which the PumA
toxin exerts its toxic actions is currently under study.

In conclusion, pUMS505 contains pumAB that encodes a TA sys-
tem conferring plasmid stability and encodes a toxin with potential
to increasing P. aeruginosa virulence in animal models.
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Abstract

Mucor circinelloides is a dimorphic fungus used to study cell differentiation that has emerged as a model to characterize
mucormycosis. In this work, we identified four ADP-ribosylation factor (Arf)-encoding genes (arfl—arf4) and study their role
in the morphogenesis and virulence. Arfs are key regulators of the vesicular trafficking process and are associated with both
growth and virulence in fungi. Arfl and Arf2 share 96% identity and Arf3 and Arf4 share 89% identity, which suggests that
the genes arose through gene-duplication events in M. circinelloides. Transcription analysis revealed that certain arf genes
are affected by dimorphism of M. circinelloides, such as the arf2 transcript, which was accumulated during yeast develop-
ment. Therefore, we created knockout mutants of four arf genes to evaluate their function in dimorphism and virulence. We
found that both arfl and arf2 are required for sporulation, but these genes also perform distinct functions: arf2 participates
in yeast development. whereas arf] is involved in aerobic growth. Conversely, arf3 and arf4 play only minor roles during
aerobic growth. Moreover, we observed that all single arf-mutant strains are more virulent than the wild-type strain in mouse
and nematode models, with the arf3 mutant being most virulent. Lastly, arfl/arf2 and arf3/arf4 double mutations produced
heterokaryon strains that did not reach the homokaryotic state, indicating that these genes participate in essential and redun-
dant functions. Overall, this work reveals that Arfs proteins regulate important cellular processes in M. circinelloides such
as morphogenesis and virulence, laying the foundation to characterize the molecular networks underlying this regulation.
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Introduction

Communicated by M. Kupiec.

Mucormycosis is a fungal infection produced by Mucorales,
including Mucor circinelloides, which is the second species
isolated from patients after Rhizopus oryzae (Roden et al.
2005). The high mortality rates, unusual antifungal drug
= Victor Meza-Carmen resistance and its emerging character have encouraged the

victor mezd004E yRoocom researches to identify the molecular mechanisms involved in
the ability to infect humans (Trieu et al. 2017). Arf proteins
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conditions. Thus, sporangiospore can develop either as
mycelia or yeast cells in function of mostly the atmosphere
and carbon-source conditions (Liibbehiisen et al. 2003). M.
circinelloides also accumulates carotenoids in response to
light presence and are the precursors of trisporic acid which
is involved in sexual reproduction in Mucorales (Avalos and
Limoén 2015). Moreover, the ability of M. circinelloides to
infect humans may be associated with morphological
changes as it occurs in other fungi (Wang and Lin 2012).
In eukaryotes, adequate growth and development depend
on sensing and transmission of environmental signals and,
in several such signalling pathways, G proteins function as
critical regulators (Bahn et al. 2007). Intriguingly, several
G proteins in M. circinelloides are involved in the process
leading to fungal dimorphism. For example, Rhol and Rho3
are differentially expressed during polarised growth (De La
Cruz et al. 2007), and several genes encoding heterotrim-
eric G proteins exhibit differential expression pattern during
dimorphism (Valle-Maldonado et al. 2015a); however, the
biological functions of these genes have not been studied.
Furthermore, elements of the protein kinase A pathway have
been reported to regulate the morphology of M. circinel-
loides (Ocampo et al. 2009, 2012), and a correlation between
morphology and virulence in M. circinelloides was revealed
by a mutation in cnbR, the gene that encodes the regulatory
subunit of calcineurin; the mutation led to monomorphic
yeast growth and reduced virulence (Lee et al. 2013).

ADP-ribosylation factors (Arfs) are small G proteins of
the Ras superfamily that were initially described biochemi-
cally as allosteric modulators of cholera-toxin activity (Kahn
and Gilman 1984; Moss and Vaughan 1998). Subsequent
studies indicated that Arf proteins are involved in vesicle
trafficking in the secretion pathway in Saccharomyces cer-
evisiae and localised in the Golgi apparatus in mammalian
cells (Stearns et al. 1990a). The Arf family is composed of
Arf, Arl (Arf-like). and Sar (secretion-associated and Ras-
related)proteins, which are all involved in vesicle biogenesis
(Kahn et al. 2006).

Vesicle trafficking is one of the most critical processes in
protein targeting; vesicles transport molecules between orga-
nelles inside cells, or transport molecules inside and outside
cells, which involves exocytic and endocytic processes. Arf
proteins not only control the localisation and function of
cargo molecules in vesicles (Mizuno-Yamasaki et al. 2012),
but also participate in the biogenesis of organelles such as
peroxisomes (Agrawal and Subramani 2013) and regulation
of mitochondrial morphology and function (Ackema et al.
2014).

In fungi, the specialised vesicular body Spitzenkérper,
which contributes to the apical growth of the fungal myce-
lium, relies on vesicle flux (Dijksterhuis and Molenaar
2013). Thus. Arf proteins could be particularly relevant to
Spitzenkorper generation and, accordingly, certain small G
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proteins have been found to be involved in the polarisation
of fungal filamentous growth (Park and Bi 2007). The small
GTPase Secd, a Rab-related protein, was detected in tip-
located vesicles in Aspergillus niger (Punt et al. 2001), and
the Rab protein YPT-1 from Neurospora crassa was reported
to play a critical role in the functioning of the machinery that
maintains vesicular flux (Sinchez-Leon et al. 2015).

In S. cerevisiae, three ARF-encoding genes have been
reported (Hsu and Lee 2013; Stearns et al. 1990a) and. in
mammals, Arf proteins are divided into three classes, I-11I
(Jackson and Bouvet 2014); fungal Arfs are phylogeneti-
cally grouped into classes I and III of mammalian Arfs
(Yorimitsu et al. 2014). Yeast ARF1 and ARF2, which are
class I proteins, participate in the exocytic pathway and are
essential, because the ARFI/ARF2 double-mutant is not via-
ble (Stearns et al. 1990a). Conversely, yeast ARF3, which
belongs to class 111, is involved in cytoskeletal organisation
(Lambert et al. 2007) and appears to function in endocyto-
sis (Smaczynska-de et al. 2008). In Aspergillus nidulans,
ArfB—the S. cerevisiae ARF3 homologue—is involved
in polarised growth and endocytosis (Lee et al. 2008a).
Recently, the dimorphic human pathogen Candida albi-
cans was shown to harbour five ARF homologues: three
ARF genes(1-3) and two ARL genes(1 and 3); intriguingly,
reduction in ARF2 expression caused alterations in polarised
growth and virulence, whereas the ARLJ product was also
required for invasive filamentous growth (Labbaoui et al.
2017).

In this study. our main goal was to identify the arf genes
of M. circinelloides and characterise their function during
dimorphism and virulence by generating and examining
gene-knockout mutants. We report that some of the arf gene
mutants showed altered morphology and virulence via regu-
lation of protein secretion. Our findings identify potentially
pivotal roles of arf genes in M. circinelloides.

Materials and methods
Fungal strain and growth media

Mucor circinelloides RTB (leuA™), derived from the (—) mat-
ing-type M. circinelloides f. lusitanicusCBS 277.49 (Ron-
cero 1984), was used for arf gene expression analysis. The
recipient strain used for knocking out arf genes was MU402
(leuA™, pyrG™) (Nicolas et al. 2007), a uracil and leucine
auxotroph derived from R7B. Spores were obtained from
M. circinelloides cultures grown on plates with yeast—pep-
tone—glucose (YPG) medium (pH 4.5); 1 L medium con-
tained 3 g yeast extract, 10 g peptone, 20 g glucose, and 15 g
bacteriological agar, and was supplemented with 200 mg/L
uracil as required. Spores were harvested, counted. and
preserved as previously reported (Valle-Maldonado et al.
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2015a). The selection culture medium used was yeast nitro-
gen base (YNB) (Sigma, USA) or MMC (minimal medium
casamino acids), which contained 10 g/L casamino acids,
20 g/L glucose. and 0.5 g/L yeast nitrogen without amino
acids; both media were supplemented with uracil (200 mg/L)
as required; 15 g/L agar was added when solid media were
prepared.

Aerobic and self-anaerobic spore germination
and growth quantification

Aerobic growth was performed in 250-mL flasks contain-
ing 25 mL YPG medium inoculated with 5x 10* spores/mL
of M. circinelloides; the liquid cultures were maintained at
28 °C for up to 24 h with constant shaking. Self-anaerobic
spore germination was performed using 125-mL flasks con-
taining 125 mL YPG medium inoculated with 5x 10° spores
ImL of M.circinelloides, as previously described (Salcedo-
Hernandez and Ruiz-Herrera 1993). Germination percentage
under aerobic or anaerobic conditions was calculated from
the number of germinules or budding yeasts in 100 cells.

To determine dry weights, mycelia or yeast cells were
collected from liquid cultures through filtration, washed
twice with distilled H,O, and dried on pre-weighed filter
papers (Whatman No 5, Maidstone, Kent, UK). Filters were
dried for 96 h at 80 °C and, after cooling the dry weights of
the cells were measured.

Sporulation assay and radial growth

Sporulation was quantified by inoculating 50 spores from
M. circinelloides on plates containing uracil-supplemented
YPG medium. The plates were incubated for 5 days in the
presence of light and the spores were harvested and counted
in a haemocytometer chamber.

The radial growth of M. circinelloides was monitored by
inoculating 50 spores at the centre of YPG plates supple-
mented with uracil, followed by measurement of the increase
in colony diameter daily for 5 days.

Image analysis

An Olympus CKX41 microscope equipped with a
40 x objective lens and a DMC-T25 camera (Panasonic,
Kadoma, Japan) was used to capture images of spores or
spore germination. Lengths were determined using QCap-
ture Pro 7™ and Leica application suite software.

Identification of Arf-encoding genes in M.
circinelloides

Genes that were homologous to S. cerevisiae genes encod-
ing ARFs (ARFI, ARF2, and ARF3) were identified in

the genome database (2.0) of M. circinelloides (http://
genome.jgi-pst.org/Mucci2/Mucci2 home.html). The cri-
teria for identifying Arf proteins from M. circinelloides
included evaluation of identity percentages and the detec-
tion of conserved domains. Alignments were performed in
Clustal W (Thompson et al. 1994). The ID numbers of the
Arf homologues from M. circinelloides that were used in
protein alignments, dendrograms, and identity scores were
as follows: Arfl, 157293; Arf2, 156501: Arf3, 155350;
and Arf4, 32250. The accession numbers for Arfs from
other species were as follows: A. nidulans: ArfA, AN1126
and ArfB, AN5020; C. albicans: ARF1, CR_08700C_A,
ARF2, C3_04950W_A, and ARF3, CAA99291; Fusarium
oxysporum f. sp. lycopersici: Arfl, KNA94255.1 and Arf2,
KNA94254.1; N. crassa: Arfl, EAA29781.1 and Arf6.
EAA28162.1; S. cerevisiae: ARF1., CAA98769, ARF2,
CAA65622, and ARF3. CAA99291: Schizosaccharomy-
ces pombe: ARF1, AAC37347.1 and ARF6, CAB51340.1:
Ustilago hordei: Arf6, CCF50382.1; Homo sapiens: ARF1,
NP_001019398, ARF3, NP_001650, and ARF6, CAG46762.

Genomic DNA isolation

Mucor circinelloides DNA was isolated as described previ-
ously (Van Heeswijck and Roncero 1984). Mycelium sam-
ples grown for 12 h were filtered through Whatman filter
paper and then preserved at —20 °C until processing. Frozen
samples were mechanically lysed by powdering in liquid
nitrogen using a mortar and pestle. DNA was extracted as
follows: 0.4 mL extraction buffer (10 mM Tris—HCI, pH
8, 0.4 M NaCl, 2 mM EDTA) was added to approximately
100 mg powder (mycelium sample), and then 80 pL sodium
dodecyl sulphate (SDS) (10%) was added. followed by 8
pL proteinase K (20 mg/mL); after incubation for 1 h at
60 °C, 320 pL. 5 M NaCl was added, and the samplewas
centrifuged for 30 min at 12,000 x ¢. The supernatant was
collected, mixed with 0.6 volumes of isopropanol. and incu-
bated at —20 °C for 10 min. After centrifugation for 20 min
at 12,000 x g. the pellet was washed (twice) with an equal
volume of 70% ethanol and centrifuged again at 12,000 % g.
The excess ethanol was removed and the DNA sample was
dried at 37 °C. Finally, the pellet was resuspended in 50
pL sterile water. RNA was cleaved by the addition of 3 pL
RNase A (Thermo Fisher Scientific. Waltham. MA. USA)
and incubation at 37 °C for 10 min. following which the
DNA samples were stored at —=70 °C.

Total RNA isolation

Mucor circinelloides biological samples were collected at
various time points after aerobic or anaerobic growth, fil-
tered through a filter paper (Whatman No. 5), and washed
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with distilled water. RNA was isolated following procedures
described previously (Valle-Maldonado et al. 2015b).

Oligonucleotide design and quantitative reverse
transcription-polymerase chain reaction (qRT-PCR)

Mucor circinelloidesarf gene-specific primers and hydroly-
sis probes featuring minimal secondary structures were
designed using Biosearch Technologies software (http://
www.biosearchtech.com) (Novato, CA, USA) to ensure
the specificity of all detections during qRT-PCR assays
(Table S1). The gqRT-PCR assays, amplification-efficiency
estimation, relative expression-level calculation, and data
analysis were performed as described previously (Valle-
Maldonado et al. 2015b).

Targeted arf gene disruption in M. circinelloides
Aarf1 and Aarf2

The arfl recombinant fragment was generated by PCR
amplification from the genomic DNA of the R7B strain: a
1.1-kb fragment corresponding to the 5" upstream region
from the translation start codon of arfl was amplified
using the oligonucleotides arf/-5’FWR and arfl-5'REV
(Table S2); arfl-5'REV included a Sacl restriction site at
its 3" end. Moreover, a 1.1-kb fragment corresponding to
the 3" downstream region from the translation stop codon
of arfl was PCR-amplified using the oligonucleotides arfl-
3FWR and arfl-3'REV: whereas arfl-3'FWR contained a
Sacl restriction site at its 5" end, arf/-3'REV contained an
Xbal restriction site at its 3" end. The gene pyrG was also
PCR amplified using the genomic DNA from R7B strain
as the template; a 2-kb amplicon was obtained using the
oligonucleotides pyrG-FWR and pyrG-REV, both of which
contained Sacl restriction sites at their 5" ends.

The 5" and 3" open reading frame (ORF) flanking regions
of arfl and pyrG were independently cloned into pJET1.2/
blunt vector (Thermo Fisher Scientific), and the resulting
plasmids were named pArfl-5' (for the 5’ region), pArf1-3'
(for the 3' region), and pPyrG (for pyrG). The presence of
the Sacl sites allowed pyrG to be subcloned into the plas-
mid pArfl-3" previously digested with Sacl: the resulting
plasmid containing the fusion of the arfl 3' region and pyrG
was named pArfl-3"-PyrG. Finally, the 5-region fragment
of arfl was obtained after digestion with Sacl and Xbal and
then purified and subcloned into the pArf1-3"-PyrG vector
previously digested with Sacl and Xbal; the vector and the
fragment were ligated and the resulting plasmid was named
pArfl-3-PyrG-5".

The arf2 recombinant fragment coupled with the pyrG
selection gene was generated by fusion-PCR, where three
PCR fragments containing overlapping sequences were
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amplified using these oligonucleotides (Table S2): oligo-
nucleotides (1) arf2-UFwd and (3) arf2-Urev-pyrG, which
amplified 1 kb from the 5 upstream region of the start trans-
lation codon of arf2. and oligonucleotides (2) arf2-Drev
and (4) arf2-DFwd-pyrG. which amplified 1 kb from the
3" downstream region of the stop translation codon of arf2.
In oligonucleotide arf2-Urev-pyrG(3). an added nucleotide
sequence at the 3’ end hybridised to the 5" end of pyrG, and
in oligonucleotide (4) arf2-DFwd-pyrG, an added nucleotide
sequence at its 5" end hybridised to the 3" end of pyrG. pyrG
was PCR-amplified using the oligonucleotides pyrG-FWR
and pyrG-REV, with pMAT1700 (Trieu et al. 2017) as the
template.

Three individual PCRs were performed to obtain the arf2
5" region, pyrG (2 kb). and the arf2 3' region. which were
all purified. Fusion PCR was performed using 100 ng/pL
of each template; 10 pM each of the oligonucleotides (1)
arf2-UFwd and (2) arf2-Drev and 1 pL of the enzyme Her-
culase II fusion enzyme (Agilent Technologies), at the ratio
of 1:2:1, were used.

To generate the Aarfl/Aarf2 double-mutant, the plasmid
pArf1-3"-PyrG-5' previously obtained for arfl mutation was
used. The gene leuA, which is required for leucine synthesis
(Van Heeswijck and Roncero 1984), was obtained after PCR
with oligonucleotides leuA-FWR and leuA-REV (Table §2),
followed by annealing into the plasmid pLeu4 (Arnau and
Strgman 1993); Sacl restriction sites were added to both
oligonucleotides at their 5’ ends. Both leuA (3.7 kb) and the
pArfl-3'-PyrG-5' vector were digested with Sacl, and both
products were ligated using the enzyme T4 DNA ligase; the
resulting plasmid was named pArf1-5-LeuA-3".

Aarf3 and Aarf4

The entire ORFs of arf3 and arf4. including a 1-kb region
upstream from the ATG codon (5' region) and a 1-kb region
downstream from the stop translation codon (3" region),
were PCR amplified using two pairs of oligonucleotides,
FW-arf3 and RV-arf3 for arf3, and Sacl-FW-arf4 and Xbal-
RV-arf4 for arf4 (Table S2), and the genomic DNA from M.
circinelloides MU402 was used as the template. The 2.9-
and 2.7-kb fragments generated for arf3 and arf4, respec-
tively, were cloned into pUC18 (Thermo Fisher Scientific,
Waltham, MA, USA) generating the vectors pMATI1573
(arf3) and pMAT 1574 (arf4). Subsequently, pMAT1573 and
pMATI1574 were used as templates to amplify entire vectors,
except for the arf3 and arf4 ORFs, using Herculase (Agi-
lent Technologies, Santa Clara, CA, USA) and the following
pairs of oligonucleotides (Table S2): Bg/lI-FWD-arf3 and
BglllI-REV-arf3 for pMAT 1573, and BamHI-FWD-arf4 and
BamHI-REV-arf4 for pMAT1574. In both PCR-amplifica-
tion events, two amplicons of similar size were obtained
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(4.7 kb), which were then digested with Bg/ll and stored at
=20 °C.

The selection marker pyrG was excised using BamHI
digestion from the vector pEMP1 (Benito et al. 1995), and
was subsequently purified and ligated into the Bg/ll site in
the vectors pMAT 1573 and pMAT1574 (containing the
5" and 3' regions for each gene) to generate the final vec-
tors pMAT1576 for the arf3 recombinant fragment and
pMAT 1577 for the arf4 recombinant fragment.

The 5"-pyrG-3' recombinant fragments from the vectors
pMAT 1576 and pMAT 1577 were obtained after double-
digestion with Sphl/Sacl and Sacl/Xhol for arf3 and arf4
recombinant fragments, respectively.

To obtain the Aarf3/Aarf4 double-mutant strain, the plas-
mid pMATI1573, in which arf3 was previously cloned, was
used as the template, and the entire plasmid (except for the
arf3 ORF) was PCR amplified using the oligonucleotides
Pstl-FW-arf3 and Pstl-REV-arf3; this amplicon contained
the 5' and 3' ORF flanking regions (1 kb each) from arf3
at its ends. Next, the amplicon was digested with PstI and,
concurrently, the plasmid pLeud, containing the cloned leuA.
was also digested with PstI. The DNA fragment correspond-
ing to /euA (4.2 kb) was cloned into the plasmid pMAT1573
that was previously digested with Psil: this yielded the plas-
mid pMAT 1579, in which the recombinant fragments of arf3
flanked lenA. This final recombinant fragment was used to
transform the Aarf4 strain to generate the double-mutant
strain. To mutate the arf genes, all the recombinant frag-
ments were PCR amplified and the corresponding amplicons
were used to transform M. circinelloides protoplasts.

Protoplasts obtained from M. circinelloides MU402
strain were transformed with the recombinant DNA frag-
ments (3 pg/transformation) according to a previously
described protocol (Gutiérrez et al. 2011). Transformants
were obtained under selection conditions on MMC agar
plates lacking uracil. Monosporic cultures were obtained
after five cycles of sporulation in either selection medium
or rich medium, at which point 100% of the spores could
grow on the selection medium, indicating transformation
of all nuclei.

Molecular identification of arf-mutant strains
from M. circinelloides

PCR confirmation

arfl deletion: In the case of the mutant genotype, a 1.6-kb
amplicon was generated by PCR when the following oligo-
nucleotide pair was used: arf/-5'CR, which hybridises out-
side the 5" end of the recombination fragment used to delete
arfl, and pyrG10. which hybridises inside the selection-
marker sequence. No amplicon was obtained from the wild-
type strain. As the PCR control for positive amplification,

we used the oligonucleotides arfl-3'FWR and arfl-3'REV
(Table S2), which hybridise in the flanking 3'non-coding
region of arfl; positive amplification was expected to gener-
ate a 1.1-kb amplicon for both wild-type and mutant geno-
types (Fig. S1). arf2 deletion: The PCR-based approach used
for confirming arf/ deletion was also used for confirming
homologous recombination of mutated arf2 in the genome.
The use of the oligonucleotides arf2-5'CR and pyrGR2
(Table S2) generated a 1.3-kb amplicon in the case of the
mutant, whereas no amplification suggested a wild-type
genotype. As the PCR control, we used oligonucleotides (4)
arf2-DFwd-pyrG and (2) arf2-Drev, which hybridise with
the flanking 3" noncoding region of arf2: positive amplifica-
tion was expected to generate a 1.1-kb amplicon for wild-
type and mutant genotypes (Fig. S1). arf3 deletion:arf3 dele-
tion was confirmed by PCR with oligonucleotides FW-arf3
and RV-arf3 (Table S2). which hybridise in the flanking
region outside the recombination fragment; the generation of
5.5- and 2.9-kb amplified bands indicated the arf3-deletion
genotype and wild-type genotype, respectively (Fig. S1).
arf4 deletion: To confirm arf4 deletion. PCR was performed
using the oligonucleotides FW-INT-arf4 and RV-INT-arf4
(Table 82), which hybridise in the flanking region outside
the recombination fragment: amplified bands of 5.4- and
2.7-kb indicated the arf4-deletion genotype and wild-type
genotype, respectively (Fig. S1).arfl/arf2 deletion:A con-
firmed arf2-deleted mutant strain was used. and the second
mutagenesis event in arf! was confirmed by performing
PCR with the oligonucleotides arfI-5'FWR and arfl-3'REV:
a 3.1-kb amplicon was indicative of the Aarf2 genotype,
whereas a 5.9-kb PCR band indicated the arfl-mutant geno-
type (Fig. S2).arf3/arf4 deletion: a confirmed arf4-deleted
mutant strain was used, and the second mutagenesis event
in arf3 was confirmed by performing PCR with the oligonu-
cleotides FW-arf3 and RV-arf3; 2.9- and 6.4-kb amplicons
indicated the Aarf3-mutant and Aarf4-mutant genotypes,
respectively (Fig. §2).

Southern-blot

Genomic DNA (1 pg) from different strains of M. circinel-
loides was digested with restriction enzymes adequate for
each arf mutant strain, and the DNA was electrophoresed
and transferred to nylon membranes (Hybond™-N+,
Amersham Biosciences, Little Chalfont, UK) according
to a recommended protocol (Sambrook and Russell 2001).
Southern-blot hybridisation was performed under stringent
conditions. DNA probes were labelled with [a-**P]dCTP
using Ready-To-Go Labeling Beads (GE Healthcare Life
Science, Chicago, IL, USA). For Southern-blotting experi-
ments, DNA probes were directly amplified from genomic
DNA using the following primer pairs to identify the men-
tioned strains: Aarf1 strain, arfI-3’FWR and arf1-3'REV;
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Aarf2 strain, arf2-DFwd-pyrG and arf2-Drev: Aarf3 strain,
SN3-FW and SN3-RV; and Aarf4 strain, SN4-FW and SN4-
RV (Table S2).

gRT-PCR confirmation

Total RNA isolated from each arf-mutant strain was used
as the template and gRT-PCR was performed to determine
all arf transcript levels, as described previously (Valle-Mal-
donado et al. 2015b). The mRNA quantitation from the arf-
mutant strains is shown in Figs. 52 and S3.

Complementation of Aarf2 strain of M. circinelloides

The arf2 wild-type ORF was PCR-amplified using the
genomic DNA of M. circinelloides R7B as the template and
the oligonucleotides arf2-FWR-Xhol and arf2-REV-Notl,
which introduced restriction sites for Xhol and Norl at the 5
and3’ ends, respectively.

The gene encoding constitutively active Arf2-GTP was
obtained using fusion-PCR with wild-type arf2 ORF as
the template and the oligonucleotides arf2-FWR-Xhol and
Mutarf2-2, which generated a 290-bp amplicon; in a second
PCR amplification with Mutarf2-1 and arf2-REV-Norl. a
590-bp PCR band was obtained. A third PCR was performed
using both amplicons as templates and the oligonucleotides
arf2-FWR-Xhol and arf2-REV-Noul: this generated a 792-
bp amplicon. The expected mutation of the codon encoding
Q71L in the arf2 ORF was confirmed by DNA sequencing.

Wild-type and constitutively active arf2 genes were
cloned in pEUKA4 vector(Wolff and Arnan 2002) under the
control of gpd! promoter from M. circinelloides in the Xhol
and Notl sites; the resulting plasmids were confirmed based
on restriction patterns and DNA sequencing. Both recombi-
nant plasmids were used to transform the Aarf2 strain and
selection was performed in YNB (Difco, Franklin Lakes,
NI, USA) medium.

Mouse- and Caenorhabditis elegans-killing assays

The protocol used for studies with the mouse virulence
model followed the recommendations of the Mexican Fed-
eral Regulations for the Use and Care of Animals (NOM-
062-Z00-1999) (Especificaciones técnicas para la produc-
cion, cuidado y uso de los animales de laboratorio/Technical
specifications for production, use and care of laboratory ani-
mals) (SAGARPA, 2001).

To assess the virulence of M. circinelloides strains, we
used methods described previously (Rodriguez-Andrade
et al. 2016) with modifications. Briefly, groups of six
male BALB/c mice (12-16 weeks old. weighing~20 g)
were treated with streptozotocin (200 mg/kg) (Sigma.
USA) to induce a diabetic state, and then inoculated
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with 2 x 107 spores from different strains of M. circinel-
loides: the spores were suspended in saline solution and
injected intraperitoneally into mice, the survival of which
was then monitored daily. Three independent assays were
conducted for each group.

C. elegans Bristol N2 (Brenner 1974) worms were syn-
chronised by hypochlorite isolation of eggs from gravid
adults, after which the eggs were hatched in S-basal medium
(Stiernagle 2006). L1 larvae were transferred onto NGM
(nematode growth medium) (Stiernagle 2006) plates seeded
with Escherichia coli OP50 strain, which was previously
grown on the plates as a food source. and incubated at 20 °C
for 4-5 days until the larvae reached the young-adult phase.
Worms were rinsed from the plates and washed in S-basal
medium. M. circinelloides strains were grown at 28 °C for
24 h in YPG medium supplemented with uracil and. after
centrifugation, cell-free media were recovered via filtration
through Millipore 0.2-pm filters for use in further experi-
ments. For each experiment, 10-20 worms were dispensed
into each well of 24-well plates (Costar; Corning. Inc., Corn-
ing, NY, USA), followed by incubation with 1 mL cell-free
media; the plates were incubated at 18 °C for 48 h, and live
worms were scored at 6, 12, 24, and 48 h. For statistical
purposes, two replicates per experiment were used. YPG
medium was used as a negative control. A worm was con-
sidered dead when it no longer responded (moved) to a touch
stimulus. Any worm that died because of sticking to the
plate wall was excluded from the analysis. Three independ-
ent assays were conducted for each worm group. In certain
experiments, the cell-free media (1 mL) obtained from the
different M. circinelloides strains were incubated with 25 pL
pronase (equivalent to 5 U; Sigma, USA) for 2 h at 37 °C
before use in the C.elegans-killing assays.

Protein in cell-free media on arf mutant strains was quan-
tified using the Bradford method (BioRad, Hercules, CA,
USA).

Statistical analysis

All data were evaluated using analysis of variance
(ANOVA). Fisher's test was used for analysis; significant
differences (p <0.05) are indicated using letters or asterisks.

Results

Identification of Arf-encoding genesin M.
circinelloides

We searched the M. circinelloides genome in silico for Arf
homologues using ARF1-ARF3 from §. cerevisiae and iden-
tified four homologues (Arfl-Arf4) (Fig. 1). all of which
contain the canonical motif and domains characteristic of
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Fig. 1 Amino acid sequences alignment of putative Arf proteins from
M. circinelloides. Four putative Arf proteins (Arfl-Arfd) from M.
circinelloides (Mc) were aligned with Arf proteins described in A.
nidulans (An), S. cerevisiae (Sc), C. albicans (Ca), and H. sapiens
(Hs). Guanine nucleotide-binding domains formed by G1-G5 motifs

Arf proteins (Colicelli 2004). including glycine at position 2.
the amino acidic residue that could be myristoylated (Fig. 1).
The G1-G5 motifs required for the guanine nucleotide-bind-

ing site are present in all four putative Arfs (Fig. 1). All Arf

ORFs contain one or more introns and, intriguingly, arfl and
arf2 contain the same number of exons/introns in approxi-
mately the same position (Fig. S4). The four Arf proteins
from M. circinelloides share approximately 65-96% identity
with each other in their amino acid sequences (Table S3), and
61-81% identify with ARF1 from S. cerevisiae (Table §4).

150
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150
150
150
151
150
150
147
150
150
146

181
181
180
184
185
183
181
181
183
179
181
175
181
181
175

are shown in boxes. The consensus sequences for G1 (GxxxxGKS/T).
G2 (PT), G3 (DxxGQ/H/T), G4 (T/NKxD), and G5 (C/SAK/L/T) and
the myristoylation site (MS) were obtained from Wennerberg et al.
(2005). Shaded areas in black correspond to identical amino acids in
the protein sequences

Arfl and Arf2 from M. circinelloides share 96% identity in
their amino acid sequence (Table S3), which suggests that
these proteins could be functionally redundant. Moreover,
these proteins show nearly 80% identity with ARF1 and
ARF?2 from S. cerevisiae (Table §4), and are grouped with
ARF1 and ARF3 from H. sapiens (Fig. S5), which indicates
that the Arfl and Arf2 from M. circinelloides are class 1
Arfs (Labbaoui et al. 2017); certain Arfs from class [ are
involved in the exocytic pathway. Arf3 and Arf4 from M.
circinelloides share nearly 88% identity (Table S3), which
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suggests that these proteins could also be functionally redun-
dant. In addition, these proteins share up to 75% identity
with ArfB from A. nidulans. Interestingly, Arf3 and Arf4 are
highly similar (up to 80% identity) to ARF6 from H. sapiens
(Tables S3 and S4) and are grouped as class IIT Arfs together
with ArfB from A. nidulans and ARF3 from S. cerevisiae
(Fig. §5) (Labbaoui et al. 2017); certain class Il Arfs have
been reported to function in the endocytic pathway.

Arf mRNA levels during dimorphism in M.
circinelloides

Next, we measured the mRNA levels of arf/—arf4 during M.
cireinelloides dimorphism. We performed qRT-PCR using
total RNA isolated from spores or vegetative cells (myce-
lia or yeast) after 6-h growth to detect each transcript level
during the dimorphism of M. circinelloides. The amplifi-
cation efficiency for the arf hydrolysis probes was >90%
(Table S5). which is an adequately high value for accurate
mRNA quantification (Valle-Maldonado et al. 2015b).
qRT-PCR assays yielded the following results (Fig. 2).
The arfl mRNA showed increased accumulation during veg-
etative growth, and the mRNA levels were approximately
3- and fourfold higher in mycelia and yeast cells than in
spores, respectively. Intriguingly, arf2 was also differen-
tially expressed. and its mRNA mainly accumulated dur-
ing yeast development and exhibited up to sixfold increase
compared to the level in the spore stage. In the case of arf3,
the mRNA levels were generally lower under all conditions
tested, but accumulated mainly during the mycelial growth
stage, accumulating to ~ threefold higher levels than that
in the spore or yeast stage. In contrast, arf4 mRNA was
detected during dimorphism, but its expression pattern was

Fig.2 mRNA quantitation of 0.8
arf genes from M. circinel-
loides. Transcript levels of - o7
arfl—arf4 were measured during : :
sporulation and vegetative
growth after 6 h of incubation o 06
using gRT-PCR. Transcript =]
levels were quantified rela- [
tive to tfe-1 expression. Three 0o a3
independent experiments were ]
conducted and the average L o4
is shown: bars correspond to o
standard error (SE). Statisti- 5
cally significant differences are 0.3
indicated by different letters g
(ANOVA and Fisher's tests; - 0.2
p<0.05) o

LY

e o1

0
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not altered during any of the morphological stages exam-
ined. Collectively, these data indicate that the arf genes in M.
circinelloides are actively transcribed during dimorphism,
and that the mRNA levels of arfl, arf2, and arf3 are influ-
enced by this event, with the effect being most pronounced
for arf2, the mRNA of which accumulated mainly during
yeast development.

Deletion of arf genes in M. circinelloides

Recombinant arf fragments containing ~ 1-kb regions cor-
responding to the 5’ upstream and 3’ downstream sequences
from the start and stop translation codons, respectively, of
each arf gene were used to flank the selection marker pyrG
(Fig. 3). These recombinant fragments were purified and
used to transform protoplasts of the strain MU402 (fenA™,
pyrG™). Transformants grown in selection medium (MMC)
were recovered and, subsequently. successive vegetative-
cycle growth in selection medium was performed to obtain
homokaryon arf mutants. After five cycles, all the selected
transformants showed 100% wra™ spores, which suggested
the homokaryon phenotype.

The homologous-recombination event in each arf locus
was confirmed by Southern blotting. A specific hybridisa-
tion band was observed in each arf~-mutant strain, which
indicated a single integration event in the specific arf locus
(Fig. 3). Furthermore, gqRT-PCR results showed null expres-
sion for the specific arf gene deleted in each arf-mutant
strain (Fig. §3).

To create Aarfl/Aarf2 and Aarf3/Aarf4 double-mutant
strains, the previously generated (and confirmed) Aarf2 and
Aarf4 single-mutant strains were used as the recipient strains
for arfi and arf3 deletion, respectively. The mutagenesis

M Spore
" Micelyum
| M Yeast
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Fig.3 Deletion of arf genes in M. circinelloides. a arfl; barf2; ¢
arf3; and d arf4. The 5' and 3’ regions upstream and downstream
from the start and stop codons, respectively, were used to flank the
pyrG selection marker. The diagrams show the recombinant frag-
ments that were used to transform protoplasts of the strain MU402
(pwrG~, leuA™). Molecular confirmation by Southern blotting per-

strategy was similar to that described for obtaining the single
arf mutants, but leuA was used as the selection-marker gene
for transformation (Fig. $2). Ten putative Aarf3/Aarf4 or
Aarfl/Aarf2 double-mutant strains were screened using PCR
for the double mutation, which revealed that successful dele-
tion of the second arf gene in each putative double-mutant
strain led to a heterokaryon genotype in the second mutated
arf (Fig. S2). Expression analysis confirmed the heterokar-
yon phenotype for each double-mutation event (Fig. $2). The
inability to obtain homokaryon mutants suggests essential
and redundant roles for the arfl/arf2 and arf3/arf4 pairs of
genes in M. circinelloides growth.

Biological role of arf genes during aerobic growth
in M. circinelloides

To determine the role of arf genes during aerobic growth,
each arf-mutant strain was analysed by direct observation
under a light microscope after aerobic germination (Fig. 4a).

The arf mutations did not alter aerobic germination
rate in terms of the time required for the first hyphae to
emerge. independent of the length or number of hyphae
per mother cell (Fig. 5a). Although the germination rates
were almost identical for all arf~mutant strains, the Aarf/

Recombinant DNA fragmant

—-—
pr Ty b
kb

R

H P :
Wt —— od:'lu.?slth.}/"T}L—‘
s ¥
¢ Lorf2 524 of2_ si—lal
Ganome of MUAO2 (feud’, pyr) ¥
3.1 -
H 3k — Ny
H "
mutant  —p————{ OARE] et e
5 arf2 gz =

Recombinant DNA fragment

iﬂ—v—""—

wt _,gr._.-_——c ggl_l_ssl-e)

fprobe - 3
1.6 kb +— 244 —
EamdMMllilHﬂ pyre)

52 kb 2akh —
[ c
|

mutant g 3.4 kb,
v orfa ST

Genoma af mutant darfd (lewd’, pyrG’)

formed using specific probes for each arf gene showed specific
recombination in the corresponding arf locus. Genomic DNA sam-
ples from transformed and parental (MU402) strains were digested
with the indicated restriction enzymes (B, Bglll; H, Hindlll; N, Nsil;
C, Clal)

strain showed notable differences during aerobic germina-
tion (Fig. 4a). For example, in this strain, an average of
7-8 hyphae appeared per mother cell compared to ~3-4
hyphae per mother cell in the other strains (including
wild-type) (Fig. 5b). Moreover. in the Aarf] strain, the
mother cell was bigger (26.7 pm in diameter) than that
in the wild-type strain (20.6 pm) (Fig. 5¢), whereas the
hyphae were shorter (average 52 pm) than those in the
other strains (average 88 pm) (Fig. 5D). These defects
during aerobic germination of the Aarfl strain could
contribute to the diminished growth in liquid and solid
culture media exhibited by this mutant strain (Fig. S6).
Furthermore, complementation of the Aarf/ strain was
not possible with either wild-type arf/ or the gene encod-
ing the constitutively active Arf1-GTP (three independent
transformation experiments were performed in each case),
which suggests a potential defect in the cell wall and/or
plasma membrane. The Aarf2 strain did not exhibit the
phenotypes of the enlarged mother cell, multiple hyphae.
and shortened hyphae that were observed in the Aarfl
strain during aerobic germination (Fig. 5). However, the
double-mutant Aarf!™~//Aarf2 strain showed longer
hyphae similar to the Aarf4 strain (average 112 pm) when
compared to the MU402 wild-type strain (Fig. 5d). The
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MU402

Aarf3

Fig.4 Effect of arf mutation on aerobic germination of M. circinel-
loides. Morphology of spore germination examined using light
microscopy (40 x). Growth in YPG medium under conditions of a

Aarf2 and the double-mutant Aarfl™~/[Aarf2 strains also
showed a reduction in radial growth on solid media similar
to the Aarfl strain (Fig. S6).

The Aarf3,Aarf4, and the double-mutant Aarf3™"~/[Aarf4
strains did not show drastic changes during aerobic growth,
although approximately 30% of the hyphae in these mutants
showed dichotomy in their tips (Fig. 4).

Biological role of arf genes during anaerobic growth
in M. circinelloides

Analysis of mRNA levels suggested that Arf2 could be
functionally relevant during yeast growth. Anaerobic ger-
mination was performed to test this hypothesis. Morpho-
logical examination under a light microscope revealed that
all arf-mutant strains could develop the yeast morphology

a Springer

Aarf1*)/Aarf2

Aarf3*")/aarfa

Aarf1"/Aarf2

Aarfd

Aarf3¢1 /Aarf4

aerobic germination (after 4 h of growth; the arrows indicate dichot-
omies) and b anaerobic germination (after 5 h of growth: swollen
spores are indicated by arrows). Scale bar =20 pm

(Fig. 4b), except for Aarf2, which showed a marked reduc-
tion (80%) in yeast development; most of the spores in
the Aarf2 strain reached the swollen stage, but yeast cells
were not produced at the same rate as in the wild-type
strain (Fig. 6a). Notably. genetic complementation of the
Aarf2 strain with either wild-type arf2 or the gene encod-
ing constitutively active Arf2-GTP restored the capacity of
forming yeast cells to the same level as the wild-type strain
(Fig. 6b, ¢). Moreover. the Aarf2 strain showed reduction
in adhl (a marker linked to fermentative metabolism under
anaerobic growth in M. circinelloides) mRNA levels when
it was incubated for 24 h under anaerobic conditions, con-
trary to what was observed with the wild-type strain and
the complemented strains (Fig. 6d: Rangel-Porras et al.
2005: Valle-Maldonado et al. 2015b). Finally, during
anaerobic growth. Aarf3, Aarf4, and the double-mutant
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Fig.5 Biological role of arf genes from M. circinelloides in aerobic
germination. a Spores from arf~-mutant and wild-type MU402 strains
were cultured under aerobic germination conditions in YPG medium,
and spore germination was registered at the indicated times. b Num-

Aarf3™Aarf4 strains did not display visible changes
under light-microscopy compared to the wild-type strain
(Fig. 4b): however, these mutant strains exhibited slightly
higher germination rates (Fig. 6a).

Role of Arf proteins in sporangiospore production
in M. circinelloides

Arf proteins control the first steps in vesicle biogenesis.
which ultimately results in the transportation of materials
required for the formation of new cellular structures such
as the cell wall and cellular membranes. This provided the
rationale for measuring the size of the sporangiospores pro-
duced by the arf mutants (Fig. 7a), which revealed that the
mutant Aarfl strains produced larger spores and the rest
of the mutants produced smaller spores than the wild-type
strain as mentioned below: Aarfl, 11.7. pm: Aarf2, 9.45
um; Aarf1™Aarf2, 9 pm: Aarf3, 8.23 um: Aarf4. 7.86
um; Aarf3™ N Aarf4, 7.52 ym, and wild-type, 10.77 pm
(Fig. 7b).

Moreover, quantification of spore production revealed
that arfl, arf2, and arfl/arf2 mutations reduced sporangio-
spore production by 90% compared to that of the wild-type
strain. and that arf3, arf4. and arf3/arf4 mutations decreased
sporangiospore production, although only by 30-40%, com-
pared to the MU402 wild-type strain (Fig. 7c).

ber of primary hyphae per mother cell. ¢ Diameter of the mother cell.
d Hyphal length registered at the indicated times. The experiments
were conducted thrice independently. Statistically significant differ-
ences are indicated by asterisks (ANOVA and Fisher’s tests; p<0.05)

Deletion of arf1 and arf3 in M. circinelloides
increases virulence

The virulence of arf mutants was analysed in a mouse model
of diabetes, because diabetes is a risk factor for mucormyco-
sis (Binder et al. 2014). Spores from each single-knockout
mutant strain were intraperitoneally injected into mice, the
survivals of which were quantified. Notably, all the mutants
were more virulent than the wild-type strain, with Aarf3
being most virulent and leading to the death of all mice by
day 3 post-inoculation (Fig. 8a): by comparison, the Aarf]
strain caused nearly 70% death within 3 days after inocula-
tion, and the Aarf2 and Aarf4 strains were even less virulent,
leading to the death of 30 and 40% mice by the end of the
experiment, respectively.

Molecules involved in fungal virulence are secreted,
most of which must be enclosed in vesicles to reach the
cell exterior. Since certain Arf-family members have been
reported to function in the secretion pathway, we inves-
tigated how molecules secreted by M. circinelloidesarf-
mutant strains affect virulence in a nematode (C. elegans)
model. Worms were seeded in the presence of cell-free
media collected from wild-type and arf-mutant strains
grown for 24 h under aerobic conditions, and the survival
of the worms over time was measured. The mycelial cell-
free medium from the Aarf3 strain exhibited the highest
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Fig.6 Arf2 controls yeast development in M. circinelloides.a Anaer-
obic germination of spores from arf-mutant and wild-type strains in
YPG medium at the indicated times. b Anaerobic spore germination
after 6 h of growth in the Aarf2 strain complemented with wild-type
arf2 or the gene encoding constitutively active Arf2 (Arf2-GTP). ¢
Light microscopy examination of the morphology of the restored

virulence against nematodes, causing the death of 70% of
the nematodes by 48 h after inoculation: by comparison,
the Aarfl cell-free medium caused the death of nearly 50%
of the nematodes. and the mycelial cell-free media from
the Aarf2 and Aarf4 strains were even less virulent (65%
survival) (Fig. 8b). Interestingly. when the mycelial cell-
free media were treated with a protease. the survival rates
increased to nearly the rate measured with the cell-free
medium from the MU402 wild-type strain or with ster-
ile YPG medium (Fig. 8c), which indicates that certain
proteins secreted during mycelial growth act as virulence

factors. Protein quantitation of the cell-free media of arf

mutant strains did not always correlate with protein over-
secretion in the culture media and the virulence pheno-
type. Our results showed that Aarfl, Aarf2, and Aarf4
mutant strains significantly over-secreted 13, 20, and 13%
proteins to the culture media, respectively, compared to the
wild-type strain MU402 (Fig. S7). However, no significant
differences of the protein content in the culture media of
the Aarfl"™*"~Aarf2, Aarf3, and Aarf3™/ Aarf4 mutants
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Aarf2 strains under anaerobic growth. d Quantification of adhl
mRNA levels after 24 h of growth under anaerobic growth conditions
in the complemented Aarf2 strains. Scale bar =20 pm. Three inde-
pendent experiments were conducted. Statistically significant differ-
ences are indicated by asterisks (ANOVA and Fisher’s tests; p<0.05)

were observed compared to that of the wild-type strain
(Fig. 87).

Discussion

Vesicle trafficking is a key process via which molecules are
delivered to their target organelles within a cell and trans-
ported into or out of eukaryotic cells. Arf proteins represent
one of the main regulators involved in vesicle biogenesis
(Kahn et al. 2006).

Arf-family members are present in all eukaryotic cells.
and more than one member is present in every organism
studied thus far (Jackson and Bouvet 2014). Here, four Arf
members were identified in the dimorphic opportunistic
human pathogen M. circinelloides. Sequence-similarity anal-
ysis suggests that the pairs Arf1-Arf2 and Arf3-Art4 are the
result of the duplication of two ancestral genes (Corrochano
et al. 2016). The mRNAs of arfl—arf3 accumulated differ-
entially during dimorphism of M. circinelloides, but arf4
mRNA levels were not influenced by the growth conditions

94



Current Genetics

A

spores (10%)/cm?

Aarf3*)/ Aarfa

Aarf1*/ Aarf2

Fig.7 Spore generation in arf-mutant strains of M. circinelloides.
a Spores from different strains of M. circinelloides were examined
using light microscopy (100 x): scale bar =20 pum. b Spore size
determined through direct measurement from 100 cells, and ¢ spore

tested. Moreover, arf3 mRNA accumulated in the mycelium
stage. whereas arf2 mRNA accumulated mainly during yeast
development.

Arfl and Arf2 share 95.5% identity, and our observa-
tion of the heterokaryon genotype of the arfl/arf2 double-
mutant strain suggests that the presence of both Arfl and
Arf2 is essential for M. circinelloides growth. Similarly,
ARF]1 and ARF2 from S. cerevisiae share 96% identity and
certain common functions, and although the ARFI muta-
tion leads to comparatively more severe phenotypes such as
lower growth rate and cold sensitivity compared to the ARF2
mutant strain, the ARFI/ARF2 double-mutant strain was not
viable (Stearns et al. 1990a).

Interestingly, the arf/ mutation led to more severe defects
during aerobic growth compared to the dysfunction of the
other arf genes in M. circinelloides. In addition, the absence
of ARFI homologues led to abnormal mitochondrial mor-
phologies and dysfunction in S. cerevisiae, C. elegans. and
mammalian cells (Ackema et al. 2014). The arf! mutant
strain from M. circinelloides probably has similar defects
in mitochondrial function that could explain its decreased
growth rate. Currently, studies are underway to identify
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production on YPG solid medium after 5 days of incubation. The
experiments were conducted thrice independently. Statistically sig-
nificant differences are indicated by asterisks (ANOVA and Fisher's
tests: p<0.05)

mitochondrial dysfunction and/or biogenesis in this mutant
strain.

Conversely. the arf2 gene of M. circinelloides was highly
expressed during the yeast stage. and the arf2-knockout
mutant showed a lower anaerobic germination rate than
the other arf mutant, which indicates a critical role of the
arf2 product in M. circinelloides during anaerobic growth.
Although Arfl and Arf2 share certain common functional
aspects, such as those indicated by the reduction of spore
production and radial growth in their mutant strains, the
molecules also perform distinct functions; we observed that
Arfl is involved specifically during hyphal germination and
Arf2 is required for adequate yeast development and, to our
knowledge. this is the first report showing regulation of yeast
growth by an Arf protein in a dimorphic fungus. Arfl and
Arf2 were grouped with other Arf homologues known to
be involved in the secretion pathway, such as ArfA from A.
nidulans (Lee and shaw 2008) and ARF1 and ARF2 from S.
cerevisiae (Stearns et al. 1990b), which suggests that Arfl
and Arf2 participate in secretion. We are currently investi-
gating the role of Arfl and Arf2 in the morphogenesis and
secretion pathways of M. circinelloides.
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Fig.8 Virulence of arf-mutant strains of M. circinelloides. a Mice
(six per treatment) were inoculated intraperitoneally with 2x 10’
spores from different M. circinelloides strains. b Adult C. elegans
worms (20) were inoculated with]l mL cell-free media obtained from
different strains of M. circinelloides after 12 h of growth in liguid

Arf3 and Arf4 could be involved in polarised growth of
M. circinelloides, because both single-mutant strains showed
dichotomy in 30% of the hyphal tips, and the strains also
exhibited diminished spore production (30-40% reduction
in both strains) compared to the wild-type strain. Similar
defects were previously observed in the arfB mutant strain
(Lee et al. 2008), although the defect was less drastic in M.
circinelloides, probably due to the likely functional redun-
dancy between the two genes. Moreover, the heterokaryon
genotype observed in the double-mutant strain suggests an
essential role of arf3 and arf# in M. circinelloides. Arf3 and
Arfd were grouped in Arf class 111, similar to A. nidulans
ArfB and human ARF6, which are involved in the endocytic
pathway: this finding suggests that M. circinelloides Art3
and Arf4 are involved in endocytosis.

Our observations imply that these Arf proteins could act
as regulators of dimorphism in this Mucoral. It has been
described several factors in the M. circinelloides morpho-
genesis, such as carbon source and the O,/CO, ratio (Liib-
behiisen et al. 2003). Moreover, oxidative stress regulates
fungal morphogenesis and virulence (Huarte-Bonnet et al.
2015). Dysfunctional CnaA, a calcineurin catalytic subunit,
led to monomorphic yeast growth (Lee et al. 2013). It would
be interesting to investigate a regulatory network with these
factors and Arf proteins in M. circinelloides.
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YPG medium. ¢ Same as in b, but the cell-free media were treated
with a protease for 2 h before incubation with the worms. Figures
show the average of three independent experiments. Statistically sig-
nificant differences are indicated by asterisks (ANOVA and Fisher's
lests; p<0.05)

Vesicle trafficking across the cell wall in fungal cells
could be important for delivering harmful substances
required for infecting tissues (Casadevall et al. 2009). For
example, in Cryptococcus neoformans, secretion vesicles are
produced during infection of mouse macrophages, and the
secreted fungal molecules can modulate key cellular func-
tions such as phagocytosis (Kronstad et al. 2011). In fungi,
some of the virulence factors include hydrolases such as pro-
teases and hyaluronidases, which must reach the cell surface
or the extracellular space to be effective. The secretion of
these molecules could involve active transport by vesicles.
Thus, certain Arf proteins and their regulators are involved
in virulence, such as C. albicansAGE3, which encodes a
GAP protein (an allosteric effector that activates Arf GTPase
activity) required for hyphal growth (Lettner et al. 2010)
and full virulence (Epp et al. 2010). Recently, C. albicans
showed that ARF2 and ARL] mutations diminished viru-
lence rate, together with defects related to mycelial growth
(Labbaoui et al. 2017).

All arf-mutant strains of M. circinelloides showed
distinct levels of virulence against diabetic mice, but the
spores from Aarfl and Aarf3 strains exhibited higher viru-
lence compared to the spores from the wild-type strain and
the other arf-mutant strains. The higher virulence of these
two mutants could arise from an export/import imbalance
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Fig.9 Proposed model of the role of Arf proteins in morphology and
virulence of M. circinelloides.Spore production is mainly controlled
by Arfl and Arf2, although the absence of Arf3 and Arf4 also mod-
erately reduces sporulation. During aerobic growth, the absence of
Arf] leads to an enlargement of mother cells, as well as to an increase
in the number of hyphae per cell and a decrease in hyphal length.
Arf3 and Arf4 are involved in the maintenance of the tip polarity of
hyphae, and their absence leads to tip dichotomy in 30% cells. Mean-

that might result in the accumulation of certain virulence-
inducing molecules in the media. The low viability of
nematodes in the presence of cell-free media collected
from mycelial cultures of Aarf] and Aarf3 mutants sup-
ports the view that these strains secrete a protein (or pro-
teins) responsible for the increase in virulence. The total
protein content in the cell-free media of arf mutant strains
of M. circinelloides was similar except for those of Aarfl,
Aarf2, and Aarf4 mutant strains that significantly regis-
tered up to 20% more protein compared to the wild-type
or other arf mutant strains. Probably, some proteins are
over-secreted in the Aarfl and Aarf3 strains that contribute
to their virulent phenotype. In addition, a recent study in
M. circinelloides identified that Myo5. a motor protein
involved in actin-based vesicle trafficking, is required for
polarised growth and virulence phenotype (Tidreu et al.
2017). Myo5 could interact with several types of vesi-
cles, which could explain its essential role in M. circinel-
loides growth and virulence. More experiments in terms
of genetic and biochemical interactions are required to
dissect these possible scenarios.

The four Arf proteins in M. circinelloides participate in
different aspects of morphogenesis and virulence, possibly
by regulating vesicle trafficking (Fig. 9). To our knowledge.
this is the first report describing the regulation of secreted
virulence factors by Arf proteins in fungi, and informa-
tion on the signalling network utilised by these proteins
could be used to control the virulence of M. circinelloides
or other fungi. We are currently attempting to identify the
molecule(s) responsible for the increased virulence of the
Aarfl and Aarf3 mutant strains of M. circinelloides.

mycelium

Arf3, Arfa: Polarity
of the hypha

*

By
—
Arfl, Arf3: Control
of secretion of
virulence factors

Arf2: Development

yeast of yeast

while, during anaerobic growth, Arf2 is necessary for the devel-
opment of yeast cells. Arfl and Arf3 participate in the secretion of
virulence factors, including proteins. The cell wall in hyphae (green)
or yeast cells (red) must be synthesised to promote cell growth. Red
lines indicate the cytoskeleton and blue and green circles represent
specific vesicles involved in hyphal and yeast growth, respectively.
Stars, squares, and triangles illustrate secreted molecules (figure mod-
ified from Park and Bi 2007)
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ARTICLE INFO ABSTRACT

Keywords: Mucor circinelloides is an etiologic agent of mucormycosis, a fungal infection produced by Mucorales often as-
ADP-ribosylation factor sociated with mortality due to unavailability of antifungal drugs. Arl proteins belong to the Arf family and are
Arl proteins involved in vesicle trafficking and tubulin assembly. This study identified two Arl (Arf-like}-encoding genes, arll
Antifingsl and arl2, in M. circinelloides and explored their function in morphogenesis, virulence, and antifungal suscept-
n‘;:::::;::t:f;’ ibility. Although Arll and Arl2 proteins shared 55% amino acid sequence identity, arll and arl2 genes showed
Virulence distinet transcriptional expression patterns. arll was expressed at higher levels than arl2 and induced in mycelia,

suggesting a role in morphological transitions. Disruption of the arll and arl2 genes led to heterokaryon
(Aarl1”*"~ % and homokaryon (Aari2) genotypes, respectively. The incapacity to generate homokaryon mutants
for arll suggested that it is essential for growth of M. circinelloides. Deletion of each gene reduced the expression
of the other, suggesting the existence of a positive cross-regulation between them, Thus, deletion of arl2 resulted
in a ~60% reduction of arll expression, whereas the Aarl1 "¢’ showed ~90% reduction of arll expression.
Mutation of arl2 showed no phenotype or a mild phenotype between Aarl1”* " and wild-type (WT), suggesting
that all observed phenotypes in both mutant strains corresponded to arll low expression. The Aar1"07
produced a small amount of spores that showed increased sensitivity to dodecyl-sulfate and azoles, suggesting a
defect in the cell wall that was further supported by decrease in saccharide content. These defects in the cell wall
were possibly originated by abnormal vesicle trafficking since FM4-64 staining of both mutants Aarl1** ' and
Aarl2 revealed less well-localized endosomes compared to the WT. Moreover, aberrant vesicle trafficking may be
responsible for the secretion of specific virulence-related proteins since cell-free medium from Aarll’**/ were
found to increase killing of Caenorhabditis elegans compared to WT.

1. Introduction superfamily are the most divergent among small G proteins; they are

grouped into Arf proteins, Arf-like proteins (Arl), and Sar proteins

Mucor circinelloides is a dimorphic fungus responsible for mu-
cormycosis, an infection rare but can be fatal (Roden et al., 2005). Four
ADP-ribosylation factor (Arf)-encoding genes involved in morphogen-
esis and virulence have been characterized in this Mucor specie (Patino-
Medina et al, 2018). Arf family members belonging to the Ras

(Kahn et al., 2006). Arf proteins were first described as positive allos-
teric modulators of cholera toxin activity (Kahn and Gilman, 1984;
Moss and Vaughan, 1998). Contrary to Arf, Arl proteins do not activate
cholera toxin (Kahn et al., 2006).

Arl proteins participate in extracellular vesicles, biogenesis, and
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transport of molecules between cell compartments, possibly through
the exocytic and endocytic pathways (Mizuno-Yamasaki et al., 2012).
Although the molecular function of many Arl factors remains unclear,
some play important roles in tubulin assembly, vesicle trafficking, and
ciliogenesis (Burd et al., 2004; Kahn et al., 2006; Gillingham and
Munro, 2007).

In the best studied fungal model, Saccharomyces cerevisiae, three
ARL-encoding genes have been reported: ARL1, ARL2, and ARL3 (Burd
et al., 2004). ARL1 is involved in vesicle trafficking, as indicated by
decreased protein secretion to the plasma membrane in its absence and
is required for starvation-induced autophagy under high-temperature
stress (Rosenwald et al., 2002; Yang and Rosenwald, 2016). ARL2 (also
known as ARF3) is necessary for tubulin assembly, whereas ARL3 is
required for vacuolar protein transport and morphogenesis (Huang
et al., 1999; Bhamidipati et al., 2000). Lack of ARL] in Candida albicans
results in multiple defects, such as shorter hyphae, increased secretion,
and a less virulent phenotype (Labbaoui et al., 2017).

Growth conditions are key to M. circinelloides, as differing condi-
tions determine the fate of asexual spores, which develop either as
mycelia or yeast cells; this process, known as dimorphism, depends
mostly on the availability of oxygen and carbon sources (Mcintyre
el al., 2002; Liibbehiisen et al., 2003a). Morphological changes are also
related to fungal pathogenesis and disease development. M circi-
nelloides can become a human opportunistic pathogen associated to its
mycelia morphology (Lee et al., 2013; Lewis and Kontoyiannis, 2013).
The lethal phenotype in humans is associated in part with the limited
availability of antifungal therapies targeted against Mucorales. For
example, some clinical strains of M. circinelloides have been described as
resistant to amphotericin and posaconazole, which are the primary
antifungal compounds utilized in mucormycosis therapy (Rogers,
2008).

Our group previously characterized four Arf-encoding genes from
M. circinelloides. Arfl is involved in regulation of mother cell size and
hyphae defects, Arf2 is essential for adequate yeast development,
whereas Arf3 and Arf4 seem to be involved in the control of hyphal tip
growth (Patino-Medina et al., 2018). Moreover, deletion of arf1 or arf3
leads to increased virulence of M. circinelloides via secretion of virulence
factors (Patino-Medina et al., 2018).

In the present study, we focused on functional characterization of
Arll- and Arl2-encoding genes in M. circinelloides and their participa-
tion in morphogenesis, virulence, and antifungal susceptibility. Our
results showed that mutation of arll is involved in the vesicle traf-
ficking, cell wall maintenance, increased susceptibility to antifungal
and secretion of virulence factors of proteinaceus nature.

2. Material and Methods
2.1. Fungdl strains and growth media

M. circinelloides R7B (leuA™ ) and MU402 (leuA ™, pyrG™) were uti-
lized in this study (Roncero, 1984; Nicolds et al.,, 2007). Spore pro-
duction and culture conditions were as described previously (Patino-
Medina et al., 2018). Briefly, spores were obtained after propagation on
YPG or YNB solid media for 5 days at 28°C in the presence of light.
Spores were counted in a hemocytometer chamber.

2.2, Aerobic and self-anaerobic spore germination and growth
quantification

Aerobic and anaerobic growth was quantified as described pre-
viously (Valle-Maldonado et al., 2015). Germination percentage was
calculated for aerobic or anaerobic conditions, as the number of
germinal stage or budding yeast in a total of 100 cells. Mycelium from
M. circinelloides or yeast cells were collected from appropriate cultures,
filtered, and dried in pre-weighed filter paper (Whatman No 5). Cells
were washed twice with distilled H,0. Filters were dried for 96 h at
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80°C, then cooled at room temperature and cell dry weight determined.
2.3. Spore production, and radial growth

The process of sporangium development included the following
steps. Fifty spores were seeded on slides covered with YPG agar medium
supplemented with uracil and placed in the presence of light; growth
was recorded after 4 days. Next, 50 spores were inoculated on YPG
plates supplemented with uracil. Plates were incubated for 6 days at
28°C in the presence of light, accompanied by daily measurements of
colony diameter. Finally, the spores were harvested and counted at the
end of day 5.

2.4. Arl protein identification in M. circinelloides

Homologous genes to S. cerevisize ARL1 were found in the BLAST
genome database of M. circinelloides 2.0 (https://genome.jgi.doe.gov/
Mucei2/Mucci2 home.html). Identification criteria for Arl proteins
from M. circinelloides included identity percentages and the presence of
conserved domains. M. circinelloides Arl homologues used in protein
alignments and dendrograms included: Arfl (157293), Arf2 (156501),
Arf3 (155350), Arf4 (32250), Arll (155647), and Arl2 (112008).
Accession numbers for S, cerevisiae genes were: ARF1 (CAA98769),
ARF2 (CAA65622), ARF3 (CAA99291), ARL1 (CAAB5125), ARL2
(5CYA_A), ARL3 (DAA11379), and SAR1 (NP_015106). Aspergillus ni-
dulans genes comprised: ArfA (AN1126) and ArfB (AN5020). Homo
sapiens genes comprised: ARF1 (NP_001019398), ARF3 (NP_001650),
ARF4 (NP_001651), ARFS (NP.001653), ARF6 (CAG46762), ARL1
(P40616), ARL2 (P36404), ARL3 (P36405), ARL4 (NP 001182325),
ARLS (Q9Y689), ARL6 (NP 001265222), and SAR1 (AAF81741).
Alignments were carried out using Clustal W software (Thompson et al.,
1994).

2.5. Phylogenetic analysis

Phylogenetic analysis was completed using the phylogeny program
“a la carte” mode (http://www.phylogeny.fr/alacarte.cgi) (Dereeper
etal., 2008). Muscle software was employed for alignment and Max-
imum Likelihood software for tree construction. An approximate like-
lihood-ratio test was used to conduct statistical tests for branch support
(Fig. S1).

2.6. Oligonucleotide design and quantitative real time reverse transcription
polymerase chain reaction (RT-gPCR)

Primers and hydrolysis probes for arll and arl2 genes from M. cir-
cinelloides with minimal secondary structures were designed using
Biosearch Technologies software (www.biosearchtech.com) to ensure
specificity of detections during RT-gPCR assays (Table $1). Hydrolysis
probes showed more than 85% PCR efficiency (Table $2). The protocol
followed was as described previously (Valle-Maldonado et al., 2015).

In order to evaluate relative arll and arl2 gene expression, an esti-
mation of the efficiency (E) of a real time PCR assay for each of the
studied genes was required. In this work, estimation was carried out
using a calibration dilution curve and slope calculation. A 5-fold dilu-
tion series (500-0.05 ng total RNA) was prepared and used as a sample
in the RT-gPCR. Briefly, efficiency (E) was obtained from standard
curves using the formula E = ((10(~1/5'°P® — 1) x 100). Relative ex-
pression levels were determined with the efficiency correction method,
which takes into account amplification efficiencies between target and
reference genes (Pffafl, 2001). Using of reference tfc-1 gene for RT-
gqPCR analysis during dimorphism in M. circinelloides was according as
described before (Valle-Maldonado et al., 2015). The tfc-1 gene encodes
a subunit of the transcription factor TFIIC required for the RNA poly-
merase [l pre-initiation complex assembly. mRNA isolation from M.
circinelloides R7B strain was performed as described previously for RT-
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qPCR analysis (Patino-Medina et al., 2018).
2.7. Targeted deletion of arll and arl2 in M. circinelloides

2.7.1. Targeted deletion of arll

The full arll open reading frame (ORF), including a region 1 kb
upstream of the ATG codon (5 region) and 1 kb downstream of the stop
codon (3’ region), was amplified by PCR using oligonucleotides FW-
Smal-arl] and RV-EcoRl-arll and genomic DNA from M. circinelloides
MU402 as a template (Table $3). The 3-kb fragment was cloned into the
pUC18 vector, generating vector pMAT1575. This was then used as a
template to amplify the whole vector, except the arll ORF, using
Herculase Enzyme (Agilent) and oligonucleotides FW-Bglll-arll and RV-
Belll-arll. Further enzyme digestion with Bglll was performed in this
amplicon, which was then kept at —20°C. Separately, the 3.4-kb
fragment corresponding to the selection marker pyrG was obtained from
vector pEMP1 (Benito et al., 1995) by BamHI digestion, and was sub-
sequently purified and ligated in the Bglll sites on pMAT1575 (con-
taining the 5° and 3UTR regions) to generate vector pMAT1578. The
arll 5.7-kb recombinant fragment 5'UTR-pyrG-3'UTR from pMAT1578
was obtained after digestion with EcoRI and Smal.

2.7.2. Targeted deletion of arl2

A recombinant fragment containing arl2 gene and pyrG selection
marker was generated by fusion PCR using three PCR fragments with
overlapping sequences between them (Trieu et al., 2017; Patifio-Medina
et al., 2018). Oligonucleotides (1) arl2-UFwd and (3) arl2-URev-pyrG
amplified a region 1kb upstream of the start codon of the arl2 gene,
whereas oligonucleotides (2) arl2-DRev and (4) arl2-DFwd-pyrG (Table
§3) amplified a region 1 kb downstream of its stop codon. In oligonu-
cleotide (3) arl2-URev-pyrG, a nucleotide sequence was added at its 3’
end, so it could hybridize to the 5 end of the pyrG gene; whereas in
oligonucleotide (4) arl2-DFwd-pyrG, a nucleotide sequence was added
at its 5 end, so it could hybridize to the 3’ end of the pyrG gene. The
pyrG gene was amplified by PCR using oligonucleotides pyrG-FWR and
pyrG-REV, with pMAT1700 as the template (Trieu et al., 2017). Three
individual PCRs were performed to obtain three DNA fragments span-
ning the 5’ region, the pyrG gene (2kb), and the 3’ region, which were
then purified. Fusion PCR was performed using 100ng/pL of each
template; 10 pM of (1) arl2-UFwd and (2) arl2-DRev oligonucleotides,
and 1pL Herculase II Fusion Enzyme (Agilent). The ratio of the am-
plicons used in the PCR was 1:2:1.

Protoplasts of M. circinelloides obtained from strain MU402 were
transformed using the 4.2-kb recombinant DNA fragment (3pg per
transformation event) as detailed previously (Gutiérrez et al., 2011).
Transformants were selected on MMC agar plates without uracil.
Monosporic cultures were obtained after five eycles of sporulation on
either selective or rich medium.

2 8. Molecular identification of arl-mutant strains from M. circinelloides

2.8.1. arll gene deletion

Transformed strains were identified by PCR using oligonucleotides
FW-INT-arll and RV-INT-arll (Table S3). A homologous integration
event was determined by PCR amplification of a 5.7-kb band, whereas a
3-kb band indicated the wild-type genotype.

2.8.2. arl2 gene deletion

Mutants were identified by PCR using oligonucleotides ari2-5'CR,
which hybridized outside the recombination fragment used to delete
arl2, and pyrG-R2, which hybridized in the selective marker sequence
(Table 53). Deletion mutants generated an amplicon of 1.6 kb, whereas
lack of amplification identified a wild-type genotype. As a PCR control
for a positive amplification, oligonucleotides (2) arl2-DRev and (4) arl2-
DFwd-pyrG (Table $3) that hybridize in the flanking 3 non-coding re-
gion of arl2 were used and an amplicon of 1.1 kb was expected for both
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wild-type and arl2 genotypes.

2.8.3. Southern blot to identify the deletion of arl2

Briefly, 1 pg of genomic DNA from strain MU402 and possible mu-
tants in the arl2 gene were digested with EcoRl, separated by DNA
electrophoresis, and transferred to nylon membranes (HybondTM-N +,
Amersham Biosciences) following the protocol by Sambrook and
Russell (2001). Southern blot hybridization was carried out under
stringent conditions. DNA probes were labeled with -dCTP [a-32P]
Ready-To-Go Labeling Beads (GE Healthcare Life Science). The DNA
probe was amplified directly from genomic DNA using primer pairs (1)
arl2-UFwd and (3) arl2-Urev-pyrG (Table S3).

2.8.4. RT-gPCR confirmation

This assay was carried out as described in secion 2.6 using as
template the total RNA from each arl mutant and wild-type strains of M.
circinelloides.

2.9 Complementation of the Aarl2 strain

The Aarl2 + arl2wt strain (pyrG*, leuA™, carRP~) was obtained by
integrative transformation with the arl2 wild-type allele at the carRP
gene locus of the Aarl2 mutant strain (pyrG™, leud™, carRP™). The
carRP gene encodes a lycopene cyclase which catalyzes the wansfor-
mation of lycopene to beta-carotene, and the general procedure of in-
tegrative transformation, was reported previously (Garcia et al., 2017).
As a consequence, the complemented strain Aarl2 + arl2wt had albino
colonies instead of the Aarl2 yellowish colonies. Transformation frag-
ment included about 1.1 kb upstream of the start of the carRP gene ORF
and approximately 1.1kb downstream the stop codon. These two
fragments border the leuA (4.4 kb) and arl2 (1.8kb). Both genes are
under the regulation of their native promoter and terminator sequences.
The size of this transformation fragment is around 8.2 kb. For selection,
single spore colonies from the YNB minimal medium were transferred
after 5 days onto new minimal medium agar plates at 28 °C and used for
subsequent sporulation cycles until homokaryotic albino colonies were
observed. The integration event was also demonstrated by PCR using
the oligonucleotides forward arl2-F1 (which hybridize in arl2) and re-
verse carRP (which hybridize in carRP, outside of the recombinant
fragment) (Table $3). A 3kb amplicon size showed the positive in-
tegration event.

2.10. Laser scanning confocal microscopy (LSCM)

In order to carry out live-hyphal imaging, the “inverted agar block”
method was used (Hickey et al., 2002). MU402, Aarl1“* "/, Aarl2 and
Aarl2 + arl2wt strains were grown on solid YPG for 18 h at 28 °C, then
0.5cm” agar plugs were taken and stained with five mM FM4-64
(Molecular Probes, Eugene, OR) for 20 min. This is a general cytological
stain and endocytosis marker for living hyphae (Fisher-Parton et al.,
2001). For taking microphotographs, an inverted laser scanning mi-
croscope FV1000 FluoView™ (Olympus, Japan) was employed. This
microscope is attached to a Multi-line Ar laser that was used for FM4-64
excitation at 543 nm, and fluorescence was detected at 612nm. An
UPlanSapo 20 x /0.75 objective and an UPlanFLN 60x, (NA 1.42) oil
immersion were employed.

2.11. Analysis of cell wall polymers

Spores were inoculated for 10h in YPG, the corresponding mycelia
was washed with H,O and disrupted in 50 mM Tris-HCI pH 8.0, using a
Precellys homogenizer, 5000 x g, during 15 min. Cell walls were cen-
trifuged and washed five times with 1M NaCl The pellet was sus-
pended in SDS 2%, 0.3 M B-mercaptoethanol and 1 mM EDTA, 50 mM
Tris, pH 7.5 and heated 10 min at 100 °C. Cell walls were boiled with
2 M trifluoroacetic acid for 3h. Next, the acid was evaporated and
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samples were resuspended in deionized water. Samples were analyzed
by High-Performance Anion-Exchange Chromatography coupled to
Pulsed Amperometric Detection (HPAEC-PAD, Thermo Fisher
Scientific) (Martinez-Alvarez et al., 2017).

2.12. Susceptibility of M. circinelloides to antifungal agents

Susceptibility to sodium dodecyl sulfate (SDS), iraconazole, and
fluconazole (Sigma) was assayed by adding these compounds to YPG
solid or liquid media aerobically grown at indicated concentrations;
radial growth expressed in centimeters, or percentage of germinated
cells was registered, respectively. Minimum inhibitory concentrations
(MIC) and their corresponding 95% confidence intervals were calcu-
lated employing Nonlinear regression (curve fit), log (inhibitor/in-
ductor) vs response (variable slope), R* = 0.95-0.99 (GraphPrism 7.0).
MICs, for solid and aerobic liquid growths were evaluated at the end of
day 5 and 6 h, respectively and data from the alteration in colony
diameter or cell germination ratio for antifungal treatments compared
to YPG were employed, respectively.

Growth measurements included: (1) radial development on YPG
agar plates during 5 days of incubation at 28 “C in the presence of light;
(2) germination rate in aerobic liquid YPG medium after 6 h of aerobic
growth; and (3) length of hyphae developed in aerobic liquid YPG
medium after 6 h of aerobic growth.

2.13. Caenorhabditis elegans killing assays

Caenorhabditis elegans Bristol N2 worms were synchronized by hy-
pochlorite isolation of eggs from gravid adults, followed by hatching of
eggs in S-basal medium (Brenner, 1974; Stiernagle, 2006). L1 larvae
were transferred onto ode growth medium plates seeded with the
E. coli OP50 strain previously grown on the plates as a food source, then
incubated at 18°C for 4-5days until they reached the young adult
phase (Stiemagle, 2006). Worms were incubated with either spores or
cell-free medium collected from mycelia grown for 12h in YPG as
previously described (Patino-Medina et al.,, 2018). For some experi-
ments, 1 mL of cell-free media acquired from the different M. circi-
nelloides strains was incubated with pronase (25 pL, equivalent to 5 U;
Sigma, USA) for 2h at 37 'C) prior to the C. elegans killing assays.

2.14. Statistical analysis

Data were evaluated by Student's t—test or one way ANOVA. Means
with different letters are significantly different (p < 0.05). STATIST-
ICA 7 (StatSoft) was employed.

3. Results
3.1. Identification of arl genes in M. circinelloides

Using Blast-alignment tool and ARL1 from 5. cerevisiae 1o query the
M. circinelloides reference genome (hitps://genome.jgi.doe.gov/
Mucci2/Mueci2 home.himl), two ARL1 homologues were found. Both
presented the canonical motif for myristoylation on glycine at posi-
tion + 2 and the five G boxes (G1-G5) (Fig. 1), typical of ADP-ribosy-
lation factors which are essential in the guanine nucleotide-binding site
(Wennerberg et al., 2005). The two Arf-like (Arll and Arl2) proteins
present in the M. circinelloides g h d 55% identity and 81%
similarity between them (Table S4), and 49 to 59% identity with Arf
from M. circinelloides (Patifio-Medina et al., 2018). Arll and Arl2 from
M. circinelloides exhibited 73 and 46.9% identity with ARL1 from 5.
cerevisize and ARLS5 from H. sapiens, respectively (Table $5). Arll
homologues possess a conserved cysteine residue at posidon 80 in the
inter-switch 11 (Fig. 1); this was present also in M. circinelloides Arll but
not in Arl2 (Burd et al., 2004). This residue is needed for the recogni-
tion of Arll protein by the GRIP domain from golgins, important
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proteins involved in Golgi transport and maintenance of its structure
(Setty et al., 2003).

Arll and Arl2 from M. circinelloides were grouped with Arl homo-
logues but were phylogenetically separated from Arf subfamily proteins
(Fig. 51). Arll from M. circinelloides was grouped with ARL1 from both
H. sapiens and S. cerevisize, whereas Arl2 from M. circinelloides was
grouped in a different clade with ARL5 from H. sapiens. This analysis
suggests that Arll and Arl2 from this fungus could be the result of a
duplication event that took place early in the evolution of eukaryotes.
This is supported by the distinct number of introns in the two genes,
four in arll and six in arl2, without coincidence in their localization
(Fig. §2).

3.2, Expression of arl genes during dimorphism in M. circinelloides

We previously described the function of four arf (arf1-4) genes in M.
circinelloides, finding that mRNA of arf2 is mainly accumulated during
yeast growth, the mutation of arf2 led to a significant decreased of yeast
development (Patino-Medina et al., 2018). The possible correlation
between arl gene expression during the dimorphic process and the
corresponding biological function in M. circinelloides prompted us to
quantify the accumulation of arl mRNAs during the dimorphic event.
mBNA levels were determined by RT-qPCR using total RNA isolated
from spores or vegetative cells (mycelia or yeast) at 3, 6, and 12 h. The
highest transeript levels in mycelia and spores corresponded to arll,
which showed a 2-fold and 1.5-fold increase compared to the levels in
yeasts, respectively. By the other hand, arl2 mRNA levels were lower
than those levels of arll under all tested conditions and the expression
pattern was unrelated to the studied morphological stages (Fig. 2).
Thus, data indicated that arll transcript levels were positively influ-
enced by the morphological spore and mycelial stages.

3.3. Targeted deletion of arl genes in M. circinelloides

The role of arll and arl2 genes was studied through the generation
of the corresponding deletion mutants by homologous recombination
with replacement fragments containing the pyrG marker (see Materials
and Methods). The arl1 replacement fragment containing pyrG flanking
by upstream and downstream sequences of arll, was purified and used
to transform protoplasts of wild-type strain MU402 (leud™ pyrG™),
which is auxotrophic for leucine and uracil (Nicolds et al, 2007)
(Fig. 3A). Transformants grown in selective MMC medium were re-
covered and subsequent successive vegetative cycles in the selective
medium were performed to obtain homokaryotic arll ™ mutants. Fol-
lowing 5 cycles, none of the 10 independent transformants showed
100% ura™ spores, indicating a heterokaryon state (Aari1**/(~7),

Molecular confirmation of homologous recombination in the arll
locus was conducted by PCR using oligonucleotides that hybridized
outside of this locus (Table $3). The presence in the transformed strain
of a 3-kb and 5.7-kb PCR fragment comresponding to the wild-type and
mutant arll allele, respectively (Fig. 3A), revealed the heterokaryotic
genotype of the transformant, generating the strain called Aaril’*/¢~/,
The inability to obtain homokaryons (in transformation-independent
experiments) suggests an essential role of the arll gene in M. circi-
nelloides.

A similar strategy was followed to delete arl2, a recombinant frag-
ment containing the selective marker pyrG flanked by 1-kb regions
upstream and downstream of the arl2 start and stop codon, respectively,
was generated, and used to transform strain MU402. The selection was
performed on MMC medium without uracil; two of six transformant
clones screened were mutants. Molecular confirmation of homologous
recombination for mutation of arl2 was performed by PCR using oli-
gonucleotides arl2-5°CR and pyrG-R2 (Table S3). The presence of a 1.6-
kb PCR product, indicated a homokaryon arl2 deletion mutant (Aari2)
(Fig. 3B). Hybridization of a 4.7-kb band observed in the transformant
clone by Southem blot assay confirmed the presence of a unique
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Fig. 1. Alignment of putative Arf-like from M. circinelloides. M. circinelloides Arl1 and Arl2 protein members (Mc) were aligned with Arl homologues from S.
cerevisiae (Sc), C. albicans (Ca), and H. sapiens (Hs). G binding d ins ce 1 of G1-G5 motifs are shown in boxes. The consensus sequences for G1
(GxxxxGKS/T), G2 (PT), G3(DxxGQ/H/T), G4(T/NKxD), G5 (C/SAK/L/T), and the myristoylation site (MS) were obtained from Wennerberg et al. (2005), Shaded

areas in black correspond to identical amino acids in the protein sequences.

integration event at the desired locus and homokaryon in a2 knockout
mutant (Fig. 3C). All experiments below were carried out for two in-
dependent clones Aarl1*~ and Aarl2 mutant strains, revealing si-
milar results at all times between each mutant strain.

The Aarl2 + arl2wt restored strain was obtained by integrative
transformation with the arl2 wild-type allele at the carp locus as has
been described (Garcia et al., 2017).

Expression analysis confirmed the null expression for arl2 in the
Aarl2 and a 93.34% reduction in mRNA levels for arll in the
Aarl1°77 strains, compared to wild-type (Fig. $3). These results were
particularly relevant for Aarl1™™’~, as this could be considered a hy-
pomorphic mutant.

It is interesting to notice that the mutations of arll or arl2 led to
decreased of mRNA levels of arl2 or arll in 62.4 or 64%, respectively
compared to the wild-type strain (Fig. S3). These results showed that
mutation of any of these genes led to a decreased in the transcript levels
of the other, suggesting a transcriptional a cross-regulation between
them.

3.4. Contribution of the arll and arl2 genes to mycelium growth, and
sporulation in M. circinelloides

The high expression of arll during mycelia stages (Fig. 2) prompted
us to investigate the role of this gene in sporulation by analyzing the
production of spores in the heterokaryon Aarl1*’~). Spore size in the
heterokaryon was slightly smaller than that of the parent strain
(Fig. 4A) and the total amount of spores produced was nearly 70%
lower than in the parental strain MU402 (Fig. 4B), indicating the im-
portance of arl1 for spore production. Meanwhile, Aarl2 exhibited lower
reduction in spore production (~40%) with respect to the wild-type
(Fig. 4B) and, again, a slightly smaller spore size (Fig. 4A). Further, the

Aarl2 + arl2wt strain showed no differences in spore size or production
in comparison to the MU402 strain. A quantitative analysis indicated
slightly defects in spore size in both mutant strains (Fig. 4C).

Next, we determined if the spores from arl mutant strains germi-
nated properly under aerobic conditions. The hyphae from germinated
spores of the mutant strains showed morphologies similar to the wild-
type strain (Fig. 5A), reaching in all the strains 100% germination after
6h of growth under aerobic conditions (Fig. 5B). However, shorter
hyphae, and fewer hyphae per mother cell were observed in Aarll =)
with respect to the other strains (Fig. 5C and D). In addition, while
radial growth rate was reduced ( < 20%) in Aarl1™~7 (Fig. 54A), no
reduction in biomass was observed for any of the arl mutants when
aerobically grown in YPG liquid medium (Fig. S4B).

Under anaerobic conditions, no differences in morphology could be
observed between the strains, although Aarll (=7 and Aarl2 germi-
nated faster compared to Aarl2 + arl2wt or the wild-type strains
(Fig. 6). Nevertheless, the faster germination rate did not contribute to
increased biomass generation after 24 h of growth (Fig. 6).

3.5. Role of Arll and Arl2 in vesicle trafficking and cell wall composition

In an effort to describe the possible roles of the products from arll
and arl2 genes in vesicle rrafficking from M. circinelloides, we performed
FM4-64 staining of aerobic germinated spores. This approach has been
used to observe the vesicle distribution of other Mucorales spp. such as
Phycomyces blakesleeanus, where the vesicles showed an apical dis-
tribution (Fisher-Parton et al., 2001).

Confocal microscopy revealed that FM4-64 staining of
Aarl2 + arl2wt and wild-type strain showed a zone of bright fluores-
cence in a region that corresponds to the expected location of apical
vesicles (Fig. 7A), as reported previously in Phycomyces. For both
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Fig. 2. arll and arl2 mRNA expression patterns in M. circinelloides during spore
or vegetative growth. Transcript levels of arll and arl2 genes were measured
during M. circinelloides dimorphism by RT-gPCR. Morphological stages are
numbered as follows: 1, spores; 2, 3, 4, aerobic growth (at 6, 12, and 24 h,
respectively); and 5, 6, 7, self-anaerobic growth (at 6, 12, and 24 h, respec-
tively). Transcript levels are relative to tfc-1 gene expression. Three in-
dependent experiments were carried out, the average is shown, bars correspond
to standard error. Statistically significant differences (shown by letters) were
determined by Student's t—test (p < 0.05).

Aarl1**=7 and Aarl2 strains, a total disruption of the wild-type pattern
was observed with a loss of the bright FM4-64 staining at the apical
region and a more disperse distribution of the staining within the hy-
phae (Fig. 7A).

In order to described the deposition of polymers, like chitin, in the
cell wall. We performed the quantification of glucosamine from cell
walls from arl-mutants mycelium of M. circinelloides. Significantly lower
glucosamine content (ug) in the fungal cell walls was found for the
Aarl1¢T7 (43% average reduction) and Aarl2 (23% average reduc-
tion) mutant strains in comparison to the already determined
Aarl2 + arl2wt or the wild-type strains (Fig. 7B). These results showed
impaired intracellular vesicle distribution in both arl mutant strains,
which could contribute in reduced chitin content in their cell wall.

3.6. Very low expression of arll increases M. circinelloides virulence

Many molecules involved in fungal virulence are secreted; then, in
order to reach the exterior, they have to be enclosed into vesicles.
Therefore, we investigated if Aarll™/~’ and Aarl2 were different
compared to the wild-type in terms of virulence rates. A virulence assay
was performed utilizing the nematode C. elegans, in which the worms
were seeded in the presence of either spores or cell-free supernatants of
cultures from previously grown strains. The spores from strain
Aarl1**=) were more virulent than those from Aarl2, Aarl2 + arl2wt,
and the wild-type strain, which were almost non-virulent in our ex-
periments (Fig. 8A). Importantly, the cell-free supernatant from the
culture medium obtained from the Aarl1‘*'~/ after 24 h of growth
reproduced the lethality of C. elegans observed with spores (Fig. 8B),
whereas those obtained from Aarl2, Aarl2 + arl2wt or the wild-type
strain were non-virulent.
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Previously, we demonstrated that Aarfl and Aarf3 strains from M.
circinelloides were involved in the secretion of proteins that increased
virulence rate (Patino-Medina et al.,, 2018). Protease treatment of cell-
free medium obtained from Aarl1*™'¢~ cultures grown for 24 h, caused
inactivation of the killing factor secreted in the cell-free medium, in-
dicating the proteinaceous nature of the secreted virulent factor
(Fig. 8C). It should be noted that the total amount of protein in the cell-
free medium was similar in all strains (Fig. S5). These results suggested
that the low arll expression led to virulence increased could be asso-
ciated with the secretion of one or several specific proteins.

3.7. Susceptibility of M. circinelloides arll and arl2 mutants to antifungal
compounds

Cell wall and plasma membrane inhibitors are widely used as an-
tifungal drugs, but M. circinelloides exhibits an intrinsic tolerance to
them (Salas et al., 2012). Given that an adequate flux of vesicles to the
apical region of the hyphae is critical for the biogenesis of new cell
structures, such as the cell wall and plasma membrane (Gow et al.,
2017). We analyzed the susceptibility of Aari1*’*~ and Aarl2 to dif-
ferent antifungal compounds. Radial growth indicated that Aarl1?*/(~/
was more sensitive to fluconazol or itraconazole with respect to the
wild-type strain (Fig. S6). Aarl2 was generally as tolerant as
Aarl2 + arl2wt or the wild-type strain to all compounds. The detergent
SDS has been used to observe defects in the fungal cell wall and plasma
membrane (Lettner et al., 2010). The higher sensitivity of Aari1¢+=?
to antifungal compounds was observed under aerobic atmosphere in
liguid medium, where this strain displayed reduced germination rate
(Figs. S7 and $8) and hyphae length (Figs. S7 and S8), as well as defects
in hyphal morphology (Figs. S7 and $8). For example, Aarl1/*)(~}
strain grown in presence of fluconazole, itraconazole or SDS showed 69,
81 or 50% of reduction in the hyphae length, respectively, compared to
the wild-type (Figs. 57 and 58). Also, the Aarl2 mutant showed redue-
tion in hyphae length in lesser extent than Aarll (=), MICs, data
revealed a more exacerbated susceptibility of Aarl1”**” aerobically
grown in liquid media, in presence of itraconazole, a 64.2% less ger-
mination rate compared to the wild-type strain was observed, while the
Aarl2 only showed 38.6% less germination (Table 1). In general, similar
hyphae length was observed between Aarl2 + arl2wt and the wild type
strain (Figs. S7 and S8).

Taken together, these data indicated that the Arll protein plays an
important function in maintaining intrinsic resistance to the antifungal
compounds tested, whereas Arl2 has only a minor role.

4. Discussion

M. circinelloides is an important basal fungus, with multiple and
relevant implications in understanding cell differentiation, lipid meta-
bolism, gene regulation silencing, and mucormycosis (Morin-Sardin
et al., 2017). Therefore, we have chosen this fungus to study the
function of Arf members in early-divergent fungi. All Arf members, Arf,
Sar, and Arl, are involved in vesicle biogenesis and vesicle trafficking,
one of the most important ways of transporting molecules into eu-
karyotic cells (Kahn, 2006). In a previous study, we demonstrated Arf
member proteins are implicated in the regulation of morphogenesis and
virulence in this Mucor species (Patino-Medina et al., 2018). Following
up that work, two additional members of the Arf family have been
studied: Arll and Arl2.

The arl1 is highly expressed during aerobic growth compared to arl2
in the wild-type strain, which strongly suggests an important function
during these morphological stages. The targeted deletion of arll ledto a
heterokaryon strain, confirming the essential role of arll in M. circi-
nelloides. Arll homologues seem to be essential in other organisms such
as Drosophila melanogaster, where the ARL1 mutation led to a zygotic
lethality (Tamkun et al., 1991).

Low expression of M. circinelloides arl1 in a heterokaryon mutant led
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to multiple defects during aerobic growth, of which spore production which encodes a White Collar-1-like receptor that regulates car-
was the most affected. Deletion of ari2 also affected spore production, otenogenesis and sporulation; another is pkaRl, whose dysfunction
but to a lower extent. In addition, other genes have been described to leads to reduced spore production (Ocampo et al., 2009; Navarro et al.,
influence spore production in M. circinelloides. One of them is Mcwc-1b, 2013). Other Arf proteins from M. circinelloides play important positive
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Fig. 6. Effect of arll and ari2 mutations in M. circinelloides on germination under anaerobic growth. Spores from different strains of M. circinelloides were grown in
YPG liquid medium for the indicated times. (A) Yeast morphology observed under a light microscope with 40 x magnification (bar = 20 pm) after 6 h of growth. (B)
Number of germinated spores at the respective times, (C) Biomass generated after 24 h of growth. Statistically significant differences (shown by letters) were
determined by Student's t-test (p < 0.05).
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roles in the spore production process, like Arfl, which mutation re-
duced at nearly 90% the spore production (Patino-Medina et al., 2018).
Understanding how interactions among all of these genes regulate
sporulation will require generation of strains with mutations in several
genes. Mutant strains Aarl1‘™"’ and Aa@l2 increased germination
under anaerobic conditions, which was previously observed in the arf
mutant strains (Patino-Medina et al,, 2018). Yeast morphology in M.
circinelloides correlates with fermentative metabolism (McIntyre et al.,
2002; Liibbehiisen et al., 2003a, 2003b), suggesting a possible increase
in the fermentative metabolism of all arf and arl mutant strains.

M. circinelloides has been reported as a human opportunistic pa-
thogen. Certain fungal virulence factors such as hydrolases (e.g., pro-
teases and hyaluronidases) need to reach the extracellular space
(Casadevall et al,, 2009). Exocytosis of these molecules could involve
active transport through vesicles. Arll homologues participate in se-
cretion processes; for example, ARL1 from S cerevisiae localizes with
vesicles in the Golgi apparatus and is involved in yeast protein secre-
tion, whereas Arll from C. albicans is localized in the late-Golgi appa-
ratus (Rosenwald et al., 2002, Labbaoui et al., 2017). ARL1 in mam-
malian cells is also localized in the Golgi apparatus, where it
participates in the exocytic pathway (Lowe et al., 1996; Lu et al., 2001).
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Fig. 7. arll and arl2 genes regulate vesicle traf-
ficking and chitin content in the cell wall in M.
circinelloides. (A) FM4-64 staining in arl mutants
in M. circinelloides. MU402, Aarl1®*""7 Aarl2,
Aarl2 + ari2wt strains were stained with FM4-
64. Making use of the “inverted agar block
method” (Hickey et al., 2002), strains were in-
cubated with five mM FM4-64 to stain mature
endosomes or vacuoles. Confocal microscopy
showed distinct FM4-64 staining distribution
patterns among Aarll’ """ and Aarl2; compared
to wild-type and Aarl2 + arl2wt strains. White
arrowheads depict staining of endosomes. NA
1.42 with oil. Bars = 10um for Aarl2 and
Aari2 + ari2wt, or 20pum for MU402 and
Aad1T* X2 (B) Glucosamine content determi-
nation in fungal cell walls. Spores from different
strains were inoculated (5 x 10° mL ") into li-
quid YPG media for 10h under constant shaking.
Cells were prepared as previously described.
Then glucosamine content (pg) was determined
by High-Performance Anion-Exchange Chroma-
tography coupled to Pulsed Amperometric De-
tection (HPAEC-PAD). Three independent ex-
periments were conducted.  Statistically
significant differences (p = 0.05) are indicated
by letters, Student’s t—test (p < 0.05).

Some Arf members and their regulators are involved in virulence. In
C. dalbicans, Age3 encodes an ARF-GAP protein (allosteric effector re-
sponsible for activating the GTPase of ARF proteins) that is required for
hyphal growth and its mutation led to a decreased in virulence (Epp
et al., 2010; Lettner et al., 2010), In addition, the arll mutant strain in
C. albicans has been characterized as being less virulent (Labbaoui et al.,
2017).

Here, we show that spores from the heterokaryon Aarll*’(=/ are
more virulent against a nematode model than those of the parental
strain. The proteinaceous killing factor was present in the cell-free
medium, possibly suggesting that it was secreted or released to the cell
exterior by the Aarl1“**~’ strain. Similar results were observed in
Aarfl and Aarf3 strains, where both spores or their cell-free grown
medium led to more lethality in mice or nematodes, respectively
(Patino-Medina et al., 2018). Overall, total protein in the cell-free
medium was similar in Aarfl, Aarf3, Aari1‘*" and wild-type strain,
suggesting that the absence of these genes triggers over-secretion of
proteins contributing to virulence. Interestingly, M. circinelloides is able
to induce the dead of immune cells in zebra fish infections (Lépez-
Munoz et al., 2018), suggesting that wild-type strains could regulate the
secretion of virulence factors during the infection process. Accordingly,
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Fig. 8. Effect of arl]l and arl2 genes from M. circinelloides on the viability of C. elegans. Twenty adult C. elegans worms were inoculated with (A) 10,000 spores; (B)
1 mL of cell-free medium obtained from the different M. circinelloides strains grown in YPG for 24 h; (C) mycelium cell-free culture filtrates treated with proteases for
2 h. Three independent experiments were conducted. Statistically significant differences (shown by letters) were determined by Student's t-test (p < 0.05).

Table 1

Fluconazole, Itraconazole or SDS were added to solid® or liquid media ¥, re-
spectively. MICsq: Half radial growth for * of half germination rate for ® doses
and their corresponding 95% confidence intervals were caleulated employing
Nonlinear regression (curve fit), log (inhibitor/inductor) vs response (variable
slope), R* = 0.95 for *; 0.99 for ®, (GraphPrism 7.0). Parenthesis stand for £ .
MICsq for solid and liquid growths were evaluated at the end of day 5 and 6h
respectively.

Viability MICay (ng/mL)

Substance Strain
MU402 Aarlf*H ) Aarlz Aari2 + arl2we
Fluconazole®  480.20 300.43 (2.42)  477.53 (9.26) 474.79 (22.27)
(11.34)
Iraconazole®  441.25 (2.76) 273.76 (33.14) 399.47 418.60 (49.73)
(75.75)
sps* 7252(0.22) 67.77 (0.77) 7298 (1.03) 7310 (0.93)
Fluconazole® 302,12 (4.99) 261.45(15.11) 285.44 298.57 (7.08)
(11.37)
ltraconazole® 2264 (2.40)  8.09 (1.79) 13.80 (0.84)  16.41 (3.49)
sps® 29.48 (4.41)  17.67 (241) 32,63 (8.86) 3262 (6.27)

future work will focus on identifying the virulent proteins secreted by
Aarf1, Aarf3, or Aarl1*’*~) mutant strains during mycelial growth of
M. circinelloides.

Arf proteins are also involved in antifungal susceptibility. In C. al
bicans, dysfunction of a GAP protein, AGE3, has led to increased sen-
sitivity to the plasma membrane or cell wall synthesis inhibitors (Epp
et al., 2010). Thus, imbalance in the activated state of some Arf
members could be due to the role of Arf proteins in vesicle formation
and/or transport of specialized vesicles such as chitosomes, which en-
close chitin synthase (Bracker et al., 1976). Moreover, some proteins in
the plasma membrane play critical roles in resistance to antifungal
drugs, such as the efflux pumps of the ABC transporter and major fa-
cilitator superfamilies, iron uptake ferroxidase, and an iron permease
(Morschhiiuser, 2010; Kim et al., 2012). These proteins could reach
their cellular location wvia vesicular transport. Here, we provide
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evidence that links arll and arl2 genes to vesicle trafficking in this
fungus. When these two genes were disrupted, endosome staining was
more diffuse compared to that in wild-type or Aarl2 + arl2wt strains.
Similarly, it has been reported previously that disruption of fungal Arf
proteins led to aberrant endosome staining at the hyphal apical region,
and endosome distribution was more diffuse and less well-localized
(Lee et al., 2008). These results suggest that imbalances in vesicle
trafficking in Aarf1‘ " strain might lead to higher sensitivity to SDS
and azoles, compared to Aarf2 strain. Despite this, both arl-mutant
strains showed differences in intracellular endosome staining patterns
when compared to the wild-type strain. These observatons suggest that
different populations of endosomes could be regulated by Arll or Arl2
in M. circinelloides.

The cell wall and plasma membrane are the main targets of anti-
fungal drugs but few such drugs with reduced efficacy (amphotericin B
and posaconazole) are available to treat mucormycosis (Pagano et al,
2013; Mazu et al., 2016). Moreover, M. circinelloides is intrinsically
le and itrac le (Almyroudis et al, 2007;
Alastruey-lzquierdo et al., 2009). Recently, it has been reported that
this intrinsic fluconazole resistance in Mucormycetes is due to a discrete
change in the mitochondrial P450 homologue, lanosterol 14a-de-
methylase (Caramalho et al., 2017). Therefore, it is important to find
new molecular targets for antimycotic drugs that could generate better
treatments for mucormycosis or other fungal infections. Here, the
Aarl1™7=) mutant strain was more sensitive to compounds that are
known to interfere with the plasma membrane and cell wall synthesis,
such as SDS, fluconazole, and itraconazole, suggesting that these cel-
lular structures could be abnormal in this heterokaryon strain. Ac-
cordingly, cell glucosamine content in the cell wall of the Aarl1*+(~/
was significantly lower (43%) than that in the wild-type strain. All these
results showed that arll disruption displays aberrant vesicle trafficking,
that could lead to depletion of cell wall chitin deposition, which finally
might explain the hypersensibility deployed to antifungal compounds in
this mutant. The results from this work open the way for future studies
relating to Arll-mediated virulence regulation and antifungal control.

All the defects showed by arll could be consequence of an impaired
vesicle transport, like the lower aerobic growth, spore production,

resi to fluc
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chitin content in the cell wall from hyphae cells, additionally this mu-
tation increased the susceptibility to antifungal compounds, and pro-
mote the secretion of proteins that function as virulence factors.
Moreover, the defects observed in the Aarl2 could be attributed to the
decreased in the mRNA of arl], almost all the defects in the phenotypes
in Aarl2 are similar to those observed in the Aarl1™’ but in lesser
extend.

5. Conclusions

We found that the M. circinelloides genome encodes two Arl proteins,
Arll and Ar2. Our data suggested that Arll plays a major role in this
fungus during mycelial growth. A low expression level of arl1 resulted
in defects during aerobic growth, enhanced virulence, sensitivity to the
cell wall, and plasma membrane synthesis inhibitors. Both genes reg-
ulate in M. circinelloides vesicle trafficking and cell wall composition.
Future identification of the protein(s) responsible for increased viru-
lence in the arll heterokaryon, and elucidation of the pathway of
transport will expand our knowledge of vesicle trafficking in M. circi-
nelloides and facilitate the discovery of suitable targets to generate
novel antifungals against Mucorales.
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Mucor circinelloides is a dimorphic Zygomycete fungus that
produces ethanol under aerobic conditions in the presence of
glucose, which indicates that it is a Crabtree-positive fungus.
To determine the physiological role of the alcohol dehydro-
genase (ADH) activity elicited under these conditions, we ob-
tained and characterized an allyl alcohol-resistant mutant
that was defective in ADH activity, and examined the effect
of adh mutation on physiological parameters related to car-
bon and energy metabolism. Compared to the Adh’ strain
R7B, the ADH-defective (Adh’) strain M5 was unable to grow
under anaerobic conditions, exhibited a considerable reduc-
tion in ethanol production in aerobic cultures when incubated
with glucose, had markedly reduced growth capacity in the
presence of oxygen when ethanol was the sole carbon source,
and exhibited very low levels of NAD"-dependent alcohol de-
hydrogenase activity in the cytosolic fraction. Further char-
acterization of the M5 strain showed that it contains a 10-bp
deletion that interrupts the coding region of the adhl gene.
Complementation with the wild-type allele adh1” by trans-
formation of M5 remedied all the defects caused by the adh1
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mutation. These findings indicate that in M. circinelloides,
the product of the adhl gene mediates the Crabtree effect,
and can act as either a fermentative or an oxidative enzyme,
depending on the nutritional conditions, thereby participa-
ting in the association between fermentative and oxidative
metabolism. It was found that the spores of M. circinelloides
possess low mRNA levels of the ethanol assimilation genes
(adl2 and acs2), which could explain their inability to grow
in the alcohol.

Keywords: Mucor circinelloides, ADH1 enzyme, Crabtree ef-
fect, fermentative and oxidative metabolism

Introduction

Zygomycetes are saprophytes that are ubiquitous in natural
environments, and contribute to the transformation of or-
ganic matter. In recent years, Zygomycetes have attracted
interest in various areas, such as biotechnology and the health
sector. These organisms have been studied and used to pro-
duce a wide range of metabolic products, including organic
acids, enzymes, fatty acids, and biofuels; furthermore, the bio-
mass of Zygomycetes contains proteins, lipids, amino acids,
chitin, and chitosan, and is considered useful for the produc-
tion of animal feed, human food, and chitosan (Ferreira et
al., 2013; Karimi and Zamani, 2013). Regarding their interest
to the health sector, some Zygomycetes have been described
as opportunistic pathogens in humans because they can cause
mucormycosis. The reported species include Absidia trape-
ziformis, Cunninghamella spp., Mucor spp., Rhizomucor spp.,
and Rhizopus spp. (Chayakulkeeree ef al., 2006; Ibrahim and
Spellberg, 2006; Mendoza et al., 2015).

The yeast-hyphae dimorphism of some Mucor species has
been considered important for industrial applications such
as the production of heterologous proteins (Wolff and Arnau,
2002), or metabolites and fuel ethanol in large-scale fermen-
tation plants (Ferreira et al., 2013; Karimi and Zamani, 2013).
In aspects related to pathogenicity, for instance, the hyphae
of Mucor species have been associated with infected tissues
in humans (Khan et al., 2009), and in a murine mucormy-
cosis system (Lee et al., 2013).

Depending on the environmental conditions in which di-
morphic species of Mucor are cultivated, the germination
of spores produces vegetative hyphae cells (a mycelium) or
spherical budding cells (yeast) (Bartnicki-Garcia, 1963; Sy-
pherd et al., 1978); the production of a mycelium or yeast
cells can occur under aerobic or anaerobic conditions, accor-
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ding to the carbon source and/or the addition to the medium
of morphogenetic compounds. Mycelial cells are capable of
adopting an oxidative or fermentative metabolism, depend-
ing on the cultivation conditions. In contrast, the production
of yeast cells requires the presence of hexoses, and such cells
adopt a fermentative metabolism, producing high levels of
ethanol after growth under various conditions; yeast cells can
grow by anaerobiosis or aerobiosis in the presence of mor-
phogenetic compounds, such as dibutyryl cyclic-AMP, cer-
tain amino acids, and phenethyl alcohol (PEA) (Orlowski,
1991). Metabolic studies have shown that when Mucor cir-
cinelloides is incubated under aerobic conditions in the pre-
sence of glucose, it produces a mycelium that exhibits an
oxidative metabolism, although it also produces appreciable
levels of ethanol; these observations indicate that M. circi-
nelloides is a Crabtree-positive microorganism (McIntyre
et al., 2002). The ethanol produced by the fungus under these
conditions is consumed after the glucose has been exhausted.
However, yeast cells produced under anaerobic conditions
do not utilize ethanol because they require hexoses as a car-
bon source (Liibbehiisen et al., 2004).

In M. circinelloides, the mRNA of adhl gene is expressed
in spores (Valle-Maldonado et al., 2015), hyphae, and yeast
cells, and produces a cytoplasmic enzyme that appears to be
the major alcohol dehydrogenase (ADH) in the fungus; dur-
ing mycelial growth under aerobic conditions, the level of
expression of the adh! gene is correlated with the concentra-
tion of glucose in the culture medium (Rangel-Porras et al.,
2005). Kinetic characterization of purified ADH1 suggests
that it mainly works as a fermentative enzyme and converts
acetaldehyde to ethanol in an NADH+H -dependent reac-
tion (Rangel-Porras ef al., 2005); furthermore, adh1 mRNA
accumulates in higher levels in yeast cells than in hyphae or
spores (Valle-Maldonado et al., 2015). In the yeast Sacchar-
omyces cerevisiae, the fermentative enzyme ADHI partici-
pates in the production of ethanol, whereas the oxidative
enzyme ADH2-in conjunction with the enzymes aldehyde
dehydrogenase (ALD1/ALD2) and acetyl-CoA synthetase
(ACS2)-participates in the utilization of ethanol as a carbon
source (Wills, 1990; de Kok et al., 2012).

To determine the physiological function of the ADH1 en-
zyme in M. circinelloides, we obtained and characterized an
allyl alcohol-resistant mutant that was defective in ADH ac-
tivity; this mutant had an adhl gene with an altered open
reading frame (ORF), and produced a protein lacking the
NAD'-binding domain. It therefore produced a protein with
abolished ADH activity. This mutation was examined for its
effect on physiological parameters related to carbon and en-
ergy metabolism.

Materials and Methods

Fungal strains and cultivation conditions

We used the leucine-requiring Mucor circinelloides strain R7B
(ATCC90608; Roncero, 1984) as the wild-type reference
strain throughout this study; the M5 strain is a spontaneous
allyl alcohol-resistant (Ally’) mutant derived from R7B (see
below). For the growth experiments, we used yeast-peptone-
glucose (YPG) complete medium (Bartnicki-Garcia and Nic-

kerson, 1962) and Lee’s minimal medium (LMM) (Lee et
al., 1975), modified as described by Acevedo-Aguilar ef al.
(2006) and containing 0.25% KH,PO4, 0.20% MgSOs4, 0.50%
(NH4)2504, 0.5% NaCl, and glucose or ethanol at 2% as the
carbon source. When necessary, LMM was supplemented
with 20 mg/L leucine as a requirement for the auxotrophy
of R7B and its derivative M5. The strains were maintained,
and spores were obtained after growth in YPG medium as
described (Bartnicki-Garcia and Nickerson, 1962). To obtain
aerobic mycelia, we grew liquid cultures (600 ml) in 2-L
Erlenmeyer flasks containing YPG medium inoculated with
spores at a final cell density of 5 x 10°/ml, and incubated
them in a shaken water bath at 28°C for the indicated period.
In some experiments, we inoculated the cultures with swollen
spores; these cells were obtained by inoculating YPG me-
dium with intact spores and incubating the cultures under
aerobic conditions at 28°C for 4 h. The obtained cells were
centrifuged at 3,500 x g. The resulting pellets were thoroughly
washed by centrifugation in sterile distilled water, and then
transferred to a solid or liquid medium, as indicated. For
growth in the solid medium under anaerobic conditions, we
used LMM with 2% glucose, with or without leucine. After
inoculating the medium with spores of the indicated strains,
Petri dishes containing the inoculated medium were incu-
bated in an anaerobic jar using the GasPak system (Becton
Dickinson). Self-anaerobic growth was facilitated using 125-ml
flasks filled completely with culture medium and sealed with
rubber stoppers provided with a needle, to allow the exit of
excess of CO; (Salcedo-Herndndez and Ruiz Herrera, 1993).
Self-anaerobic cultures containing 125 ml of YPG medium
were inoculated with 1 x 10° spores/ml of M. circinelloides;
this condition causes the spores to grow and produce bud-
ding yeast cells, as previously described (Salcedo-Herndndez
and Ruiz-Herrera, 1993). The germination percentage under
aerobic or anaerobic conditions was calculated from the num-
ber of germinules or budding yeast cells in at least 100 cells.

For the transition experiments, swollen spores were incu-
bated in YPG medium for 4 h under aerobic conditions or
veast cells in YPG medium for 12 h under self-anaerobic con-
ditions, and then centrifuged the obtained cells at 3,500 % g.
The harvested pellets were washed five times with 40 ml of
sterile distilled water, transferred to LMM containing glu-
cose or ethanol as the sole carbon source, and incubated at
28°C while shaking at 150 rpm.

Isolation and sequencing of genomic clones of the M5 adhl
gene

The sequencing strategy was based on the polymerase chain
reaction (PCR) amplification of fragments of the ORF of the
adhl gene from the M5 mutant strain using the following
oligonucleotides: adh-xhoF (5° CTC GAG ATG TCT GAA
GAA ACT TTC ACT GCC TGG G 3'); adh-notR (5" GCG
GCC GCG TTC ATG ACG ACA GCT CTG TAA CG 3');
adh31F (5" GAC AAC GCT ACC AAG GAC AAG ACC3');
and adh32R (5" TTG TAG TGA GGC TCC ATT TGC TCT
3'). These oligonucleotides were designed based on the se-
quence from the adhl gene of the wild-type strain R7B as
described in our previous study (Rangel-Porras et al., 2005).
The oligonucleotides adh-xhoF and adh-notR correspond to
regions at the 5" and 3" ends of the adhl gene, respectively,
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and contain Xhol and Notl restriction sites (underlined in
the oligonucleotides sequences). Oligonucleotides adh31F
and adh32R amplify an internal fragment of the central re-
gion of the adhl gene. The nucleotide sequence of the ge-
nomic and ¢cDNA versions of the wild-type R7B adhl gene
are available at GenBank under the Accession nos. AY702961
and AY702962, respectively. The nucleotide sequence of the
genomic version of the M5 mutant adhl gene is available
at GenBank under the Accession number MH130382.

The amino acid sequence of the ADHI protein predicted
from the sequenced adh! gene of the M5 mutant was aligned
with the corresponding ADHI protein predicted by the adh1
gene of the wild-type R7B strain (Rangel-Porras et al., 2005)
using DNASTAR software.

Total RNA isolation and quantitative reverse transcription
polymerase chain reaction (QRT-PCR)

The biological samples of M. circinelloides were: 1) spores,
grown for 4 h under aerobic conditions to produce swollen
spores (SS), 2) spores grown under self anaerobic condi-
tions for 12 h to produce anaerobic swollen spores (ASS)
(these cells were produced by the mutant M5, which, un-
like the wild-type strain R7B, is unable to grow in the pres-
ence of low oxygen tension, which is why it fails to develop
and grow as yeast cells), 3) mycelium grown for 12 h (M),
and 5) yeast cells grown for 12 h (Y); in all cases, the growth
was performed in YPG medium. The cells were collected by
filtration (using Whatman No. 6 filter paper), and washed
with sterile distilled water. RNA was isolated as described
previously (Valle-Maldonado et al., 2015). M. circinelloides
gene-specific oligonucleotides and hydrolysis probes for ald2
(aldehyde dehydrogenase) and acs2 (acetyl-CoA synthetase)
genes were designed using Biosearch Technologies software
(http://www.biosearchtech.com) to ensure the specificity of
all detections during the qRT-PCR assays (Supplementary
data Table S1). The qRT-PCR assays, amplifications, and PCR
efficiency determinations; the relative expression level cal-
culations and the data analyses; and the use of hydrolysis
probes and primers for the adhl (alcohol dehydrogenase)
and tfcl (subunit of the transcription factor TFIIIC from
RNA polymerase 111) genes, all were carried out according
to a previously described method (Valle-Maldonado ef al.,
2015).

Northern blot analyses

Total RNA was extracted from aerobic mycelium of strains
R7B and M5 cultured in YPG medium for 13 h and Nor-
thern blot analysis was performed as described by Sambrook
et al. (1989); the incubation time selected was used because
under these conditions the wild-type strain R7B shows the
optimum level of ADH activity (Rangel-Porras et al., 2005).
The hybridization was performed using **P-labelled DNA
probes, consisting of a 475 bp fragment of the adhl gene
cDNA or a 774 bp fragment of the leuA gene, both obtained
from R7B strain.

M. circinelloides Adhl mediates the Crabtree effect and ethanol metabolism 3

Construction of plasmid vector pEUKA7/adh1 and fungal
transformation

For the complementation experiments, the 1,044-bp DNA
fragment corresponding to the ORF of the adhl gene was
amplified by PCR using the wild-type R7B strain genomic
DNA (gDNA) and the oligonucleotides adh-xhoF and adh-
notR. The amplified product was directionally cloned into the
plasmid pEUKA 7.1 (Wolff and Arnau, 2002) using Xhol
and Nofl restriction sites, thereby generating the plasmid
pEUKA7/adhl. In this vector, adhl gene expression is un-
der the control of the promoter and the transcriptional ter-
minator of the M. circinelloides gpdl gene. This construct
was introduced into protoplasts of the adh!-deficient mutant
strain M5. Leu’ prototroph transformants were selected and
purified by monosporic isolation, as described previously
(Wolff and Arnau, 2002).

Preparation of cell-free extracts

Aerobic mycelia cells were disrupted in an MSK cell homo-
genizer (Braun) and the crude extract or the cytosolic frac-
tion (164,500 x g supernatant) was prepared according to a
previously described procedure (Rangel-Porras et al., 2005).

ADH activity assay

NAD' or NADP'-dependent ADH activity was determined
spectrophotometrically in crude extracts or in the cytosolic
fraction. All enzyme assays were conducted in a final vol-
ume of 2 ml, and the ADH activity was assayed in the oxi-
dative direction, according to the method described by Berg-
meyer (1983). The assays were performed in a reaction mix-
ture containing 50 mM Tris-HCI (pH 8.5), 1.9 mM NAD®
or NADP', cell-free extract (100-200 pg protein), and 0.8 M
ethanol. The reaction was started by adding ethanol, and a
reduction of NAD" or NADP' was monitored by the in-
crease in absorbance at 340 nm. One unit of enzyme activity
was defined as the amount required to reduce 1 pmol of
NAD" or NADP” per min at 25°C. The specific ADH activity
was expressed as units (U) per mg of protein.

The NAD"-dependent ADH activity of the crude extracts
was also determined by zymography, which was performed
following electrophoresis on non-denaturing 10% polyacry-
lamide gels (Nikolova and Ward, 1991), as previously de-
scribed (Torres-Guzman et al., 1994). The image shown in
Fig. 8 comes from an electrophoretic separation in which
the crude extracts of the indicated strains were loaded in the
same gel, separated between them by an empty lane, to avoid
cross-contamination. ADH activity was revealed in the com-
plete gel and then the gel was photographed. The photogra-
phic image of the gel was cut to remove the empty lanes of
the gel; Fig. 8 shows the image of the lanes in which the sam-
ples of extracts of the strains were loaded.

Determination of the ethanol content of the culture

Mycelium biomass (1 g) obtained from cultures grown un-
der aerobic conditions in LMM with 2% glucose for 24 h
was transferred to the same medium, and incubated under
aerobic conditions. Subsequently, 1-ml samples were obtained
from the culture after 12, 24, and 48 h of incubation, fil-

114



4 Rangel-Porras et al.

tered through 0.22-um filters, and used for determination
of ethanol content. The ethanol content in the supernatants
was determined by gas chromatography with a flame ioniza-
tion detector (GC-FID, Agilent Technologies 7890B) using
an Agilent J&W HP-Innowax 19091N-136 column (60 m x
250 um x 0.25 pm) with nitrogen as the mobile phase sup-
plied at a flow rate of 1 ml/min. We injected 0.5 pl of each
sample using an auto-sampler in split 20:1 mode at 240°C,
whereas for the flame ionization detector the temperature
was 260°C. The column temperature was held at 50°C for 2
min, increased to 240°C at 5°C/min, and held for 15 min.
Quantification was based on a calibration curve using etha-
nol as a standard and 2-pentanol as the internal standard
(both from Sigma-Aldrich) (Lopez-Alvarez et al., 2012).
The values shown in the results are the mean from three
independent experiments conducted with duplicate deter-
minations. The error bars represent standard deviations. The
one-way analysis of variance (ANOVA) post hoc Bonferroni
test was used to analyse the data regarding ethanol pro-
duction and the ADH activity levels in the cytosolic frac-
tion of the M. circinelloides strains. We carried out all the
tests using Statistica 11 software, and set a significance level
of 0.05 (indicated by letters in the figures) for the analyses.

Results

Isolation and characterization of a mutant deficient in ADH
activity

In a previous study, we observed marked expression of the
M. circinelloides adhl gene in cultures incubated under
aerobic conditions in a medium containing glucose (Rangel-
Porras et al,, 2005). Therefore, these conditions were chosen
to select spontaneous mutants that were deficient in ADH
activity using allyl alcohol resistance. This procedure has
been used to elucidate the physiological role of adh gene-
encoded enzymes in microorganisms, plants, and animals
(Lutstorf and Megnet, 1968; Wills and Phelps, 1975; Freeling
and Bennett, 1985; Jacobs ef al., 1988; Williamson et al., 1991;
Zheng et al., 2009). For this purpose, we incubated spores of
strain R7B under aerobic conditions in solid YPG medium
containing 2% glucose and supplemented with 100 mM allyl
alcohol (a sufficient concentration to inhibit the growth of
R7B spores). One resistant colony appeared after 7 days of
incubation, and the isolate was purified twice by single-spore
colony formation in the same selective medium used to pro-
duce the spores, which were able to grow in a medium con-
taining allyl alcohol. The strain was named M5.

The stability of the Ally’ phenotype of the M5 mutant was
tested by performing three complete vegetative cycles un-
der non-selective conditions and inoculating the spores onto
plates containing solid YPG medium. The top row of Fig. 1
shows that M5 and R7B were able to grow similarly in YPG
medium when the cultures were incubated under aerobic
conditions. However, under similar incubation conditions
in YPG medium containing allyl alcohol, only the spores of
the mutant strain M5 and not those of strain R7B were able
to germinate and produce a mycelium (Fig. 1 middle row),
which illustrates the Ally" and Ally’ phenotypes of M5 and
R7B, respectively. However, in cultures incubated in YPG

medium under hypoxic conditions, only the spores of strain
R7B and not those of M5 managed to germinate and pro-
duce a visible mycelium, which indicated that strain M5 is
unable to grow under conditions of low oxygen tension (Fig.
1 bottom row). We obtained similar results for liquid YPG
medium inoculated with spores and incubated under self-
anaerobic conditions, defined as those stablished due to the
displacement of oxygen from the cultures by the CO; pro-
duced during microbial metabolism. Under self-anaerobic
conditions the wild-type strain R7B generated budding yeasts,
as previously described (Salcedo-Hernandez and Ruiz Herrera,
1993), whereas the M5 mutant strain was unable to reach the
yeast phase and produced only swollen spores (Supplemen-
tary data Fig. S1A). At difference of spores, which are met-
abolically dormant, swollen spores constitute a later stage
in the spore germination process, characterized by isodia-
metric growth and by an active biosynthesis of macromole-
cules, formation of organelles and development of a new
cell wall (Bartnicki-Garcia et al., 1968; Orlowski and Sypherd,
1978); for that reason, from a metabolic point of view, swol-
len spores are considered fully active, as vegetative cells.
Furthermore, when we transferred yeast cells of the wild-
type strain R7B to LMM and incubated them under aerobic
conditions with either glucose or ethanol as the carbon source,
they exhibited high rates of transition to hyphae formation
(approximately 90% for glucose and 75% for ethanol) (Sup-
plementary data Fig. S1B). We carried out a complementa-
tion analysis of strain M5 to determine whether the alter-
ations exhibited by the M5 mutant including, allyl-alcohol
resistance under aerobic conditions and growth impairment
under anaerobic conditions, are due to the mutation in the
adhl gene. These complementation analysis were performed
MS/pEUK A-addh !

R7B M5

Fig. 1. Plate growth of Mucor circinelloides strains under various culture
conditions. We inoculated plates of solid Lee’s minimal medium (LMM)
with or without allyl alcohol with spores of the strains, and incubated un-
der aerobic conditions. We also incubated other inoculated plates without
allyl alcohol under anaerobic conditions. In all cases, we photographed
the growth of the resulting colonies over 3 days of incubation. For the
growth of the wild-type R7B and M5 mutant strains, we supplemented
the medium with leucine, whereas we omitted leucine from the medium
used to grow complemented strain M5/pEUKA-adh 1.

Acrobiosis

Acrobrosis

= Allyl alcobol

Anacrobiosis
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Fig. 2. Plate growth of the Mucor circinelloides strains under aerobic con-
ditions in Lee’s minimal medium (LMM) with 2% glucose or ethanol as
the sole carbon source. We inoculated the cultures with spores (a,b,c and
gh,i) or with swollen spores (d,e,f and j,k,1), and photographed the growth
of the colonies after 3 days of incubation. For the growth of the wild-type
R7B and M5 mutant strains, we suppl ted the medium with leucine,
whereas we omitted leucine from the medium used to grow complemented
strain M5/pEUKA-adh1.
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using protoplast transformation with the pPEUKA-adh1 con-
struct, which contains the adhI" allele from R7B under the
control of the promoter and transcriptional terminator of
the M. circinelloides gpd1 gene. Selection for leucine proto-
trophy resulted in the M5-derived transformant M5/pEUKA-
adhl. Figure 1 shows that, as with strain R7B, the presence of
the wild-type adh1 allele in the M5/pEUKA-adh1 transfor-
mant caused allyl alcohol-sensitivity in this strain because it
was unable to grow in medium containing allyl alcohol under
aerobic conditions (Fig. 1 middle row). Furthermore, similar
to the wild-type strain R7B, the transformant M5/pEUKA-
adhl was able to grow under conditions sustaining anaero-
biosis (Fig. 1 bottom row) and self-anaerobiosis (Supplemen-
tary data Fig. S1A), in which the mutant strain M5 was un-
able to grow.

In the next experiment, we compared the abilities of strains
R7B and M5 to grow under aerobic conditions in solid LMM
media with glucose or ethanol as the carbon source by in-
oculating the medium with spores or with swollen spores.
In the medium containing glucose, the spores (Fig. 2a) and
swollen spores (Fig. 2d) of strain R7B were able to grow and
produce mycelial colonies; we observed similar results for
the spores (Fig. 2b) and swollen spores (Fig. 2e) of the M5
mutant incubated in the same medium. In the LMM solid
medium containing ethanol as the carbon source, the spores
of the wild-type strain R7B (Fig. 2g) and those of the mutant
M5 (Fig. 2h) failed to produce mycelial colonies. Interes-
tingly, in the medium containing ethanol, the R7B swollen
spores (Fig. 2j) managed to grow and produce mycelial col-
onies, but those of M5 did not (Fig. 2k). The inability of the
MS5 swollen spores to grow in medium containing ethanol
is specifically due to adhl mutation as demonstrated by the

(B) LMM + GLUCOSE LMM + ETHANOL

MS/pEUKA-adh1

Fig. 3. Spore germination of Mucor circinelloides in liquid Lee’s minimal medium (LMM) with glucose or ethanol as the sole carbon source. (A) Bars represent
the percentage of spores germinated independently of number or size per mother cell. The data are the mean + SD, and three independent experiments were
performed for each condition. The letters denote statistically significant differences (analysis of variance (ANOVA), Fisher, P < 0.05). (B) Morphology of
spores grown in the presence of glucose or ethanol as the sole carbon source after 12 h of incubation. The arrow heads indicate ungerminated spores; scale
bar = 10 um. For the growth of the wild-type R7B and M5 mutant strains, we supplemented the medium with leucine, whereas we omitted leucine from the

medium used to grow complemented strain M5/pEUKA-adh1.
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Fig. 4. Growth transition of Mucor circinelloides from swollen spores to aerobic mycelial growth
(C) in Lee's minimal medium (LMM) with glucose or ethanol as the sole carbon source. (A) Bars rep-

resent the percentage of primary hyphae per mother cell after the transfer of the swollen spores to
a LMM containing glucose or ethanol after 24 h of incubation. (B) Hyphal length registered for the
indicated growth media 24 h after transfer. (C) Hyphae thickness was quantified for the indicated
growth media 24 h after transfer. The letters denote statistically significant differences (analysis of
variance (ANOVA), Fisher, P < 0.05). (D) We used a light microscope (40 x) to examine the mor-

b w
S od phology of swollen spores grown aerobically for 4 h in yeast-peptone-glucose (YPG), and of ger-
d minated cells 24 h after transfer to media containing glucose or ethanol as the sole carbon source.
The arrow heads indicate the mother cells, and the asterisks mark the tips of the hyphae; scale bar
= 10 pm. For the growth of the wild-type R7B and M5 mutant strains, we supplemented the medium
o

with leucine, whereas we omitted leucine from the medium used to grow complemented strain
M5/pEUKA-adhi.
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fact that the swollen spores of the complemented strain+
M5/pEUKA-adh1 were able to grow and produced mycelial
colonies, as readily as the R7B swollen spores, in medium
containing ethanol as the only carbon source (Fig. 2i).

To confirm these observations under different conditions,
we decided to grow the strains in liquid LMM containing
either glucose or ethanol, using intact spores or swollen spores
as inoculum and incubating the cultures under aerobic con- /o . 3
ditions. Spores from the wild-type R7B, the mutant M5, as i e & P ."___. g
well as those from the complemented M5/pEUKA-adh! strain 0 10 20 30 40 50
were able to germinate at similar levels (> 80%) in medium it @)
with glucose as the carbon source, whereas spores of these 2

k-2

Ethanol production (2/1.)
L
N\
L B
\
Il
-

three strains were unable to germinate when ethanol was the a
carbon source (Fig. 3A and B). Moreover, when we trans- =
ferred swollen spores from R7B, M5, and the complemented B
M5/pEUKA-adhl to LMM containing either glucose or etha- Z 1
nol, they exhibited high germination rates of at least 90% g
(Fig. 4A). However, the hyphae that emerged from the Zos
swollen M5 spores incubated in LMM with ethanol were £

B s

much shorter (Fig. 4B) and narrower (Fig. 4D) than those S ——
produced by R7B. These last two phenotypes were remedi- 9 M 3T°mlc-‘3]) 10 %
ated by introduction of the adhl wild-type allele into the

M5 strain as length and thickness of the complemented
M5/pEUKA-adh! strain were comparable to those shown

Fig. 5. Ethanol production and growth rate in Mucor circinelloides strains
incubated in medium containing glucose under aerobic conditions. The

by the R7B wild-type strain. These results may explain, in cultures were grown in Lee’s minimal medium (LMM) containing 2% glu-
part, why swollen M5 spores in solid LMM containing etha- cose under aerobic conditions; at the indicated incubation times, we col-
nol did not generate visible mycelial colonies to any appre- lected aliquots from the cultures to determine the ethanol concentration
clable extent (Fig 2k), in contrast to the wi]d—ty'pe strain R7B, by gas chromatography with a I'lan_qe lDTI}!.dtan_ detector (GC—H‘D] t’t‘np)

2 R 2 ; : ; and growth (bottom), as described in the "Materials and Methods' section.
which shows robust colonies in this medium (Fig. 2j). In Wild-type R7B (), mutant M5 (0), and complemented mutant M5/
general, the development of hyphae was less extensive in pEUKA-adhi (= ).
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swollen cells grown in ethanol than those grown in glucose,
and the difference was particularly evident in the mutant
strain M5 (Fig. 4D). These observations indicate that under
the conditions tested, the vegetative cells, but not the spores
of M. circinelloides grow well in ethanol as the carbon source
and that this process requires a functional ADH1 enzyme.

Ethanol production of M5 mutant deficient in ADH activity

We sought to evaluate the involvement of ADH1 in the pro-
duction of ethanol. To this end, the ethanol levels were mea-
sured in aerobic cultures of R7B and M5 grown for 48 h on
LMM with 2% glucose. The top panel of Fig. 5 shows that

M. circinelloides Adh1 mediates the Crabtree effect and ethanol metabolism

in cultures of R7B, ethanol production increased starting at
12 h of incubation, and reached a production level of appro-
ximately 5 g/L ethanol at 48 h. However, in the M5 cul-
tures, the level of ethanol produced was very low (< 0.15 g/L)
at 12 h and markedly low thereafter (0.5 g/L). This difference
in ethanol production between R7B and M5 was statisti-
cally S|gmﬁcant (P < 0.05). The presence of the wild-type
adhl” gene in the complemented M5/pEUKA-adh! strain
partially restored ethanol production (Fig. 5 top panel).
Although there was a slight difference in the production
of biomass between the strains, being lower in M5, the dif-
ference in growth does not explain why the ethanol content
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Fig. 6. Sequence analysis of the Mucor circinelloides adhl gene. (A) DNA sequence alignment of the adhl open reading frame (ORF) from the wild-type
CBS277.49 strain (JGI genome Mucci_155149), the wild-type R7B strain (GenBank AY702961), and the M5 mutant strain (GenBank MH130382). A 10-bp
deletion in the adhl gene from the M5 mutant (boxed in the figure) is indicated. A seven-nucleotide difference is also indicated between the ORFs of the
adhl gene of strains R7B and M5, with respect to the sequence (Mucci2|155149) (gi 309952144]) of the genome of the reference strain M. circinelloides
CBS277.49 V2. (B) Amino acid sequence alignment between the adhi-encoded ADH enzyme from the wild-type R7B and M5 mutant strains. The ADH
N-terminal domain (31-147, IPR013154, solid line box), the ADH C-terminal domain (189-312, IPR013149, dashed line box), the ADH zinc-type con-
served site (64-78, IPR002328, solid underlined), and the NAD-binding domain conserved site (182-209, IPR029752, dashed underlined) are indicated.
The seven-nucleotide difference between the ORFs of the adh! gene of strains R7B and M5 with respect to the sequence (Mucci2|155149) (gi 309952144|)
of the genome of the reference strain M. circinelloides CBS277.49 V2 is also indicated. All alignments were made using the ClustalW algorithm of the

DNASTAR software program.
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Table 1. NAD- and NADP-dependent alcohol dehydrogenase (ADH) acti-
vity in the cytosolic fraction® of aerobically grown mycelial cells of Mucor
circinelloides strains

ADH-specific activity (UImE_)

Strain Assay with NAD Assay with NADP
as cofactor as cofactor
R7B 135 1.4 0.015 + 0.003
M5 0.04 £ 0.003 < 0.001
M5/pEUKA-adhl 155313 0.020 + 0.003

*The cytosolic fraction for the determination of ADH activity was obtained from
mycelia developed in yeast-peptone-glucose medium in cultures incubated for 24 h
under aerabic conditions.

produced by the M5 mutant was 10-fold lower than that by
R7B strain (Fig. 5, bottom panel). These observations indi-
cate that the mutation present in M5 negatively affected the
ethanol production.

Biochemical characterization of the ADH-deficient strain M5

ADH enzymes can use NAD" and/or NADP" as a cofactor
(Reid and Fewson, 1994). In a previous study, we observed
that in the cytosolic fraction of R7B, the NAD'-dependent
ADH activity was approximately 750 times higher than the
NADP’-dependent ADH activity (Rangel-Porras et al., 2005).
To determine if the mutation present in M5 affected the ac-
tivity of an enzyme dependent on NAD', NADP’, or both
cofactors, we determined the ADH activity in the cytosolic
fraction obtained from cell-free extracts of R7B and M5, and
performed the assays in the presence of ethanol as a substrate.
The results obtained (Table 1) show that in the extracts of
strain R7B, the ADH activity was approximately 900 times
higher when using NAD" as a cofactor (specific activity 13.5
U/mg) compared to NADP" (specific activity 0.015 U/mg).

In the cell-free extracts of M5, the NAD"-dependent ADH
activity was approximately 338 times lower (a specific acti-
vity of 0.04 U/mg) than the corresponding activity of R7B,
and the NADP"-dependent ADH activity was at least 15
times lower (specific activity < 0.001 U/mg) than the corre-
sponding activity in the cell-free extracts of R7B. The dif-
ference in NAD'- and NADP'-dependent ADH activity be-
tween R7B and M5 was statistically significant (P < 0.05).
Cell-free extracts of the complemented strain M5/pEUKA-
adhl exhibited levels of NAD"- and NADP'-dependent ADH
activity similar to those detected in the R7B strain (Table 1),
indicating the observed effects are indeed specific to adh1.

The expression and activity of the Adhl introduced into
the complemented strain M5/pEUKA-adh1 was confirmed
by electrophoresis. The zymograms revealed that the elec-
trophoretic mobility of the ADH activity band of the trans-
formant M5/pEUKA-adhl was similar to that of the wild-
type strain R7B (Fig. 8) and not ADH activity was detected
in the M5 mutant strain. These results demonstrate that the
ADH enzyme present in the cytosolic fraction of M. circi-
nelloides is mainly NAD"-dependent, and that NADP" use
is very inefficient. Furthermore, our data support the model
that the activity of the ADH1 enzyme is dramatically affected
by the mutation present in the M5 mutant strain.

Analysis of the adhl gene in the Ally" M5 mutant

In a previous study using a reverse genetics approach (Rangel-
Porras et al., 2005), we cloned the gene encoding the ADH1
enzyme from the wild-type strain R7B (GenBank AY702961)
(Supplementary data Fig. S2A). We used the deduced amino
acid sequence of ADH1 in an in silico search for paralogous
genes of the M. circinelloides CBS277.49 V2 genomic data-
base (https://genome.jgi.doe.gov/Mucci2/Mucci2.home.html).
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Fig. 7. Quantification of mRNA levels of genes encoding enzymes involved in ethanol consumption in spores and vegetative cells from Mucor circinelloides.
(A) Initial steps of ethanol metabolism in M. circinelloides for its use as a carbon source for growth, involving the participation of alcohol dehydrogenase 1
(Adh1), aldehyde dehydrogenase 2 (Ald2) and acetyl CoA synthetase (Acs2). Ethanol is consumed to produce acetyl-CoA, which finally could be used to
supply the glyoxylate or tricarboxylic acid cycles. We measured the mRNA levels by performing quantitative reverse transcription polymerase chain re-
action (qRT-PCR) on: (B) adhi, alcohol dehydrogenase 1; (C) ald2, aldehyde dehydrogenase 2; and (D) acs2, acetyl CoA synthetase. We carried out Ct
analyses to compare mRNA levels between spores (S), spores aerobically grown for 4 h (55), mycelium grown under aerobic conditions for 12 h (M) and
yeast cells (Y) cultured for 12 h under conditions of self-anaerobiosis; all the cells were grown in yeast-peptone-glucose (YPG) medium. We performed
three independent experiments for each condition. The letters denote statistically significant differences (analysis of variance (ANOVA), Fisher, P < 0.05).
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Fig. 8. Zymogram band pattern of ADH activity in cell-free extracts of the
Mucor circinelloides strains. We electrophoresed and stained crude extracts
obtained from aerobic mycelia grown in yeast-peptone-glucose (YPG)
medium for 18 h, as described in the Materials and Methods section. The
upper part of each lane indicates the strain source of the extract or the
enzyme used for the ADH activity assay: wild-type R7B, mutant M5, com-
plemented strain M5/pEUKA-adhl, and commercial Saccharomyces cer-
evisiae ADH enzyme (Sigma). Note that, as described in ‘Materials and Me-
thods, all samples were analysed on the same gel, leaving an empty lane
between each sample to avoid ple contamination across contiguous
lanes. The empty lanes were excised-off and the gel strips containing sam-
ples were photographed.

We found 100% identity with a sequence (Mucci2|155149)
(gi 309952144|) corresponding to the adhl gene (Supple-
mentary data Fig. S2B), and 44-59% identity with six addi-
tional adh paralogous sequences (Mucci2|157439|, Mucci2
[34200|, Mucci2|90838|, Mucci2|140177|, Mucci2|120424],
and Mucci2|152844|).

The northern blot analysis of the expression of the adhi
gene in the aerobic mycelium of R7B and M5 incubated in
YPG medium revealed that a 1.15-kb transcript is produced
in both strains (Supplementary data Fig. S3). This obser-
vation refutes the notion that the mutation in M5 affects a
region or regulatory product involved in the transcription of
the adhl gene. The coding region of the adhl gene has been
sequenced to determine whether the sequence of adhl is
altered in the M5 strain. A PCR amplification strategy of
overlapping DNA fragments was followed by the use of oli-
gonucleotides adh-xhoF, adh-notR, adh31F, and adh32R,
which were designed based on the sequence of the adhl gene
of strain R7B (Rangel-Porras ef al., 2005). As with the wild-
type adhli allele (Rangel-Porras ef al., 2005), sequence analy-
sis of the M5 adh1 allele revealed a non-continuous ORF re-
sulting from the presence of two small introns at positions
142-202 and 251-306 (Supplementary data Fig. S2C). The
alignment of the adh1 allele in R7B and M5 revealed a dele-
tion of 10 bp at position 666 of the adhl gene ORF in the
mutant M5 (Fig. 6A). This alteration results in the deletion
of three amino acids and a frameshift, which leads to the for-
mation of a smaller predicted protein (243 amino acids with
an approximate molecular weight of 28 kDa) than that en-
coded by the wild-type adhl gene (348 amino acids with a
calculated molecular mass of 37 kDa) (Rangel-Porras et al.,
2005). Importantly, the predicted M5 ADHI1 protein lacks the
cofactor (NAD'/NADP")-binding domain (Fig. 6B). These
sequence-deduced alterations in the M5 ADH1 enzyme ac-
count for the defective physiological phenotype displayed
by the M5 mutant.

M. circinelloides Adhl mediates the Crabtree effect and ethanol metabolism 9

The enzymes ADH2, ALD2, and ACS2 are involved in the
utilization of ethanol as a carbon source in S. cerevisiae (Wills,
1990) (Fig. 7A). Using ALD2 and ASC2 as targets, we identi-
fied the corresponding homologues in the M. circinelloides
genome with the highest identity and similarity scores with
the respective yeast genes (Supplementary data Tables 52 and
S3). To ascertain whether the genes involved in ethanol con-
sumption are differentially expressed during the morpholo-
gical development of M. circinelloides, we designed specific
probes to determine the adhl, ald2, and acs2 mRNA levels
in spores or vegetative cells. In general, the levels of mRNA
of the adhl gene in the different morphological stages, in-
cluding spores, aerobic swollen spores and mycelium of the
strains R7B, M5, and M5/pEUKA-adhl are approximately
similar, being a little lower in the cells of the M5 mutant (Fig.
7B). These results agree with those from a previous study,
which found similar adhl mRNA levels in both spores and
in aerobic mycelium of the R7B strain (Valle-Maldonado et
al., 2015). However, the adhl mRNA levels were significantly
higher in the yeast phase of the R7B and M5/pEUKA-adh1
strains, and in the anaerobic swollen spores of the M5 mu-
tant strain (Fig. 7B). In these three strains the spores show
very low ald2 (Fig. 7C) and asc2 (Fig. 7D) mRNA levels, com-
pared with the stages of swollen spore and aerobic mycelium,
as well as in comparison with the yeast phase of R7B and
M5/pEUKA-adh1 strains and the anaerobic swollen spores
of the M5 mutant. These results suggest that the low expre-
ssion of the ald2 and asc2 genes in spores may result in the
spores’ inability to use ethanol as a carbon source. Finally,
our observations also indicate that the adhl mutation does
not noticeably affects the expression of the adhl, ald2, and
ascl genes in the morphogenetic stages tested in M5 strain.

Discussion

Previous studies have shown that under aerobic conditions
and in the presence of glucose, M. circinelloides produces sig-
nificant amounts of ethanol, which suggests that it is a Crab-
tree-positive microorganism (Mclntyre et al., 2002). More-
over, the ethanol produced by the aerobic mycelium of M.
circinelloides is consumed after glucose depletion in the me-
dium, and the yeast cells produced under anaerobic condi-
tions cannot use ethanol owing to their requirement for he-
xoses as a carbon source (Liibbehiisen ef al., 2004).

Alcohol dehydrogenases play an important role in the me-
tabolism of alcohols, and participate in the last steps of fer-
mentative metabolism or in the first steps of oxidative meta-
bolism (Reid and Fewson, 1994). In a previous study, we ob-
served that glucose positively regulates the production of the
ADHI enzyme at the transcriptional level in M. circinelloides.
Furthermore, the kinetic characterization of purified ADHI
indicates that it acts as a fermentative enzyme and reduces
acetaldehyde to ethanol (Rangel-Porras et al., 2005).

In the present study, we attempted to determine the phy-
siological function of ADH1 in connection with its role in
the Crabtree effect and in ethanol metabolism in M. circi-
nelloides. We obtained and characterized the allyl alcohol-
resistant strain M5 for this purpose. Compared with the re-
ference strain R7B, in addition to allyl alcohol resistance,
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M5 exhibited deficiencies in several physiological parame-
ters related to carbon and energy metabolism: 1) an inability
to grow in a medium containing glucose in the absence of
oxygen; 2) a failure to utilize ethanol as a carbon source for
growth under aerobic conditions; and 3) a reduced ability
to produce ethanol from glucose under aerobic conditions.
In agreement with these characteristics, M5 exhibited dra-
matically reduced levels of NAD-dependent ADH activity
in the cytosolic fraction.

Sequence analysis of the adh! allele from M5 showed that
it contains a deletion of 10 bp at position 666 of the coding
sequence of the adh! gene. This sequence alteration causes
a deletion of three amino acids and a frameshift that results
in a modification of the downstream sequence, which leads
to the formation of a smaller predicted protein that lacks the
cofactor (NAD'/NADP)-binding domain. This alteration
affects the enzymatic activity of the ADH1 protein and pro-
vides an explanation for the physiological alterations exhi-
bited by M5. The reintroduction of the wild-type allele adh1
into M5 allowed us to verify that in the resultant transfor-
mant (M5/pEUKA-adh1), the physiological and biochemical
characteristics of R7B were restored in the M5 background.
This observation indicates that the product of the M. circi-
nelloides adhl gene mediates the Crabtree effect in the fun-
gus, and functions as either a fermentative or an oxidative
enzyme, depending on the culture conditions.

The in silico analysis performed in this work indicated that
the M. circinelloides adhl gene (Rangel-Porras et al., 2005)
corresponds to sequence (Mucci2|155149) in the Mucor cir-
cinelloides CBS277.49 V2 genomic database, although the
existence of additional sequences encoding paralogous ADH
proteins with a significant degree of identity to the Adhl en-
zyme (i.e., Mucci2| 152844, 59% identity; Mucci2|120424, 48%
identity; Mucci2|140177 and Mucci2|90838, 47% identity)
was noted. However, it seems that the physiological replace-
ment of the ADH1 enzyme by another paralogous ADH en-
zyme is eliminated based on the pronounced phenotype of
the M5 mutant in relation to its complete inability to grow
under anaerobic conditions or to use ethanol as a carbon
source. This is corroborated by the absence of other bands
of ADH activity in the zymogram activity patterns of the
wild-type strain R7B and the M5 mutant. The altered phe-
notype of M5 indicates that ADH1 is active in R7B from the
germination of the spores and in vegetative cells obtained
under aerobic or anaerobic conditions in the presence of glu-
cose, or under aerobic conditions in the presence of ethanol.

Our findings suggest that M. circinelloides spores are less
prone to assimilate ethanol as the sole carbon source than
vegetative cells, because the mRNA levels of genes involved
in the initial steps of ethanol metabolism for its use as a car-
bon source, such as ald2 and acs2, are notably lower in spores
than in vegetative cells. These findings explain why spores
grow poorly in ethanol as the only carbon source, both in solid
and liquid media. The observation that the germination of
swollen spores in LMM containing ethanol was practically
the same in M5, R7B, and in the complemented strain M5/
pEUKA-adhl, and that there was an obvious difference in
the degree of hyphae elongation between the M5 mutant and
the other strains that contained the adh1" allele, could indi-
cate that ADH activity is required after the germination of

the spores, possibly in sustaining the growth of the hyphae.
A previous study revealed that the spores of the dimorphic
zygomycete M. racemosus contain pre-transcribed mRNA,
which is packed into the spores (Linz and Orlowski, 1982).
Thus, the finding in this work of the presence in the spores
of adhl, ald2, and acs2 mRNAs, may derive from packing
these mRNAs into the spores, rather than from transcription
in the spores. We find that the lack of ADH activity in the M5
mutant does not affect its development from spore to swol-
len spore and swollen spore to hypha, although the hyphae
formed fails to growth. These results support the interpreta-
tion that ADH1 activity is not required for the breakdown
of the spore’s dormant state nor the passage to the swollen
cell stage and the polarization of growth to form hyphae, but
rather, ADH1 activity is required to support hyphal growth.

When the filamentous ascomycete Fusarium oxysporum is
grown in the presence of glucose, ethanol production is low
under aerobic conditions and high under anaerobic condi-
tions (Panagiotou ef al., 2005; Corrales-Escobosa et al., 2011),
which indicates that this fungus is a Crabtree-negative or-
ganism. Adhl participates in the production of ethanol in F.
oxysporum. Furthermore, ethanol is used as a carbon source
by conidia and mycelia, and Adh1 participates in this capa-
city and is required for full expression of virulence by the
fungus (Corrales-Escobosa et al., 2011).

The ascomycete yeast Saccharomyces cerevisiae is a Crab-
tree-positive organism that, in the presence of oxygen and
a high concentration of glucose, uses glycolysis and fermen-
tation pathways to obtain energy for growth (Pronk et al,
1996). In S. cerevisiae and other Crabtree-positive yeasts, glu-
cose is completely depleted when the ethanol concentration
reaches a maximum and begins to be utilized as a carbon
source, which constitutes a close connection between fermen-
tative and respiratory metabolism (Hagman et al., 2013). Tt
has been proposed that in §. cerevisiae, the duplication of the
genome—in particular the duplication of the ADH gene (to
generate ADH1 and ADH2) and the duplication of hexose
transporter coding genes-constitutes the molecular back-
ground for the development of the Crabtree effect (Hagman
et al., 2013; Pfeiffer and Morley, 2014). In S. cerevisiae, ADH1
regenerates NAD and converts acetaldehyde into ethanol,
whereas ADH2 is responsible for the oxidation of ethanol
as one of the initial steps in the use of this alcohol as a carbon
source. Although ADH1p and ADH2p exhibit a high degree
of identity at the nucleotide level of the encoding genes and
amino acids, the difference in their physiological roles lies
in the regulation of their production according to the culture
conditions (de Smidt ef al., 2008). Because there is no paralog
enzyme exhibiting a high degree of identity to the ADHI1
protein in the M. circinelloides genome, our finding that
ADH1 may act as either a fermentative or oxidative enzyme,
depending on the nutritional conditions, indicates the diffe-
rent characteristics of the elements involved in determining
the activity of ADH with regard to the connection between
fermentative and oxidative metabolism, and the operation of
the Crabtree effect in the fungus. A perspective of interest is
the determination of the role of paralogous ADH1 enzymes
in ethanol metabolism, and their possible participation in
the connection between the two types of metabolism in M.
circinelloides.
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Mucor circinelloides is an opportunistic human pathogen that is used to study mucormycosis, a rare but lethal
infection in susceptible immunosuppressed patients. However, the virulence characteristics of this pathogen
have not been fully elucidated. In this study, sporangiospores (spores) produced on YPG medium supplemented
with native blood serum increased the virulence of M. circinelloides compared with spores produced on YPG
supplemented with denatured blood serum or on YPG alone. The spores produced from YPG supplemented with
native blood serum increased nematode death and led to significant increases in interleukin (IL)}-6, IL-1f,
macrophage inhibitory protein-2, and tumour necrosis factor @ mRNA levels in liver and lung tissues from
infected diabetic mice compared with those in tissues from animals infected with spores produced in the pre-
sence of YPG supplemented with denatured blood serum or of YPG alone. Moreover, spores produced from
cultures supplemented with native blood serum showed increased germination rates and longer hyphae com-
pared with other spores. The spores produced in YPG supplemented with native blood serum also enhanced
resistance to stress factors and H20- and increased thermotolerance compared with spores produced under other
conditions. In addition, spores produced in presence of blood serum increased the ability of the pathogen to
survive in the presence of macrophages. Taken together, our results showed that these factors were important
features for fungal virulence in humans and suggested that thermolabile components in the blood serum may
induce M. circinellpides virulence,

1. Introduction Europe [5]. The worldwide incidence is 1.23 per 100,000 persons [6],

although the low sensitivity of diagnostic tests could underestimate the

Mucormycosis is a fungal opportunistic infection that is lethal in
certain populations, particularly those at high risk, such as patients
with ketoacid diabetes [1] and transplant recipients [2]. Mucormycosis
is named based on the ethylogical agents that belong to the fungal order
of Mucorales; the genus Rhizopus is the most common genus causing
mucormycosis, followed by Lichtheimia, Apophysomyces, Rhizomucor,
Mucor, and Cunninghamella [3]. The global incidence of mucormycosis
is increasing, with rates 34% and 28% higher in Europe and the
Americas, respectively, during the period from January 2000 through
January 2017 [4]. This fungal infection is considered the third most
important disease among patients with haematological conditions in

true incidence of mucormycosis [3].

Mucor circinelloides has been used to elucidate the basic virulence
mechanisms invelved in mucormycosis [7-10]. Moreover, M. circi-
nelloides is the most well-studied biological model among Mucorales
organisms, and many molecular manipulation tools have been devel-
oped for this fungus [11-13].

Fungal interactions with the host can enhance some genetic traits in
fungi to increase virulence; for example, in Bauveria bassiana, con-
secutive spore propagation cycles through malaria mosquitoes
(Anopheles coluzzii) leads to selection of variants with increased viru-
lence rates [14]. A similar effect was observed in the ascomycete
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Metarhizium anisopliae, in which spores produced by consecutive pas-
sages through the tick Rhipicephalus microplus increase the virulence
against the host [15]. Entomopathogenic fungal strains have shown this
type of natural selection, and fungal plant pathogens, such as Botritis
cinereae [16] and Fusarium oxysporum f. sp. vasinfectum [17], have also
been shown to induce increased virulence through spores produced by
serial passages in their corresponding plant hosts.

Mucor circinelloides can infect animals and humans under certain
conditions, e.g., in immunosuppressed patients [6]. However, the
virulence characteristics of this pathogen have not been fully eluci-
dated. Therefore, the primary goal of this study was to investigate the
influence of Mucor circinelloides spores produced on blood serum on
virulence. The findings provided important insights into the virulence
of this important pathogen.

2. Material and methods
2.1. Strains and culture conditions

Mucor circinelloides strain R7B (leuA’) [18] was used throughout this
study. Microbiological cultures were grown in YPG medium containing
3g/L yeast extract, 10 g/L peptone, and 20 g/L glucose in water. For
solid medium, 20 g/L agar was added.

Spore production of Mucor circinelloides was carried out by in-
oculation of 100 spores on YPG agar plates supplemented with or
without 106 human blood serum or denatured human blood serum
incubated at 28 °C for 5 days in the presence of light. Denatured blood
serum was obtained after 12h at 55°C; this temperature and time were
sufficient to inactivate cell growth factors, as has been reported pre-
viously [19]. Native or denatured human serum blood was added to the
cultures after sterilisation.

The spores were collected from the plates by adding 5mL distilled
sterile water to each plate, followed by gentle scraping with a glass
loop; these spores were collected by aspiration and deposited into 50
mL conical tubes. The spores were pelleted by centrifugation at 5000 =
g for 10 min at 25°C and then washed with 10mL distilled sterile
water. Finally, the spores were suspended in 10mL distilled sterile
water and counted using a hemocytometer. All spore samples were
maintained at 4 °C and used within 15 days.

Aerobic spore germination was observed after inoculation of
5 % 10° spores/mL in 125-mL Erlenmeyer flasks with 10 mL YPG and
incubation at 28 "C with constant shaking. Germination rate estimation
was carried out considering the number of hyphae per mother cell,
independent of the number or length, as has been reported previously
[5].

Spore resistance to Hy0, was evaluated in 0.5 mL distilled sterile
water with 24,000 spores/mL obtained from different conditions. This
suspension was treated with 4mMH.0, for 30minat 4°C.
Subsequently, 100 spores were taken from spore suspensions previously
treated with H;0,, spread onto YPG plates, and incubated at 28 °C for
24 h.

For thermoresistance assays, 100 untreated spores were spread on
YPG plates and incubated at 37 °C for 24 h. Viability was measured as
the number of germlings grown on the plates after 24 h. Viability (%)
was calculated as the number of treated spores divided by the number
of untreated spores.

2.2. Total Mucor circinelloides RNA and DNA isolation from in vitro
cultures, macrophages, and mouse tissues

Total RNA and genomic DNA were isolated from Mucor circi-
nelloides, mouse tissues, and macrophages using an RNAeasy mini kit
and a QlAamp DNA Mini Kit, respectively (Quiagen, Venlo, the
Netherlands).

Mouse tissues were collected at 15 days after infection by Mucor
circinelloides spore inoculation. Approximately 25 mg tissue from each
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mouse was transferred into a tube containing MagNA Lyser Green Beads
(Roche, Basel, Switzerland) precooled on ice. Denaturing RLT buffer
(700 L) from an RNeasy Mini Kit or buffer ATL (180pL) from a
QlAamp DNA Mini Kit was added immediately before homogenisation
to obtained total RNA or genomic DNA, respectively. For cell disrup-
tion, tubes were placed in a MagNA Lyser Instrument and processed
twice at 4500 x g for 40s with cooling on ice for 1 min between each
step. The samples were then centrifuged for 1minat 20,000 x g
(Eppendorf 5417), and the supernatants were used for total RNA or
genomic DNA isolation by applying the corresponding kit, according to
the manufacturer's instructions. To eliminate DNA contamination from
RNA samples, samples were treated with DNase 1 (Promega, Madison,
WI, USA) according to the manufacturer's protocol. RNA was elimi-
nated from DNA samples using RNAse A (Roche). RNA or genomic
samples were separated on nondenaturing 1% or 2% agarose gels
stained with ethidium bromide. The samples were visualised using a
Gel Doc XR+ Imager (Bio-Rad, Hercules, CA, USA) and quantified
using a SmartSpec Plus spectrophotometer (Bio-Rad).

2.3. Reverse transcription quantitative polymerase chain reaction (RT-
qPCR) assays

The primers and hydrolysis probes were modified at their 5* ends
with 6-carboxy fluorescein and at their 3' ends with Black Hole
Quencher. Probes were used as described previously [20]. For ampli-
fication and detection of the candidate genes, probes targeting the
pkaR1 gene, which encodes regulatory subunit 1 of protein kinase A
[21], and the tfc-1 gene, which encodes a subunit of the transcription
factor TFIIIC required for the RNA polymerase I1] pre-initiation complex
assembly, were used as described previously [20]. The cnaA probe from
Mucor circinelloides was designed based on a previously reported se-
quence [7], and the Mucor circinelloides pex3 (1D: 158038) gene, which
encodes the peroxin 3 homolog from Saccharomyces cerevisiae, was re-
trieved from the Mucor circinelloides genome [22] (Table 15). Mouse
interleukin (IL}-6, IL-18, macrophage inhibitory protein-2 (MIP-2), and
tumour necrosis factor a (TNF-a) probes were design based on GenBank
accession numbers DQS88722.1, NM 008361.4, NM 009140.2, and
BC137720.1, respectively. The mouse P-actin gene was used as a re-
ference gene for RT-gPCR analysis (Table 1S). All probes were pur-
chased from Biosearch Technologies, Inc. (Novato, CA, USA). RT-gPCR
assays were performed in a single tube using the 5’ exonuclease probe
method. RT-qPCR was performed with a LightCycler 480 II System
(Roche Molecular Diagnostics, Pleasanton, CA, USA) using a Super-
Script 111 Platinum One-step RT-gPCR reagent kit (Invitrogen, Carlsbad,
CA, USA). Each 25-uL reaction volume contained 5 pL extracted total
RNA template (50 ng), 0.5 pL enzyme mix, 12.5pL of 2 % reaction mix,
0.5 pL of 10 uM forward primer, 0.5 pL of 10 pM reverse primer, 0.5 L
of 5uM probe, and 5.5 plL. water.

RT-gPCR was initiated by RT (50 °C, 30 min) and initial denatura-
tion (95 °C, 5 min), followed by 45 amplification cycles at 95°C for 30s
and 60 "C for 30 5. Similar conditions were employed for qPCR without
the reverse transcription step. Fluorescence signals were collected at
60 °C for each cycle. The amplification signal curves were analysed at
absorption wavelengths of 530nm. Appropriate positive and non-
template controls were included in each test run.

2.4. Ethics statement

The mouse virulence model protocol was carried out following the
recommendations of the Mexican Federal Regulations for the Use and
Care of Laboratory Animals (approval no. NOM-062-Z00-1999;
Especificaciones té para la produccién, cuidado y uso de los animales de
laboratorio/Technical specifications for production, use and care of
laboratory animals) [23]. The Internal Biosecurity and Bioethics Com-
mittee of Instituto de Investigaciones Quimico BiolGgicas de la Uni-
versidad Michoacana de San Nicolds de Hidalgo reviewed and approved
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the experimental protocols (trade number 06-13,/2016). Blood samples
were collected from healthy male volunteers. All enrolled volunteers
signed written informed consent form.

2.5. Mouse- and Caenorhabditis elegans-killing assays

Spore virulence of Mucor circinelloides was d in mice as de-
scribed previously [24], with minor modifications. Briefly, male BALB/
¢ mice (12-16 weeks old, weighing ~20g) were (reated with strepto-
zotocin (200 mg/kg; Sigma, USA) to induce a diabetic state (=250 mg/
dL glucose). Each group of mice (n = 6 mice each) was inoculated with
2 % 107 spores from Mucor circinelloides by intraperitoneal injection.

Virulence assays using the nematode Caenorhabditis elegans Bristol
N2 [25] were performed as described previously [8]. For each experi-
ment, 10-20 worms in L1 stage were dispensed into each well of a 24-
well plate (Costar; Corning, Inc., Corning, NY, USA), followed by in-
cubation with 1000 spores obtained from different conditions with
1mL YPG medium. The plates were then incubated at 18°C for 48h,
and live worms were scored at 12, 24, and 48 h. For statistical purposes,
two replicates per experiment were used. YPG medium was used as a
negative control. A worm was considered dead when it no longer re-
sponded to a touch stimulus. Any worm that died because of sticking to
the plate wall was excluded from the analysis. Three independent as-
says were conducted for each worm group.

2.6. Macrophage spore killing assays

Mouse RAW267.4 monocytes/macrophages (TIB-71) were pur-
chased from American Type Culture Collection (Manassas, VA, USA).
Cells were maintained in Dulbecco's modified Eagle's medium (DMEM;
Sigma) supplemented with 10% foetal bovine serum (Sigma), 100 U/
mL penicillin, and 100 pg/mL streptomycin (basal medium) at 37 “C in
an atmosphere containing 5% CO; for 24 h before treatment.

Macrophages were seeded at 8 x 107 cells/well in DMEM basal
medium without antibiotics and incubated at 37 °C in 6-well plates.
After incubation overnight, the basal medium in each well was replaced
with fresh medium, and the macrophages were then cocultured with
2 x 107 spores from Mucor circinelloides either in YPG medium alone or
in YPG medium supplemented with native blood serum or denatured
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] Fig. 1. Effects of blood serum on spore
] g Ry production from Mucor circinelloides. (A)
Yo e, PRy Spores were produced on YPG plates, YPG
U N Ryl supplemented with 10% blood serum
. o o' (YPG +8), or YPG supplemented with 10%
denatured blood serum (YPG+DS) for 5
0 . days at 28 °C. Spores were harvested and
YPG +S counted. (B) Spores were observed directly
by light microscopy (40 x). Bar: 10 pm. (C)
Spore size was determined by measuring
100 spores for each condition. (D) The

N : mRNA levels from cnaA were quantified by

’ \ 2 RT-gPCR in spores produced under different

wp conditions, and a ACt analysis was per-

» ’ - formed to compare the transcript levels of
YPG + DS cnaA. Figures show the average of three

independent experiments. Statistically sig-

nificant differences are indicated by dif-

ferent letters (ANOVA and Fisher's tests;
b p = 0.05).

blood serum for 1 or 6 h. Immediately after, the supernatants, cells, and
spores were removed and placed in independent tubes. Then, cells and
spores were centrifuged at 2000 x g for 5min. Pellets were recovered
and frozen until nucleic acid extraction.

2.7. Image analysis

An Olympus CKX41 microscope equipped with a 40 % objective lens
and a DMC-T25 camera (Panasonic, Kadoma, Japan) was used to cap-
ture images of spores or spore germination. Hyphal lengths and spore
sizes were determined using QCapture Pro 7 and Leica Application
Suite software.

2.8, Statistical analysis

All data, including virulence assays, were evaluated using analysis
of variance (ANOVA). Fisher's tests were used for analysis. Differences
with p values of less than or equal to 0.05 were considered significant.

3. Results
3.1. Effects of blood serum on spore production by Mucor circinelloides

Spore production in a host increases the virulence of various fungi
[14-17]. Accordingly, in this study, Mucor circinelloides strain R7B was
sporulated on plates containing YPG medium supplemented with or
without native blood serum at 10%. We used a serum concentration
similar to those used for experiments in Candida albicans [26]. Our data
indicated that spore production was higher (63.1%) in plates containing
native blood serum compared with that in plates without native blood
serum (Fig. 1A). In order to determine whether the increased spore
production involved a thermolabile compound found in the native
blood serum, the serum was denatured by heating at 55 "C for 12 h and
used under the same conditions as the native blood serum. The results
showed that medium supplemented with denatured serum significantly
increased the number of spores (25.2%) when compared with spores
produced in medium alone (Fig. 1A). However, a significant decrease in
the number of spores was observed on medium supplemented with
denatured serum (37.9%) when compared with that in medium
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supplemented with native blood serum (Fig. 1A).

Spores produced in the presence of native or denatured blood serum
(Fig. 1B) were larger (16-17%; 11.45 and 11.5pm, respectively;
Fig. 1C) than spores produced in YPG alone (9.84 pm; Fig. 1Band C). In
Mucor circinelloides, the mutation of cnad, which encodes the catalytic
subunit of the calcium-dependent phosphatase calcineurin, is related to
increased sporangiospore size [7]. To determine whether cnad expres-
sion was modified by native or denatured blood serum, we quantified
cnaA mRNA levels. The results showed that the mRNA levels of cnaA
from spores produced in the presence of native (15.5%) or denatured
(11.9%) blood serum were altered compared with those from spores
produced in YPG alone (Fig. 1D). Thus, spores from native or denatured
blood serum did not decrease cnaA mRNA levels, suggesting that an-
other molecular element could affect the spore size produced in the
presence of blood serum.

3.2. Aerobic germination of spores from Mucor circinelloides produced in
the presence of blood serum

In order to elucidate whether spores produced on YPG supple-
mented with native or denatured blood serum germinated at similar
rates relative to spores produced on YPG medium, aerobic germination
was measured. Our data indicated that the spores produced on medium
supplemented with native blood serum germinated faster (31.8%) after
2h than that with spores produced on YPG medium alone (Fig. 2A).
Moreover, spores produced from denatured blood serum germinated at
a rate similar to that of spores produced in YPG after 2h of growth
(Fig. 24).

Furthermore, the hyphal length of germinules derived from spores
produced on YPG medium supplemented with native blood serum was
longer (average: 27.6 ym) compared with either the hyphae generated
from spores produced from YPG supplemented with denatured blood
serum (12.9um) or YPG medium alone (7.2 pm) after 2h of growth
(Fig. 2B and C). Additionally, mRNA of pkaR1, which accumulates more
in hyphae than spores [20], was quantified by RT-gPCR during ger-
mination of spores produced under different conditions. Our results
showed that accumulation of pkaR1 mBRNA in hyphae cells after 2h of
A . YPG B YPG
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growth was higher for spores produced on YPG medium supplemented
with native blood serum than for spores produced on YPG medium
alone (~50%) or supplemented with denatured blood serum (—36%;
Fig. 2D). These results showed that native blood serum induced faster
aerobic germination with longer hyphae in Mucor circinelloides.

3.3. Effects of Mucor circinelloides spores produced in the presence of blood
serum on virulence

Faster spore germination leads to higher rates of virulence in Mucor
circinelloides [7]. In order to elucidate whether spores produced on YPG
supplemented with native or denatured blood serum improved the
virulence ability of Mucor circinelloides, spores produced from different
conditions were used to treat Caenorhabditis elegans nematodes. Our
results showed that spores produced from YPG medium alone or sup-
plemented with denatured blood serum were not able to affect the
viability of the nematodes in the time analysed (Fig. 3A). In contrast,
observation of spores produced from native blood serum at the end of
the experiment resulted in a significant 30% increase in death in the
nematode population compared with spores produced under other
conditions (Fig. 3A).

Virulence assays using streptozotocin-induced diabetic mice were
carried out by intraperitoneal injection of 2 x 107 spores/mouse from
spores obtained under different conditions. Mouse death was not in-
duced by this treatment under our conditions tested. At 15 days after
infection with the different spores, the mice were euthanised, and their
livers and lungs were removed. tfc-1 gene levels were then quantified as
an indicator of fungal burden using gPCR. tfc-1 levels were higher in the
liver (146%) and lungs (84%) from mice infected with spores produced
from YPG medium supplemented with native blood serum compared
with that of spores produced on medium alone (Fig. 3B). Notably, tfc-1
levels were similar between tissues of mice infected with spores pro-
duced from medium supplemented with denatured blood serum or
medium alone (Fig. 3B).

Moreover, mRNA levels of general inflammation markers, i.e., IL-6,
IL-18, MIP-2 and TNF-a, were then quantified by RT-qPCR in tissues
from mice infected with the spores from M. circinelloides produced

Fig. 2. Aerobic germination of spores
from Mucor circinelloides produced in
blood serum. (A) Spores produced from
YPG, YPG supplemented with native blood
serum (YPG +8), or YPG supplemented with
denatured (YPG+DS) blood serum were
germinated in YPG liquid medium (5 » 10°
spores/mL) for 2h. Cells were then ob-
served, and germination represented the
spores that had germinated independent of
the number of hyphae or their length per
mother cell. (B) Spores produced under
different conditions germinated in YPG li-
quid medium for 2 h were observed directly
by light microscopy (40 % ). Bar: 10 pm. (C)
Hyphal length (100 hyphae per condition)
was determined from spores produced
under different conditions germinated after
2h of growth. (D) mRNA levels of pkaR1
were quantified by RT-gPCR for spores
produced under different conditions after
2h of aerobic growth. ACt analysis was
b performed to compare the transcript levels
of pkaR1. Figures show the average of three
independent experiments. Statistically sig-
nificant differences are indicated by dif-
ferent letters (ANOVA and Fisher's tests;
p = 0.05).

YPG +5S
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under different conditions. The mRNA levels of these inflammatory
markers were higher in the liver (91-300%) and lungs (50-200%) of
mice infected with spores produced on YPG supplemented with native
blood serum compared with that of mice infected with spores produced
in YPG supplemented with or without denatured blood serum
(Fig. 3C-F). Our results indicated that infection of mice with spores
produced on medium supplemented with native blood serum induced
an increase in the systemic inflammatory response in the analysed tis-
sues.

3.4. Effects of stressors and macrophage phagocytosis on the viability of
spores from Mucor circinelloides produced on blood serum

In order to investigate the physiological implications of higher
virulence rates from spores produced in YPG supplemented with native
blood serum, the effects of oxidative stress and thermotolerance at 37 °C
on spore germination were then evaluated.

The spores produced on YPG supplemented with native blood serum
germinated significantly better in at 37 °C, yielding 25.7% and 37.5%
more colony forming units (CFUs) than those from YPG supplemented
with denatured blood serum or YPG alone, respectively (Fig. 4A).
Moreover, spores produced from native blood serum grew significantly
better in the presence of 4 mM Ha02, yielding 12.2% and 76.6% more
CFUs compared with those from YPG supplemented with denatured
blood serum or YPG alone, respectively (Fig. 4A). Our results indicated
that the addition of native blood serum enhanced the thermotolerance
and stress factor resistance of spores from Mucor circinelloides.
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Fig. 3. Virulence of the spores from

 YFG Mucor circinelloides produced in blood
B YPG+ S serum. (A) Spores produced in YPG,
J YPG+ DS YPG+S5, or YPG+DS were germinated in

b YPG medium in presence of 20 nematodes.
Nematode death was evaluated at the in-
dicated times. (B) Fungal burden was
quantified by qPCR using tfe-1 from M. cir-
cinelloides in mouse tissues analysed 15 days
after infection with the respective spores
obtained under different conditions. ACt
analysis was performed to compare the gene
expression levels of tfe-1 between samples.
mRNA levels of the inflammation markers
(C) IL6, (D) L-16, (E) TNF-a, and (F) MIP-2
were determined by RT-qPCR from mouse
tissues infected with the corresponding
spores at 15 days after infection. ACt ana-
lysis was performed to compare the mRNA
levels between samples. Figures show the
average of three independent experiments.
Statistically significant differences are in-
dicated by different letters (ANOVA and
Fisher's tests; p = 0.05).

Liver Lung
- YPG
b Bl YPG+S
3 YPG + DS
c
b

Lung

The peroxisome is one of the most important organelles for detox-
ifying H,0, [27]. PEX3 encodes a peroxosimal integral membrane
protein involved in peroxisome biogenesis in S. cerevisiae [28] and
mammals [29]. We identified Pex3 in the M. circinelloides genome, and
used the protein sequence to compared with two PEX 3 homologs al-
ready described, human [30] and yeast [31]. Pex3 from M. circinelloides
showed 35.7 and 32.2% of similarity, with the human and yeast
homologs, respectively (Fig. 51). Accordingly, pex3 mRNA levels were
then quantified by RT-gPCR. pex3 mRNA was upregulated (33.2% and
76.7%) in the mycelium of spores produced from native blood serum
grown for 4h in YPG compared with that in the mycelium of spores
generated from denatured blood serum or YPG alone, respectively
(Fig. 4B). This result suggested that native blood serum induced the
generation of peroxisomes in Mucor circinelloides.

Fungal resistance to H;O, correlates with increased resistance to
macrophage phagocytosis [32]. In order to determine whether spores
produced from YPG supplemented with blood serum could influence
resistance to macrophage phagocytosis in Mucor circinelloides, corre-
sponding phagocytosis experiments were conducted with murine
RAW264.7 macrophages. After 1h of incubation with macrophages,
fungal spores produced from all conditions were observed in the in-
terior of macrophages (Fig. 5A). Subsequent quantification of spore
germination during macrophage interactions based on mRNA levels of
the mycelium marker pkaR1 [20] showed that spores produced from
YPG medium with native blood serum increased the mRNA levels of
pkaR1 (by 111.1% and 131%) after 1h of interaction compared with
that in spores produced from either medium supplemented with
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Fig. 4. Effects of stressors on the viability
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denatured blood serum or medium alone, respectively (Fig. 5B). After
1 h of spore incubation with macrophages, fewer spores (—~5269 spores)
produced from native blood serum were killed by macrophages com-
pared with the number of spores produced from denatured blood serum
(~19,121 spores) or from YPG alone (~24,330; Fig. 5C). Moreover,
after 6h of spore/macrophage interactions, significantly fewer spores
produced from native blood serum were killed by macrophages
(~106,484 spores) compared with those from denatured blood serum
(~158,092 spores) or YPG medium alone (~168,366; Fig. 5C). Thus,
these results suggested that in Mucor circinelloides, spores produced
from native blood serum were resistant to spore killing, potentially
through an oxidative resistance mechanism.

4. Discussion

Mucor circinelloides has been shown to have the potential to infect
humans and animals under certain conditions, e.g, in im-
munosuppressed patients [6]. [nterstmgly, our study showed that
Mucor circinelloides grown in d with blood serum
increased sporulation compared with that grown on YPG alone, sug-
gesting that components of native blood serum are responsible of this
increase. In order to determine whether the increased spore production
involved a thermolabile compound, the serum was denatured by
heating, and the level of sporulation was analysed. Our results showed
that denaturalisation of blood serum decreased spore production levels,
suggesting that molecules present in the blood serum were degraded
after incubation under denaturing conditions (55°C for 12h). Cell

e

pkaR1 relative expression
to tfe-1

growth factors, such as transforming growth factor 1, nerve growth
factor, and calcitonin gene-related peptide, and some plasma proteins
may be denatured after incubation at 50-55 °C for 2h [19,33]. More-
over, some growth factors or proteins present in the blood serum par-
ticipate in regulating Mucor circinelloides physiology, resulting in in-
creased spore production. Additionally, we found that spores produced
in the presence of native or denatured blood serum were slightly larger
than spores produced in YPG alone; therefore, we next determined
whether blood serum modified cnaA mRNA levels. Mutations in the
gene encoding catalytic subunit calcineurin A (cnaA) produced larger,
more virulent spores compared with those produced by the wild-type
strain with reduced size [7]. However, the results showed that the
mRNA level of cnad was not decreased in spores produced in the pre-
sence of blood serum, suggested that blood serum and cnad regulated
the sizes of spores through a different mechanism.

Next, we evaluated whether native or denatured blood serum could
modify the rates of spore germination. Spores that were produced from
native blood serum increased the germination rate and correlated with
increased pkaRl1 mRNA levels, a transcript that accumulates more in
hyphae than spores [20], compared with that in other spores. These
results suggested that a thermolabile component in the blood serum
favoured faster aerobic germination. Indeed, denatured blood serum
induced a germination rate similar to that of spores produced in
medium alone. Notably, in other fungal systems, spores produced in
different media germinate at different rates; for example, in Metarhi-
gium robertsii, spores produced on minimal medium germinate faster
than those produced on complex rich medium [34]. In several fungi,

Fig. 5. Macrophage phagoeytosis of
spores  produced on  blood  serum.
Macrophages were seeded at 8 x 107 cells/
well in DMEM basal medium were co-
cultured with 2 % 10° spores from Mucor
circinelloides produced either on YPG,
YPG+S, or YPG+DS for 1 or 6 h. (A)
Germination of spores with macrophage
interactions were observed under direct
observation by light microscopy (40x).
Bar: 20 pm. Arrows indicate germinating
hyphae, and arrowheads indicate swelling
spores. Rectangular regions show amplifi-
cation of the images to the right in order to
depict spore germination. (B) pkaR1 mRNA
levels were quantified by RT-gPCR at 1 or
6 h after initiation of spore and macrophage
interactions. ACt analysis was performed to
compare mRNA and gene expression levels
between samples, (C) Quantification of
killed spores by gPCR using gfe-1 after 1 or
6 h of incubation with mouse macrophages.
Figures show the average of three in-
dependent experiments. Statistically sig-
nificant differences are indicated by dif-
ferent letters (ANOVA and Fisher's tests;
p = 0.05).
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including Mucor circinelloides [7] and Metarhizium anisopliae [35], faster
germination is correlated with increased virulence. These data in-
dicated that the blood serum may enhance the germination rate of
spores of Mucor circinelloides and suggested that thermolabile compo-
nents from human blood elicited the induction of virulent traits in
Mucor circinelloides. In entomopathogens, such as B. bassiana [14] and
Metarhizium anisopliae [15], and phytopathogens, such as F. oxisporum
[17], passages through the host or components of the host enhance
virulent genetic traits. For example, conidia from Metarhizium robertsii
produced on minimal medium germinated faster, had increased heat
tolerance, and were more virulent to insects than those from complex
medium [34]. In Mucor circinelloides, an epigenetic mechanism could be
involved during the interacion with components from the host, as has
been described in several pathogens with their respective hosts, in-
cluding fungal models such as Candida albicans [36].

We found that spores produced on native blood serum, in addition
to being thermotolerant, were also more resistant to the presence of
H,0,, which also correlates with reduced macrophage killing. This
perhaps is due to the increased peroxisome proliferation in Mucor cir-
cinelloides, as we detected more pex3 mRNA than in spores produced
either on denatured blood serum or YPG alone. The pex3 gene encodes a
peroxosimal integral membrane protein involved in peroxisome bio-
g is in S. cer [31] and n Is [30]. In many fungal pa-
thogens, such as the phytopathogens Colletotrichum orbiculare and
Magnaporthe oryzae, the entomopathogen Metarhizium robertsii, and the
human pathogens Candida albicans, Aspergillus fumigatus, and Crypto-
coccus neoformans, peroxisomes are required for virulence [37].

Moreover, we evaluated the effects of spore production in the pre-
sence of blood serum on the virulence of Mucor circinelloides. We ob-
served that blood serum increased the virulence of spores of Mucor
circinelliodes on C. elegans and increased fungus proliferation in lung
and liver tissues of mice compared with that of mice infected with
spores produced in YPG supplemented with or without denatured blood
serum. Moreover, mRNA levels of general inflammation markers, such
as IL-6, IL-18, MIP-2, and TNF-a, were increased in mouse tissues after
infection by spores produced on native blood serum. IL-6 is a general
response chemokine involved in inflammatory processes [38]; IL-1f is
an important chemokine involved in cellular inflammatory responses
and apoptosis [39]; MIP-2 mRNA expression is influenced by liver in-
jury [40]; and TNF-a is a pro-inflammatory cytokine expressed in re-
sponse to tssue damage [41]. From our results, we concluded that
spores produced on native blood serum were able to increase the in-
vasion of mouse tissues and induce a stronger systemic inflammatory
response.

The influence of blood and serum on transeriptional regulation of
virulence has been reported for several bacterial pathogens, including
the bacteria Bordetella bronchiseptica [42] and Staphylococcus aureus
[43]. In Candida albicans, a fungal model in which the effects of blood
serum have been thoroughly studied with regard to morphogenesis and
virulence, blood stimulates the conversion from yeast to hyphal growth
[44], increases biofilm formation [45], and stimulates the transcription
of genes involved in the antioxidant response [46].

We still do not know the chemical nature of the molecules present in
the blood serum that are involved in increased virulence on Mucor
circinelloides. Moreover, the functions of components of the blood serum
in the pathogenesis of Mucorales are still unclear, although patients
with increased serum levels of available iron have been shown to be
more susceptible to mucormycosis [47]. Therefore, it is important to
describe blood serum molecules that regulate the virulence of M. cir-
cinelloides and the signalling pathways that are controlled by these
blood serum molecules.

5. Conclusion

In this study, we found that sporulation by Mucor circinelloides in the
presence of native blood serum significantly affected spore production
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and stimulated the virulence of the fungus. Further studies in our la-
boratory are underway to determine the chemical nature of the mole-
cules in the blood serum that are involved in the increase in virulence in
this Mucoral. In addition, knowledge of these molecules could provide
insights into the signalling pathways involved in this process.
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Abstract

Mucor circinelloides is one of the causal agents of mucormycosis, an emerging and high
mortality rate fungal infection produced by asexual spores (sporangiospores) of fungi that
belong to the order Mucorales. M. circinelloides has served as a model genetic system to
understand the virulence mechanism of this infection. Although the G-protein signaling cas-
cade plays crucial roles in virulence in many pathogenic fungi, its roles in Mucorales are yet
to be elucidated. Previous study found that sporangiospore size and calcineurin are related
to the virulence in Mucor, in which larger spores are more virulent in an animal mucormyco-
sis model and loss of a calcineurin A catalytic subunit CnaA results in larger spore produc-
tion and virulent phenotype. The M. circinelloides genome is known to harbor twelve gpa
(gpal to gpa12) encoding G-protein alpha subunits and the transcripts of the gpa77 and
gpal2comprise nearly 72% of all twelve gpa genes transcript in spores. In this study we
demonstrated that loss of function of Gpa11 and Gpa12 led to larger spore size associated
with reduced activation of the calcineurin pathway. Interestingly, we found lower levels of
the cnaA mRNAs in sporangiospores from the Agpa12 and double Agpat1/Agpal2 mutant
strains compared to wild-type and the AcnaA mutant had significantly lower gpa11 and
gpa12 mRNA levels compared to wild-type. However, in contrast to the high virulence
showed by the large spores of AcnaA, the spores from Agpa11/Agpa12 were avirulent and
produced lower tissue invasion and cellular damage, suggesting that the gpa 11 and gpa12
define a signal pathway with two branches. One of the branches controls spore size through
regulation of calcineurin pathway, whereas virulences is controlled by an independent
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pathway. This virulence-related regulatory pathway could control the expression of genes
involved in cellular responses important for virulence, since sporangiospores of Agpa11/
Agpai2 were less resistant to oxidative stress and phagocytosis by macrophages than the
AcnaA and wild-type strains. The characterization of this pathway could contribute to deci-
pher the signals and mechanism used by Mucorales to produce mucormycosis.

Introduction

Mucor circinelloides is a basal fungus that belongs to the Phylum Zygomycota [1]. This organ-
ism produces three types of spores, zygospores are produced by mating of hyphae of opposite
sex: (+) and (-). Arthrospores are generated by hyphae in submerged cultures after the end of
the exponential growth or under unfavorable growth conditions. Sporangiospores are pro-
duced by asexual reproduction on solid substrate in large number (2, 3]. Several growth condi-
tions determine whether M. circinelloides sporangiospores (spores) will produce mycelium or
yeast; the most well-studied being the presence of carbon source and atmospheric conditions
during spore germination [4-6]. M. circinelloides is one of the etiological agents of the mucor-
mycosis, a fungal infection that affects mainly immunocompromised patients [7-8]. This
infection has called medical attention as its incidence has risen worldwide recently [9-11], and
relatively high mortality rates have been reported [12-13]. In this sense, the fate of vegetative
cells in M. circinelloides has implications for infectiveness, as the mycelial stage usually shows
virulent morphology [14-15], while the yeast morphology is less virulent [15]. Furthermore,
the ability to germinate of the Mucorales sporangiospores in the immunocompromised patient
is a critical step for stablishing the infection [12, 16].

Larger spores lead to a faster germination rate that, in turn, correlates with a more virulent
CnaA, which is the catalytic subunit A of the phosphatase Ca**-dependent calcineurin [15].
‘We have previously described that ADP-ribosylation factor-1 (Arfl) dysfunction also increases
spore size and virulence and generates defects during the aerobic growth in M. circinelloides
[18]. Moreover, additional molecular regulators of dimorphism in M. circinelloides have been
reported. Thus, deletion of the calcineurin regulatory subunit CnbB-encoding gene promotes
the yeast rather than mycelial form, even in the presence of oxygen, and this mutant is less vir-
ulent compared to its wild-type form [15]. Additionally, deletion of arf2 leads to difficulty in
the generation of the yeast morphology [18]. In fungi, the protein kinase A (PKA) pathway isa
key signaling pathway that controls spore production, spore germination, resistance to differ-
ent stress conditions, and virulence [19]; deletion of pkaR1, which encodes a regulatory sub-
unit 1 of PKA, leads to a decrease in spore production and shorter hyphae length after yeast-
mycelium transition in M. circinelloides [20].

Heterotrimeric G proteins are regulators of the PKA pathway, and their canonical functions
are involved in the control of the activity of several effectors; for example, adenylyl cyclase,
lipid modifying enzymes like phospholipase C, and ion channels [21-22]. In the ascomycetes
Aspergillus nidulans and A. parasiticus, the Gu subunit FadA stimulates the cAMP levels lead-
ing to the activation of the PkaC subunit, which ultimately controls the gene transcription
involved in sporulation [23-24].

Our group previously reported that the largest number of members of genes encoding het-
erotrimeric G proteins in the Fungi kingdom is present in M. circinelloides [25]. The twelve
Gua-encoding genes (gpal-12) were grouped into three (I-II) of the four groups of the Ga
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fungal phylogenetic classification [25-26]. In M. circinelloides, Gpall and Gpal2, which
belong to group I (G,) and group IIT (Gu;), respectively, showed increased transcript levels
during the spore stage (~69% of the total gpa transcript levels), suggesting that these genes
have an important role in spore production or germination in this Mucoral [25]. However, the
molecular role of these subunits in spore function is still unknown.

The aim of this work was to functionally characterize the role of the heterotrimeric Gu: sub-
units Gpall and Gpal2 in sporulation and vegetative growth and determine their role in the
virulence of M. circinelloides.

Results
Deletion of gpall and gpal2 in M. circinelloides

M. circinelloides exhibits twelve Gu subunits (Gpal-Gpal2). The mRNA of two of these sub-
units, Gpall and Gpal2, have been reported to accumulate mainly in the spore stage and
decrease during vegetative growth [25]. To determine whether these genes are relevant to
spore physiology, we created gpall and gpal2 deletion mutants. Replacement fragments of
gpalland gpal2 that contained 5" upstream and 3’ downstream regions from gpall or gpal2
flanking the selective marker pyrG were used to transform protoplasts of the M. circinelloides
wild-type strain MU402 (leuA’, pyrG'), which is auxotrophic for leucine and uracil [27], to
generate gpall and gpal2 deletion strains (Fig 1). Transformants grown in selective medium
(MMC) were recovered and subsequent vegetative cycles in selective medium were performed
to obtain homokaryotic Agpall and Agpal2 mutants. After 5 cycles of vegetative growth/

A Recombinant DNA fragment > B Recombinant DNA fragment K
CpyrGiakb] il s & 5 gpai2; 5] > & F
). ‘]
- Y
wt —l‘—ur-l!!“l' aw) /—-#-— 55 Wi ot un‘)n‘:Tb— 21 .
Sr:; Sgpa12 | 21kp Yoeold
2 e, = Goncae of MUSCZ (leud’, pyrG)
‘ ‘ 13 o
o 35k — 13k —
H H N
mutant mutant _pyr6
Genome of mutant Agpall (leud', pyrG) Gencenw of mutant Ogpall leud', pyrG’)
C . o
ecombinant DNA fragment _;A
s » & f
kb
W]

34

mutant

Genome of mutant Agpall/ Agpall (leud’, pyrG’)

Fig 1. Deletion of gpall and gpal2in M. circinelloides confirmed by Southern-blot. A) gpall; B) gpal2; and C) gpall/gpal2
deletion. The 5 and 3’ regions (1.1kb for each) upstream and downstream from the start and stop codons, respectively, of gpall or
gpal2 were designed to flank the pyrG selection marker for gene deletion (A and B). For the deletion of gpallin Agpal2, the 5 and
3’ regions (1.1 kb for each) upstream and downstream from the start and stop codons, respectively, of gpal I were designed to flank
leuA (C). For eachd the recombinant fi that were used to transform protoplasts of the strain MU402 (pyrG", leuA")
are shown. Molecular confirmation by Southern blomng was performed using specific probes for each gpa gene. DNA samples from
transformed and parental (MU402) strains were digested with the indicated restriction enzymes (H, Hincll; N, Ncol; P, Pvull).

https://doi.org/10.1371/joumnal.pone.0226682.9001
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sporulation, we obtained two independent transformants for gpall and four for gpal2 that
showed 100% Ura® spores, confirming the homokaryosis.

The presence of 2.3-kb and 3.5-kb hybridization fragments in wild-type and Agpall,
respectively; confirmed the presence of a unique integration event in the desired locus, and
homokaryosis of the gpall deletant (Fig 1A). Meanwhile, the presence of 2.1-kband 1.3-kb
hybridization fragments in wild-type and gpal2, respectively revealed the mutation in gpal2
(Fig 1B).

A mutant lacking both genes was generated by transformation of the Agpal2 strain with a
replacement fragment containing the selective marker leuA flanked by 5" upstream and 3’
downstream regions of gpall. Transformants grown in selective media (without uracil and
leucine) were characterized by Southern blot hybridization. A 6.6-kb hybridization band in the
selected transformant confirmed the presence of a unique integration event in the desired
locus and the homokaryosis of the double Agpal1/Agpal2 knockout mutant (Fig 1C).

Expression analysis of gpall and gpal2in spores generated from single and double knock-
out mutants confirmed the null expression of those genes (Fig 2).

For the further analysis, we used two independent strains for each gene mutation revealing
similar results for these independent strains in all experiment tested. Furthermore, single
Agpall and Agpal2 mutant strains were complemented with their respective wild-type gene by
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Fig 2. mRNA quantitation of gpa genes in sporangiospores in gpall and gpal2 deletion mutants of M. circinelloides, Total RNA
was isolated from spores of the wild-type, Agpall, Agpal2, and Agpall/Agpal2. The mRNA from each gpa gene was determined by
qRT-PCR. Asterisks denote the phylogenetic group of the Gpa proteins in M. circinelloides (* 1;** -11, and ***-111) [25]. Four independent
experiments were performed under the same conditions. Different letters denote statistically significant differences (ANOV A, Fisher,
p<0.05).

https://doi.ora/10.1371/journal pone.0226682.q002
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expression in the pEUKA4 vector [28] generating the Agpall+gpallwt and Agpal2+gpal2wt
strains.

Interestingly, the single mutation of each gpa gene provoked a significant upregulation of
the other. Thus, deletion of gpall led to an ~30% increase in gpal2 mRNA levels, while dele-
tion of gpal2 resulted in an ~226% increase of gpall mRNA levels, suggesting a compensatory
mechanism (Fig 2, 51 Table). Moreover, single deletion of gpalland gpal?ledtoa signiﬁcam
increase in the mRNA levels of several gpa genes. The expression of some gpa genes was
increased more than two folds in Agpall (gpa3, gpa4, gpa6, gpa9, and gpal2), and in Agpal2
(gpal, gpa3, gpad, gpa8, gpa9, and gpa10) (Fig 2, 51 Table). In addition, deletion of both genes
led to a further rise in mRNA levels of some gpa genes, including gpal (~11.73 folds), gpa3
(~6.8 folds), and gpa8 (~4.78 folds), which encode proteins that belong to group I of the Gu
phylogenetic fungal classification (Go). Also, the mRNA levels of a gene, gpal0, encoding a
protein belonging to group 11 (Guy) of the phylogenetic fungal classification was highly
increased (~8.77 folds) in the double-gpa mutant strain (Fig 2, 51 Table).

Gpall and Gpal2 are involved in sporangiospore size and germination rate
in M. circinelloides

In order to investigate the physiological role of gpall and gpal2, radial growth and spore pro-
duction of the different strains were assessed. The radial growth of all the mutant strains was
similar to the wild-type strain at the end of the experiment (Fig 3A). After 5 days of incubation,
there was around 42-46% decrease in spore production in all single and double mutant strains
compared to the wild-type strain (Fig 3B), indicating that both genes participate in spore pro-
duction. Additionally, the Agpal2 strain produced slightly less spores compared to other
mutant strain. The Agpal I+gpal Iwt and Agpal2+gpal2wt complemented strains did not
show significant difference in spore production compared to the wild-type strain.

A = M2 B . MU402
-& Agpatl B Agpatt
-a= Agpal2 3 Agpat2
-¥- Agpali/Agpal2 O agaaiffag)a12
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Fig 3. Sporangiospore production in Agpall and Agpal2 mutants of M. circinelloides. 50 spores were grown in YPG agar plates
and A) radial growth was recorded each day during the experiment. B) Spores grown after 5 days were counted. Four independent
experiments were performed for each condition. Statistically significant differences are indicated by different letters (ANOVA and
Fisher's tests; p < 0.05).

https:/fdoi.org/10.1371/journal. pone.0226682.0003
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Fig 4. Influence of gpall and gpal2 on sporangiospore size in M. circinelloides. The spores from the different M. circinelloides knockout
strains produced in YPG were observed under A) light microscope (100 X), scale bar equal to 20 um. B) The spore size of each strain was
quantified using the Leica Application Suite. C) The spores obtained after five days of incubation on solid YPG media were observed under
scanning electron microscope. Representative photographs from the corresponding strains of M. circinelloides under 10,000 magnifications.
Scale bar is equal to 1 um. Statistically significant differences are indicated by different letters (ANOV A and Fisher's tests; p < 0.05).

https7/doi.org/10.1371/jourmal.pone. 0226682.9004

The spores produced on YPG media were observed by light microscopy. The spores from
the Agpall mutant strain were morphologically similar (in size) to those produced from the
wild-type strain (on average 10.3 and 10.2 pm, respectively) (Fig 4). While the Agpal2 spores
were slightly larger than those of the wild-type strain, at 11.4 um diameter on average. Interest-
ingly, the Agpal1/Agpal2 mutant strain generated the largest spore size, compared to the rest
of the strains, at 16.3 pm diameter on average (Fig 4), but some of them were up to 20 pm of
size. Interestingly, the AgpalI+gpalIwt and Agpal2+gpal2wt complemented strains showed
similar size as the wild-type strain (Fig 4A and 4B). The spore size was also evaluated by scan-
ning electron microscopy, confirming that the spores from the Agpal1/Agpal2 mutant were
larger than those of the other strains and all had a similar surface shape (Fig 4C). Similar
results in terms of spore size were observed with independent gpa mutant strains (S1 Fig).

It has been described in M. circinelloides that an increase in spore size correlates with a
faster aerobic germination rate [17]. To confirm this assumption, we measured the germina-
tion rate of the different strains grown in YPG. The double gpa-mutant strain had a 50%
higher germination rate after 2 h of growth compared to the wild-type strain (Fig 5A).
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Fig 5. Sporangiospore germination of M. circinelloides gpall and gpal2 deletion mutants. A) Percentage of germinated spores in
aerobic conditions from each strain in YPG. Aerobic germi i cells were considered independent of hyphae length or number of mother
cells. B) Relative expression of pkaR1, quantified by qRT-PCR using tfc-1 as reference gene from hyphae obtained from each strain grown
at2 and 4 h. ACT analysis was performed to compare the mRNA levels between strains, Spores from the different strains from M.
circinelloides were inoculated into YPG media and incubated with constant shaking (150 rpm) for 3 h, and C) intracellular cAMP levels,
and D) PKA activity were determined. E) Percentage of spores germinated under anaerobic conditions in YPG media. F) Relative
expression of adhl determined from yeast cells at 4 h of growth, ACT analysis was performed to compare mRNA levels between strains.
Four independent experiments were performed for each condition. Statistically significant differences are indicated by different letters
(ANOVA and Fisher's tests; p < 0.05).

hitps:/doi.org/10.1371/fournal.pone 02266829005

However, both single gpa-mutant and complemented strains germinated at very similar rates
to the wild-type strain (Fig 5A).

Aerobic germination was corroborated using the gene marker pkaR1, which is a gene
expressed preferentially during hyphae growth compared to the yeast or spore stage [29]. Only
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the Agpall/Agpal2 mutant strain accumulated significantly more pkaR1 mRNA observed in
the germinating spores after 2 (40%) and 4 h (28%) in YPG with respect to other strains (Fig
5B). The higher mRNA levels of pkaR1 in the Agpal I/Agpal2 mutant strain suggest a repres-
sion in the PKA pathway. To probe this hypothesis, we conducted the quantification of cAMP
levels and PKA activity in the different strains after 3 h of aerobic germination. In correlation
with the mRNA levels, the only strain that showed lower cAMP levels and PKA activity was
the Agpall/Agpal 2 mutant strain, meanwhile the rest of the strains showed similar levels as
the wild-type strain (Fig 5C and 5D).

Germination rate under anaerobic conditions revealed that Agpal2 and Agpall/Agpal2
mutants germinated faster than the Agpal2, complemented and wild-type strains. The double
gpa-mutant strain demonstrated a higher rate of germination (5.52 folds) after 2 h compared
to the wild-type strain (Fig 5E). The mRNA levels of adh1, which is preferentially expressed
during anaerobic growth [29-30], were significantly higher in Agpall (21%), Agpal2 (71%)
and Agpall/Agpal2 (130%) strains after 4 h of growth compared to the wild-type strain
(Eig 5F).

These results indicated that the products of gpal I and gpal2 genes are involved in the con-
trol of the regulation of sporangiospore size as well as the aerobic and anaerobic germination
rates in M, circinelloides.

Mutation of gpal2 and the double mutation of gpall and gpai2 decreased
cnaA mRNA levels in sporangiospores in M. circinelloides

It has been reported that dysfunction of the calcineurin catalytic subunit A (CnaA) leads to an
increase in the spore size of M. circinelloides [15]. Based on the larger spore phenotype
observed in the Agpall/Agpal2 mutant strain, we performed mRNA quantitation by qRT-
PCR of ¢nad in spores and during aerobic germination from gpa-mutant strains.

The mRNA levels of cnaA in the wild-type and Agpall mutant spores were similar to
each other, while lower mRNA levels were observed in spores from Agpal2 and Agpall/
Agpal2 mutants by around 56 and 64% respectively, compared to Agpall, Agpall+gpallwt,
Agpal2+gpal2wt and wild-type strains (Fig 6). Although the mRNA levels of cnad in
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Fig 6. Quantitation of enad mRNA levels in M. circinelloides Agpal 1 and Agpal2 mutant strains. Expression of cnaA relative to
tfe-1 in total RN A purified from sporangiospores and mycelium grown in aerobic conditions after indicated times in YPG. qRT-PCR
was performed to determine the transcript levels of enad and a ACt analysis was performed to compare the mRNA level between the
strains. Four independent experiments were performed for each condition. Statistically significant differences are indicated by
different letters (ANOVA and Fisher's tests; p < (L.05),

https://doi.org/10.1371/joumal. pone.0226682.0006
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mycelium grown for 3 or 12 h in YPG were similar in all strains tested (Fig 6). These results
showed that dysfunction of Gpal2 led to down-regulation of cnaA mRNA levels in spores of
M. circinelloides. The lower cnaA expression in Agpall/Agpal2 suggested that gpall can par-
tially compensate the absence of gpal2.

To investigate if cnaA dysfunction affects gpall and gpal2 mRNA levels during the spore
stage, the transcripts of all gpa were quantified by QRT-PCR in spores of the AcnaA mutant
form of M. circinelloides. The analysis of transcript levels from all gpa genes revealed that in
the spores from the AcnaA mutant strain, only gpall and gpal2 mRNA levels were signifi-
cantly decreased (61.4 and 57.9%, respectively) compared to the levels from spores of the wild-
type (Fig 7). Furthermore, gpal, gpa2, gpa3, and gpa8, whose products belong to group I
(Guy), and gpa4 that belongs to group 11 showed a significant increase in mRNA levels (1.6-2.3
strain also showed a significant increase in the mRNA levels of gpa3, and gpa4 (Fig 2). These
results suggest a genetic crosstalk between gpall, gpal2 and cnaA gene products.

Activation of the calcineurin pathway is downregulated in Agpal1/Agpal2 since the dys-
function of Gpall and Gpal2 led to the down-regulation of cnaA mRNA levels in spores, we
investigated if elements downstream of the calcineurin pathway could also be deregulated in
gpa-mutant strains. In the methylotrophic yeast Hansenula polymorpha, the transcription of
the gene enal, which encodes a plasma membrane Na*/K'-ATPase, is induced by the
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Fig 7. Quantitation of gpa mRNA levels in M. circinelloides AcnaA. Changes in levels of mRNA from different gpa genes from total
RNA purified from sporangiospores of wild-type (closed bars) and AcnaA (open bars). qRT-PCR was carried out to determine the
transcript levels of gpa genes, ACt analysis was performed to compare the mRNA levels between the strains. Four independent
experiments were performed for each condition. Statistically significant differences are indicated by different letters (ANOVA and
Fisher's tests; p < 0.05).
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strains. Four independent experiments were performed for each condition. Different letters denote statistically significant differences
(ANOVA, Fisher, p<0.05).
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activation of the calcineurin signaling pathway [31]. In order to investigate if a similar scenario
could be present in M. circinelloides, we quantified the mRNA levels of ena homologues in
spores from all strains. Firstly, we identified in M. circinelloides two Ena homologues, Enal
and Ena2, with 35.8 and 35.3% identity and 59.2 and 51.6% similarity, respectively, to Enal
from H. pelymorpha and 63.1 and 77.3% identity and similarity between them (52 Fig). The
mRNA levels of enal and ena2 from spores of AcnaA mutant strain were 70.5 and 62.8%
lower, respectively, compared to those levels of the wild-type strain (Fig 8). In Fig 8, marked
under expression of enal was seen in the double gpalI/gpal2 mutant, while for ena2, loss of
gpal2alone already leads to low expression. For both enal and ena2, loss of gpall alone does
not have a large effect though it is significant already for ena2. In general, this result indicates
that enal and ena2 mRNA levels are under control of CnaA and Gpal2 in M. circinelloides.

To determine if the calcineurin signaling pathway could be altered in the Agpall/Agpal2
mutant strain, a calcineurin inhibitor, FK506 was employed. It had been previously reported
that FK506 impaired mycelia growth in the AcnaA strain [15]. We assessed the capability of
spores from the single and double mutant strains in gpall and gpal2 to develop mycelia
growth in the presence of FK506. Our results showed that only the double mutant Agpall/
Agpal2 strain showed a phenotype similar to that of the AcnaA strain when grown on a poor
nitrogen source (YNB) supplemented with FK506, while gpa-single mutant strains showed a
phenotype similar to the wild-type strain independent of the nitrogen source (S3A Fig). It has
been shown that the cnaA mutation also leads to increased sensitivity to detergent in a rich
YPD media [15]. Our results showed that Agpall and Agpal2 or double gpa-mutant strains
were also more sensitive to the detergent Triton X-100 than the wild type strain in YPG or
YNB media (S3B Fig).

The role of gpall and gpal2 in the virulence of M. circinelloides

The increase in spore size and faster germination rate are associated with virulence increase in
M. circinelloides [ 17]. Based on the fact that the spores of Agpal1/Agpal2 mutant strain are
much larger, germinate faster, and cause a decrease in mRNA levels of cnaA compared to the

PLOS ONE | hitps://doi.org/10.137 1/journal.pone.0226682 December 30, 2019 10/26

141



©'PLOS|ONE

Gpa11 and Gpa12 control the spore size and virulence in Mucor circinelloides

wild-type strain, we performed virulence assays. In the mouse killing assay, diabetic mice were
used which simulates one of the risk factors for acquiring mucormycosis [18]. Mice were
injected intraperitoneally with 2 x 107 spores/mouse from each strain and mouse survival

was monitored each day. Reduced survival was observed only in the Agpall+gpallwt,
Agpal2+gpal2wt, AcnaA and wild-type strains. 50 and 75% of the mouse population died after
5 days post-inoculation with the spores from wild-type and AcnaA strains, respectively (Fig 9A).
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Fig 9. Role of gpa1l and gpal2in the virulence of M. circinelloides. A) Survival of diabetic mice infected intraperitoneally with 2 x 107
sporangiospores from different M. circinelloides strains recorded each day post-injection. N = 8, two independent experiments. Relative
expression of inflammation markers B) IL-6, C) IL-15, D) MIP-2, E} TNF-ut used to monitor tissue damage in the liver and lung of mice
infected with spores from the different M. circinelloides strains (N = 4), F) Fungal burden, determined by gqPCR, from the liver and lung of
infected mice. Three independent experiments were performed for each condition. Statistically significant differences are indicated by
different letters (ANOV A and Fisher's tests; p < 0.05).
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We quantified by gqRT-PCR the mRNA levels of the inflammation markers IL-6, [L-1, MIP-2
and TNF-win the liver and lung of mice infected with the different strains (Fig 9B-9E). The
mice infected with the Agpall+gpallwt, Agpal2+gpal2wt and wild-type strains, showed signifi-
cantly increased mRNA levels of 1-6 (130 times in liver and 124 times in lung), II-15 (96% in
liver and 118% in lung), MIP-2 (115% in liver and 110% in lung) and TNF-& (109% in liver and
112% in lung) compared to mRNA levels from animals infected with gpa-mutants (Fig 9B-9E).
Also, the AcnaA mutant strain produced significantly higher mRNA levels of all inflammation
markers in liver (21-53%) or lung (28-178%) compared to the wild-type strain (Fig 9B-9E).
These results indicate that mice infected with the Agpall, Agpal2, or the Agpall/Agpal2
mutants induce a weaker inflammatory response compared to those infected with the AcnaA,
Agpall+gpal Iwt and Agpal2+gpal2wt or wild-type strains.

Fungal burden was quantified in tissues (liver and lung) of the mice infected with all the
strains by qPCR using the tfc-1 as gene marker for M. circinelloides [29]. The quantity of tfc-1
from the Agpall, Agpal2, the Agpall/Agpal2 mutant strains were lower (up to 82% in liver
and 87% in lung) than in those infected with the wild-type strain. Moreover, the AcnaA strain
fungal burden was 26 and 32% more in liver and lung, respectively, compared to the wild-
type strain (Iig 9F). These results indicate that mice infected with spores from Agpall,
Agpal2, or the Agpall/Agpal2 mutant strains induce a weaker inflammatory response and
less mouse tissue invasion compared to those infected with the AcnaA, complemented or
wild-type strains.

To explain the mechanism of low virulence of the Agpal1/Agpal2 spores despite their big-
ger size, we tested the effect of H,O, on spore survival as previously reported [32, 33]. The
Agpall, Agpal2, and the Agpall/Agpal2 mutant strains showed a significant decrease in spore
survival compared to the wild-type strain in YPG (up to 55%) media supplemented with
H,0;. The lowest levels of survival were registered for Agpall/Agpal2 spores, compared to the
wild-type. While AcnaA strain showed no significant difference in survival rate compared to
the wild-type strain (Fig 10A), meanwhile the complemented mutant strains showed similar
survival rate as the wild-type strain after the challenged with H,0O,.

Based on this result, we conducted a confrontation assay with all the M. circinelloides
strains against the murine macrophage cell line RAW264.7. After 3 h of interaction of mac-
rophages and spores, we observed spore germination in presence of the macrophages (Fig
10B). The germination rate was quantified indirectly by the mRNA levels of pkaR1 by
qRT-PCR, which is used as a molecular marker for hyphae development [28], after 1 or 3 h
of macrophage and spore interaction. We observed lower pkaR1 transcript levels after 1
(=26%) and 3 h (=22%) in the single gpa-mutant strains compared to the wild-type strain
(Fig 10C). The Agpal1/Agpal2 mutant strain showed the lowest levels of pkaRI mRNA after
1 (/44%) or 3 h (=45%) compared to the wild-type (Fig 10C), meanwhile the comple-
mented mutant strains showed similar survival rate as the wild-type strain after the chal-
lenged with H,0,. Based on a standard curve using different amounts of spores from
M. circinelloides, we quantified by qPCR the tfc-1 levels from spores that were digested by
macrophages after the interaction as described previously [32, 33]. The spores from the
Agpall+gpallwt, Agpal2+gpal2wt, AcnaA and wild-type strains showed fewer spores killed
after the interaction with the macrophages (Fig 10D) compared to the Agpall, Agpal2 and
Agpall/Agpal2 mutant strains that showed more spores killed in this assay (Fig 10D).
These results indicate that the spores from the Agpal 1/Agpal2 mutant strain are the most
susceptible to the macrophages compared to the spores from the AcnaA, Agpall+gpallwt,
Agpal2+gpal2wt and wild-type strains. This could be explained, in part, by their higher sus-
ceptibility to oxidative damage.
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Discussion

M. circinelloides produces several types of spores through its life cycle, and each type of spore
has a specific cellular fate [2, 3]. The most well described spore is the sporangiospore, which is
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an asexual spore and is produced after the mycelium reaches a certain stage on solid surfaces,
producing an aerial structure known as the sporangiophore. Several factors have been
described that contribute to sporangiospore production in M. circinelloides; for example, light
is a positive stimulator of sporulation and carotenogenesis [34]. The detailed molecular mech-
anism of how sporangiospores are produced in M. circinelloides is still not known. Transcript
levels from gpall and gpal2 from M. circinelloides, have been shown to mainly accumulate in
the sporangiospore, suggesting an important function either in spore formation, production,
and/or germination [25].

Our work showed that gpall and gpal2has an important function in the spore since
Agpal2and specially Agpall/Agpal2 showed increased spore sizes compared to Agpall and
wild-type strains. Spore size in M. circinelloides is known to be controlled by the calcineurin
pathway. Thus, mutation of ¢nad, which encodes the catalytic subunit A of calcineurin, leads
to large spore size, faster germination, and increased virulence, among other defects [15].
Interestingly, cnaA mRNA levels in spores of Agpal2 and Agpall/Agpal2 strains were lower
than those of the wild-type strain, suggesting that gpal2 positively controls the levels of cnad
in the spore, a function that can be compensated by gpall in absence of gpal2as indicated the
more severe effect observed in Agpall/Agpal2 compared to Agpal2. Moreover, the mRNA lev-
els of enal and ena2, used as a marker for the activated calcineurin pathway [31], were
decreased in Agpal2, Agpall/Agpal2and AcnaA strains compared to the wild-type strain.
Additionally, the spore size increase could be result of the low enal and ena2 expression
because dysfunction of Ena homologues leads to cell swelling in human renal cells, as dysfunc-
tion of Na™-K" ATPases leads to the accumulation of sodium ions in cells, which allows water
entry into the cell to compensate the osmotic gradient [35]. Also, Saccharomyces cerevisiae
mutants in the regulatory subunit of the calcineurin decreased the expression of ENA1 and
accumulated Na" and Li* ions [36]. Therefore, it is tempting to speculate that something simi-
lar occurs in the Agpall/Agpal2 strain of M. circinelloides, it will be interesting to know if the
mutation of enal or/and ena2 could altered the spore size in this Mucoral (Fig 11). Overall,
these findings suggest that the calcineurin pathway is under the control of Gpal2, and Gpall
in a lesser extent, in spores from M. circinelloides, and consequently absence of gpal2and
gpall or cnaA results similar phenotypes such as spore enlargement (Fig 4), accelerated germi-
nation (Fig 5) and sensibility to the calcineurin inhibitor FK506 (52 Fig). In addition, the dou-
ble mutation of gpall and gpal2 led to lower cAMP levels and PKA activity compared to the
the Agpall or Agpal2 after 3 hours of aerobic growth (Fig 5). Similar levels of cAMP and PKA
activity between Agpall/Agpal2and AcnaA were observed (data not shown), indicating a
crosstalk in the regulation of PKA pathway between Gpall/Gpal2 and CnaA (Fig 11). Inter-
estingly, although Agpal2 decreased the mRNA from cnaA, this mutation did not alter the lev-
els of cAMP and PKA activity, suggesting different pathways in the regulation of activation of
PKA by Gpal2 or Gpall/Gpal2.

Additionally to the regulation of the calcineurin pathway by gpal2 and gpall, the calci-
neurin pathway also regulates the expression of gpal2 and gpall in the spore since their
mRNA levels was down regulated in the AcnaA strain (Fig 7). This observation revealed a regu-
latory crosstalk between gpal2and gpall and the calcineurin pathway. Alteration of this regu-
latory system by deletion of some key element seems to affect the expression of other gpa
genes. Thus, AcnaA strain showed a significant mRNA increase of gpa2-4, which codes for
products belonging to Group I (Gu,) and Group 11 of the Gu phylogeny. The mRNA levels of
gpa3 and gpad were also increased in the Agpal2 and Agpall/Agpal2 mutant strains, suggest-
ing a correlation between gpall with gpal2 and cnaA in terms of regulation of gpa3 and gpa4
mRNA levels in spores from M. circinelloides, although more experiments are needed to clarify
this possible correlation.
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Fig 11. Proposed model of the function of Gpall and Gpal2 regulating sporangiospore size and virulence in M. circinelloides.
Through one or more GPCRs, Gpal 1 and Gpal2 in the spores of M. circinelloides activate CnaA, which in turn activates the
calcineurin pathway. The calcineurin pathway leads to the expression of genes regulated by this pathway, like enal and ena2, The
dysfunction of Enal and Ena2, whichare Na'-K* ATPases, could increase cytosolic levels of sodium ions, allowing the influx of
water, leading to an increase in spore size in M. circinelloides as was observed in the Agpall/Agpal2 strain. The CnaA negatively
regulates the virulence and stimulates the PKA pathway, meanwhile Gpall or Gpal2 positively regulate the virulence and activate
the PKA pathway during aerobic germination, but unknown elements are implied in the avirulent phenotype by the mutations in
gpall and gpal2

hitps://doi.org/10.1371/oumal. pone.0226682.9011

Deletion of M. circinelloides in cnaA showed an elevated virulence (Fig 9) that has been
attributed in part to the larger spore size that result in increased germination rate, allowing
faster destruction of the host [17]. Surprisingly, single and double mutants of gpall and gpal2
were completely avirulent in a diabetic mouse model, despite the Agpall/Agpal2 displayed
low cnaA mRNA levels and mutant produce large spores that show high germination rate
compared to the wild-type strain (Fig 5). Moreover, the inability to infect mice could not be
attributed to a poor growth of the gpall and gpal2 mutants (Fig 3). The defect in virulence of
gpalland gpal2 mutants and the higher virulence of the mutant of cnad were confirmed by
the figures of fungal burden and the levels of chemokines (IL-6, IL-1f3, TNF-cr, and MIP-2)
known to be induced under filamentous infections [37-39], including M. circinelloides [40].

The single and double mutants of gpall and gpal2 did not show a significant increase in
the mRNA levels of these inflammation markers in diabetic mice tissues compared to the levels
from the wild-type or AcnaA strains, despite larger spore size and higher germination rate of
Agpall/Agpal2 mutant compared to the wild-type strain. Despite these similarities, spores of
Agpall/Agpal2 and AcnaA strains behave in a totally different manner in terms of H,O, resis-
tance, since AcnaA spores are more resistant to H,O, than those from Agpall/Agpal2, and
also single mutants of this genes (Fig 10). Moreover, it has been also reported that the spores
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from AcnaA strain are more resistant to phagocytosis [15], but the single and double gpa-
mutant strains were more efficiently killed by macrophages than spores from the wild-type
strain. This result could in part explain that gpall and gpal2 mutants are unable to infect dia-
betic mice (Fig 9) The combination of large spores and inability to cause infection shown by
mutants of gpall and gpal2, especially the double mutant, suggests that both phenotypes are
controlled by the same regulatory pathway (Fig 11). This regulatory pathway in some point
diverge in two branches, one that controls spore size through the calcineurin pathway and
another that regulates the expression of genes important for the virulence. This model could
explain the higher virulence of cnaA mutants that keep functioning the virulence-specific regu-
latory branch and simultaneously produce large spores with accelerated germination, it seems
that a total lack of CnaA is needed to display a virulent phenotype. Therefore, gpall and gpai2
define a signal transduction pathway that play pivotal role in fungal infection in M. circinel-
loides. The dissection of this pathway with the identification of receptor to unknown signals,
other components of the signal cascade, and targets genes will provide a better knowledge of
the understudied process of fungal colonization by Mucorales.

Our work is important to the fungi field revealing new hypothesis to test. Fungal spore size
has been found to be an important virulence determinant in fungal pathogens including asco-
mycetes (Beauveria bassiana, Botrytis cinerea), basiodiomycetes (Cryptococcus neoformans) or
mucorales (Mucor circinelloides). In the entomopathogenic fungus B. bassiana, when the vacu-
olar ATPase subunit H encoding gene was disrupted, conidia diameter was reduced by 16%
when compared to the wild-type strain. Moreover, this mutant displayed significantly attenu-
ated virulence against the Galleria mellonella larvae [41]. In both fungal phytopathogens
B. cinera and M. fructicola, environmental conditions regulate spore size. It has been reported
that in B. cinerea, when grown on culture medium that contains 30% glucose (w/v), spores
were about 50% larger than those grown on 2% glucose (w/v). Notably, these larger spores had
enhanced aggressiveness against the flowers of Rosa hybrida [42]. Comparative analysis of
spore sizes from different C. neoformans strains revealed that spores from serotype A are
around 10% larger in diameter when compared to the serotype D [43]. Noteworthy, serotype
A is the major responsible of C. neoformans infections (95%) and it has been associated with
more severe infections in immunocompromised patients [44]. Interestingly, to the best of our
knowledge, the first report for larger fungal spores (> 10 ym in diameter) In M. circinelloides
that does not imply a more virulent phenotype when compared to the wild-type strain.

Our work provides evidence for a genetic and functional linkage between gpall and gpail2
with the calcineurin pathway in M. circinelloides, suggesting that cnaA is under control of
gpalland gpal2 and these elements are associated with a larger spore phenotype. However,
larger spore phenotype by itself is not a prerequisite for virulence, suggesting that gpall and
gpal2also regulate a set of genes that are specifically involved in virulence.

Methods
Fungal strains, culture media, and growth conditions

M. circinelloides f. lusitanicus MU402 (leuA", pyrG") [27] was used for the gpall and gpal2
gene deletion studies. Additionally, the MU636 strain (leuA’, pyrG *) derived from M. circinel-
loides MU402 was also employed in this work [45], although it is not shown, this strain exhibits
similar phenotypes as the wild-type strain MU402. A M. circinelloides AcnaA mutant strain
[15] derived from MU402 was kindly provided by Dr. Soo Chan Lee (University of Texas at
San Antonio, USA). Yeast-peptone-glucose (YPG) medium (pH 4.5); 1 L medium containing
3 g yeast extract (BD Bioxon, USA), 10 g gelatin peptone (BD Bioxon, USA), 20 g glucose (BD
Bioxon, USA). Yeast nitrogen base (YNB) (Sigma, USA) or MM C (minimal medium with
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casamino acids), which contained 10 g/L casamino acids (BD Difco, USA), 20 g/L glucose, and
0.5 g/L yeast nitrogen base, supplemented with uracil (200 mg/L) (Sigma, USA) as required;

15 g/L agar (BD Bioxon, USA) was added when solid media were prepared. For spore produc-
tion and culture conditions, germination under self-anaerobic and aerobic atmosphere, as well
as the quantitation of growth, spore size, and hyphae length protocols described previously
were followed with no modifications [18, 46].

100 spores from the different strains were treated or not with 4 mM H,O,for L hat4°C
and spread on YNB or YPG plates and incubated for 24 h at 28 "C. YNB or YPG solid media
were supplemented or not with 0.005% Triton X-100 and 100 spores from different strains
were spread on the plates, incubation was carried out for 1 day at 28 "C.

Targeted deletion in M. circinelloides

Targeted deletion of gpall. Using genomic DNA from MU402 wild-type strain of M. cir-
cinelloides 1.1-kb fragments that correspond to the 5’ upstream or 3' downstream regions from
the start or stop translation codon from gpall, respectively, were amplified by PCR. The pair
of oligonucleotides Gpall-P-Fwd and Gpall-P-Sac-Rev was used to amplify the 5’ region,
with a Sad site added to the 3" end of the Gpal1-P-Sac-Rev primer. The oligonucleotides
Gpal 1-T-Sac-Fwd and Gpal1l-T-Xba-Rev were used to amplify the 3’ region, with a Sac site
added to the 5' end of the Gpal1-T-Sac-Fwd primer and an Xbal site to the 3’ end of the
Gpal1-T-Xba-Rev primer. A 2-kb fragment that corresponds to the pyrG gene was PCR-
amplified using the primers PyrG-Sac-Fwd and PyrG-Sac-Rev and Sacl sites were added to its
5" end and 3’ end (53 Table).

The 5 and 3’ fragments from gpalI and pyrG were independently cloned into pJET1.2/
blunt resulting in the pGpal1-5' (for the gpall 5 -region), pGpal 1-3' (for the gpall 3'-
region), and pPyrG (for the pyrG gene) vectors. The Sacl sites in the different fragments
allowed the subcloning of pyrG into pGpall-5', resulting in pGpall5’-pyrG. Finally, 1.1-kb
from the 3’ region of gpall was cut using the Sacl and Xbal enzymes, and subcloned into
pGpall5'-pyrG—the resulting plasmid was named pGpal15'-pyrG-3'. This resulting plasmid
was used as template to obtain the recombinant fragment (Gpal 15'-pyrG-3' of 4.2 kb) by PCR
with the oligonucleotides Gpal1-P-Fwd and Gpall-T-Xba-Rev. All recombinant plasmids
were confirmed by PCR and restriction enzyme patterns.

Targeted deletion of gpal2. The gpal2 recombinant fragment coupled with the pyrG
selection gene was generated through overlapping-PCR. In this process, three PCR fragments
containing overlapping sequences between them were PCR-amplified using the following oli-
gonucleotides (53 Table): 12pUFow-Pstl and 12pURev-pyrG, which amplified 1-kb from the
5" upstream region of the start translation codon of gpal2; and oligonucleotides 12pDRev-Notl
and 12pDFow-pyrG, which amplified 1-kb from the 3’ downstream region of the stop transla-
tion codon of gpal2. In oligonucleotide 12pURev-pyrG, an added nucleotide sequence at the
3" end hybridized to the 5 end of pyrG; and in oligonucleotide 12pDFow-pyrG, an added
nucleotide sequence at its 5" end hybridized to the 3" end of pyrG. The gene pyrG was PCR-
amplified using the oligonucleotides PyrG-Sac-Fwd and PyrG-Sac-Rev, with pMAT1700 [47]
as a template. Three individual PCR reactions were performed to obtain 3 DNA fragments.
The gpal2 5 region, pyrG (2 kb), and the gpa12 3’ region, which were all purified. Overlap-
ping-PCR was performed using 100 ng/uL of each template; 10 uM each of the oligonucleo-
tides 12pUFow-Pstl and 12pDRev-Notl and 1 pL of Herculase II Fusion Enzyme (Agilent
Technologies, USA), at a molar ratio of 1:1:1, were used to generate the recombinant fragment

of gpal2.
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Targeted deletion of gpall in Agpal2 strain: To generate the Agpal 1/Agpal2 double-
mutant strain, the plasmid pGpal15'-pyrG-3'-previously obtained for the gpal ! mutation
with the oligonucleotides leuA-Sac-Fwd and leuA-Sac-Rev, and Sacl restriction sites were
added to both oligonucleotides at their 5’ ends (53 Table), and then annealed into the plas-
mid pLeu4 [49]. Both leuA (3.7 kb) and the pGpal 13'-pyrG-5' vector were digested with
Sacl, and both products were ligated using the enzyme T4 DNA ligase (Promega, USA); the
resulting plasmid was named pGpall5'-leuA-3". The plasmid pGpal15'-leuA-3’ was used as
a template and using the oligonucleotides Gpal1-P-Fwd and Gpal1-T-Xba-Rev, PCR ampli-
fication was carried out to obtain the recombinant fragment (5.9-kb) to delete gpall in the
Agpal2 strain. All recombinant plasmids were identified by PCR and restriction fragment
patterns.

Protoplasts obtained from M. circinelloides MU402 were transformed with the recombinant
DNA fragments (3 pg/transformation) according to a previously described protocol [50].
Transformants were obtained under selective conditions on MMC agar plates lacking uracil
for single deletion mutants or YNB agar plates lacking uracil and leucine for the double
mutants. Monosporic cultures were obtained after 5 cycles of sporulation in either selective
medium or rich medium, at which point, 100% of the spores could grow on the selective
medium, indicating the transformation of all nuclei.

Molecular identification of gpall and gpal2 mutant strains from M.
circinelloides

PCR confirmation of gpall gene deletion. Transformed strains were identified by PCR
using the oligonucleotides 11-C-Fwd (forward) and pyrG-R2 (reverse) (53 Table); 11-C-Fwd
hybridized outside the recombination fragment used to delete the gpall gene and pyrG-R2
(53 Table) that hybridize in the selectable marker sequence to determine a homologous inte-
gration event, a positive recombination event was determined by PCR amplification of 1.4-kb
band. A lack of amplification band indicated the wild-type genotype (54 Fig).

PCR confirmation of gpal2 gene deletion. Using a similar approach, the transfor-
mants were identified by PCR with the pair of oligonucleotides 12-C-Fwd, which hybridizes
outside the recombination fragment used to delete gpal2 gene, and pyrG-R2 (53 Table),
which hybridizes in the selectable marker sequence. Those which generated an amplicon of
1.3-kb was the mutant genotype, but non-amplification confirmed a wild-type genotype.
(54 Fig).

PCR confirmation of double mutant Agpall/Agpal2. Using the oligonucleotides
11-C-Fwd (forward) and leuA-C-Rev (reverse) (53 Table); 11-C-Fwd hybridized outside the
recombination fragment used to delete the gpall gene and leuA-C-Rev (53 Table) hybridized
in the selectable marker sequence to determine a homologous integration event. A positive
recombination event was determined by PCR amplification of 2.2-kb band, while no amplifi-
cation confirmed the wild-type genotype (54 Fig).

As a positive control for DNA integrity that was used for PCR reactions, the pair of oligonu-
cleotides, Gpal1-T-Sac-Fwd / Gpal1-T-Xba-Rev, which hybridized with the 3'-end region of
gpall were used for Agpall and a 1.1-kb amplicon indicated a positive reaction. For Agpal2
the pair of primers, 12pUFow-Pstl / 12pURev-pyrG, which hybridized with the 5 region of
gpal2were used and 1.1 kb was considered as positive control. The pair of oligonucleotides
11-C-Fwd / Gpal 1-P-Sac-Rev was used in a PCR reaction for positive controls for Agpall/
Agpal2and a 1.3 kb amplicon indicated a positive PCR reaction; the wild-type strain also
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Southern blot to identify the deletions of gpall and gpal2

A total of 1 pg of genomic DNA from MU402 and the mutants of M. circinelloides were
digested with indicated restriction enzyme. DNA was electrophorized and transferred to nylon
membranes (HybondTM-N+, Amersham Biosciences, UK) following the recommended pro-
tocol [51]. Southern blot hybridization was performed under stringent conditions. DNA
probes were labelled with [¢-32P] dCTP using Ready-To-Go Labeling Beads (GE Healthcare
Life Science). For Southern blot experiments, a DNA probe (1 kb) was directly amplified from
genomic DNA from M. circinelloides using the primer pairs that amplified the 5’ region
upstream of the start translation codon from gpall, for gpal2identification a fragment (1 kb)
corresponding to the 3’ region downstream from the stop translation codon was used as a
probe and finally the primer pairs that amplified the 3’ region downstream from the stop trans-
lation codon (1 kb) from gpall for the double mutation.

Complementation of Agpall and Agpal2 strains

The gpall and gpal2 wild-type ORFs were PCR-amplified using the genomic DNA of M. cir-
cinelloides MU402 as the template and the oligonucleotides gpal I-FWR-Xhol/gpal1-REV-
Notl and gpa12-FWR-Sall/gpal1-REV-Nofl (53 Table), which introduced restriction sites for
Xhol and Nofl at the 5" and 3’ ends, respectively. Wild-type gpall and gpal2 genes were
cloned in pEUK A4 vector [28] under the control of gpdI promoter from M. circinelloides in
the Xhol and Nofl sites; the resulting plasmids were confirmed based on restriction patterns
and DNA sequencing. Both recombinant plasmids were used to transform the Agpall and
Agpal2 strains and selection was performed in YNB media (Difco, Franklin Lakes, NJ, USA)
medium.

qRT-PCR confirmation

Total RNA isolated from gpall and gpal2 single and double mutant strains was used as a tem-
plate and gRT-PCR was performed to determine all gpa transcript levels, as described previ-
ously [25].

Specimen preparation for scanning electron microscope (SEM) imaging of
spores

SEM was performed according to Oshell 1997 [52], 4 h post-fixation with osmium tetroxide
(1% diluted in cacodylate buffer 0.01 M, pH 7.4). The samples were dehydrated in ethanol
solutions of 60, 70, 80 and 90%, and three times in 100% ethanol for 15 min each.

For hexamethyldisilazane (HMDS) drying the samples were rinsed in ethanol- HMDS in
proportions of 2:1, 1:1, 1:2, 1:3, and HMDS 100% for 15 min each. The samples were trans-
ferred to a desiccator for 24 h. Samples were mounted on stubs and examined with a Zeiss
GeminiSEM scanning electron microscope.

Ethics statement

The ethics agreement was made for the mouse virulence model protocol following the
recommendations of the Mexican Federal Regulations for the Use and Care of Laboratory
Animals (NOM-062-Z00-1999) (Especificaciones técnicas para la produccion, cuidado y
uso de los animales de laboratorio/Technical specifications for production, use and care of
laboratory animals) [53]. The Internal Biosecurity and Bioethics Committee of Instituto
de Investigaciones Quimico Bioldgicas de la Universidad Michoacana de San Nicolas de
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Hidalgo firstly reviewed the experimental protocols and authorized them (trade number 06-
13/2016).

Mouse virulence assays

To assess the virulence of M. circinelloides strains, we used methods described previously [18,
54] with some modifications. Briefly, each group consisting of eight male BALB/c mice (12-16
weeks old, weighing ~20 g, obtained from CINVESTAV, Zacatenco. Mexico) were treated
with streptozotocin (200 mg/kg) (Sigma, USA) to induce a diabetic state (>300 mg/dL glucose
in blood), and then independent mice groups were inoculated with 2x107 spores from each
strain of M. circinelloides. The spores were suspended in saline solution and injected intraperi-
toneally into mice, and survival of mice was monitored daily. Three independent assays were
conducted for each group.

Macrophages spore killing assay

Mouse monocyte/macrophage RAW 2674 (TIB-71) was purchased from American Type Cul-
ture Collection (ATCC). Cells were maintained in DMEM medium supplemented with 10%
FBS (Sigma, USA), 100 U/mL penicillin (Sigma, USA), and 100 ug/mL streptomycin (Sigma,
USA) (basal medium) at 5% CO, and 37 *C for 24 h before treatments.

Macrophages were seeded at 8 x 10” cells/well in DMEM basal medium (GIBCO, Thermo
Fisher Scientific, USA) without antibiotics and incubated at 37 *C in 6-well plates. After incu-
bation overnight, the basal medium in each well was replaced with fresh medium, then the
macrophages were co-cultured with 2 x 10° spores produced in YPG for 1 or 3 h. Immediately,
the supernatants and cells and spores were removed and placed in independent tubes. Then,
cells and spores were centrifuged at 1,500 x g for 5 min. Pellet was recovered and frozen until
nucleic acid extraction was performed.

Total M. circinelloides RNA and DNA isolation from in vitro cultures, from
macrophages or from mouse tissues

Total RNA and genomic DNA from M. circinelloides, mice tissues and macrophages were iso-
lated using RNAeasy mini kit and QlAamp DNA Mini Kit, respectively (Qiagen, Venlo,
Netherlands).

M. circinelloides cultures were obtained by filtration in 5 pm membrane filters (Millipore,
USA), the mouse tissues were collected following infection with M. circinelloides after 15 days
of spore inoculation. Approximately 25-50 mg of tissue sample from each mouse was trans-
ferred into a tube with MagNA Lyser Green Beads (Roche, Switzerland) pre-cooled on ice.
Denaturing RLT buffer (700 uL) from the RNeasy Mini Kit or buffer ATL (180 pL) of QIAamp
DNA Mini Kit were added immediately before homogenization to obtain total RNA or geno-
mic DNA, respectively. For cell disruption, tubes were placed in the MagNA Lyser Instrument
(Roche, Switzerland) and processed twice at 5,500 x g for 40 s with cooling on ice for 1 min
between each step. Then, samples were centrifuged for 1 min at 20,000 x g (Eppendorf 5417)
and the supernatants were used for total RNA or genomic DNA isolation using the corre-
sponding kit, according to the manufacturer’s instructions. To eliminate DNA contamination
from RNA samples, samples were treated with DNase I (Promega, USA) according to the man-
ufacturer’s protocol. The RNA was eliminated from DNA samples using RNAse A (Roche,
Switzerland). RNA or genomic samples were separated on non-denaturing 2% and 1% agarose
gel, respectively stained with ethidium bromide (Sigma, USA), visualized using a Gel Doc XR+
Imager (Bio-Rad, Hercules, CA, USA), and quantified using a SmartSpec Plus spectrophotom-
eter (Bio-Rad).
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Determination of abundance of DNA from M. circinelloides by qPCR

Abundance of M. circinelloides from mice tissues or macrophages was compared based ina
spore standard curve of M. circinelloides. MU402 spore concentrations between 1 x 10 and 1x
10" mL "' by 10-fold serial dilutions were employed. Consequently, DNA was extracted as pre-
viously reported, to generate a spore standard curve by qPCR by detection of the validated ffe-
I nuclear gene.

Oligonucleotide design and quantitative reverse transcription polymerase
chain reaction (qQRT-PCR)

The primers and hydrolysis probe for the calcineurin catalytic subunit (cnaA, NCBI gene bank
accession number AGJ95088.1); the Na™-K™ ATPases enal (ID number 105213), and ena2 (ID
number 113279) DNA sequences were obtained from M. circinelloides genome database [55].
Design of the primers and hydrolysis probes for each gene was performed using Biosearch
Technologies software (www.biosearchtech.com) to ensure the specificity of all detections dur-
ing gRT-PCR assays (54 Table). To evaluate the relative gene expression of gpa, pkar1, and
adhl from M. circinelloides protocols described previously were followed [25, 29]. Genomic
DNA and total RN A isolation were performed as described previously [18].

Quantification of intracellular cAMP levels and protein kinase A activity

Spores from MU402, Agpall, Agpal2, Agpall/ Agpal2, AcnaA, Agpall+gpallwt or Agpal2
+gpal2wt strains were inoculated into YPG media and incubated with constant shaking (150
rpm) for 3 h. Biological samples that were obtained under these conditions were used in either
cAMP or PKA measurements.

cAMP levels

Cells were separated from media and frozen in liquid nitrogen. Upon nitrogen evaporation, 60
mg of biological samples were weighed, and resuspended in 1 mL of 0.1 M HCI, and 250 pL of
glass beads (0.1 mm) (BioSpec Products, Inc., Bartlesville, OK, USA) were added. Samples
were homogenized by receiving three pulses at full speed for 30 s, with 1 min incubation on ice
intermittently, in a beadbeater (607-BioSpec Products, Inc., Bartlesville, OK, United States).
The supernatants were used for cAMP measurements using the Direct cAMP ELISA kit (Enzo
Life Science, San Diego, USA). Protocols were followed accordingly to the manufacturer’s
instructions. The OD was measured at 405 nm on a microplate reader (Bio-Rad Benchmark;
Bio-Rad Laboratories, Hercules, CA, USA).

PKA activity

We obtained crude protein extract (0.5 pg) from each sample, and a PKA-specific kinase activ-
ity was quantified by using the PKA Colorimetric Activity Kit (Invitrogen, Carlsbad, CA,
United States), as described previously [15].

Statistical analysis

All data were evaluated by analysis of variance (ANOVA, level of statistically significant differ-
ence at u<<0.05). Fisher post-hoc test was used.
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Supporting information

S1 Fig. The spores from the independent M. circinelloides knockout strains produced in YPG
were observed under A) light microscope (100 X), scale bar is equal to 20 pm. B) Under scan-
ning electron microscope. Representative photographs from the corresponding strains of M.
circinelloides (1000 X), scale bar is equal to 10 pm.

(DOCX)

$2 Fig. Identification of Enal and Ena2 from M. circinelloides. Enal from Hansenulla poly-
morpha was used as bait to find Ena homologues in M. circinelloides. A) Clustal W alignment

analysis. Identical and similar amino acid residues are shown in black and grey boxes, respec-
tively. B) Identity analysis of Ena homologues in M. circinelloides is shown as identity/similar-
ity in percentage, Mc: M. circinelloides; Hp: H. polymorpha.

(DOCX)

S3 Fig. Effect of inhibitor of calcineurin FK506 and Triton X-100 on the viability M. circi-
nelloides gpall and gpal2 mutants. A) Effect of inhibitor of calcineurin FK506 on the growth
of M. circinelloides. Radial growth of spores grown on YPG or YNB agar plates recorded each
day during the experiment. Representative photos show radial growth after 3 days. Three inde-
pendent experiments were performed for each condition. B) 100 spores from each strain were
inoculated by spreading on YPG and YNB plates supplemented with 0.005% Triton X-100.
Plates were incubated for 1 day. The bars represent the number of colonies formed with treat-
ment versus the colonies formed without treatment. Three independent experiments were per-
formed for each condition. *Statistically significant difference (ANOVA, Fisher, p<0.05).
(DOCX)

$4 Fig. Deletion of gpa genes in M. circinelloides confirmed by PCR. A) gpall; B) gpal2 and
C) gpall/gpal2 mutation strategy. The 5" and 3’ regions upstream and downstream from the
start and stop translation codons, respectively, were used to flank the pyrG (single mutants) or
leuA (double mutant) selective marker. The diagrams show the recombinant fragments used
to delete the gpa genes in protoplasts of M. circinelloides MU402 wild-type strain. The photo-
graphs show the molecular confirmation by PCR with specific primers for each gene showing
specific PCR-bands that indicate recombination in the corresponding gpa loci. M: Molecular
size markers (kb). C+: PCR control for positive amplification (wf: 1.1 kb amplicon to identify
the wt gpall or gpal2 genes); Agpall: 1.4 kb amplicon to identify the deletion of gpall gene;
Agpal2: 1.3 kb amplicon to identify the deletion of gpal2 gene; and Agpall/Agpal2:2.2 kb
amplicon to identify the deletion of gpal1l gene in the mutant Agpal2.

(DOCX)

S1 Table. Sporangiospore mRNA levels of gpa genes from gpall and gpal2 mutant strains
from M. circinelloides.
(DOCX)

S2 Table. Sporangiospore mRNA levels of gpa genes from cnad mutant strain from M. cir-
cinelloides.
(DOCX)

$3 Table. Oligonucleotides used for PCR assays.
(DOCX)

$4 Table. Oligonucleotides for qRT-PCR.
(DOCX)
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ABSTRACT The fungus Mucor circinelloides undergoes yeast-mold dimorphism, a
developmental process associated with its capability as a human opportunistic
pathogen. Dimorphism is strongly influenced by carbon metabolism, and hence the
type of metabolism likely affects fungus virulence. We investigated the role of etha-
nol metabolism in M. circinelloides virulence. A mutant in the adhl gene (M5 strain)
exhibited higher virulence than the wild-type (R7B) and the complemented (M5/
pEUKA-adh1*) strains, which were nonvirulent when tested in a mouse infection
model. Cell-free culture supernatant (SS) from the M5 mutant showed increased
toxic effect on nematodes compared to that from R7B and M5/pEUKA-adh1* strains.
The concentration of acetaldehyde excreted by strain M5 in the SS was higher than
that from R7B, which correlated with the acute toxic effect on nematodes. Remark-
ably, strain M5 showed higher resistance to H,O,, resistance to phagocytosis, and in-
vasiveness in mouse tissues and induced an enhanced systemic inflammatory re-
sponse compared with R7B. The mice infected with strain M5 under disulfiram
treatment exhibited only half the life expectancy of those infected with M5 alone,
suggesting that acetaldehyde produced by M. circinelloides contributes to the toxic
effect in mice. These results demonstrate that the failure in fermentative metabo-
lism, in the step of the production of ethanol in M. circinelloides, contributes to its
virulence, inducing a more severe tissue burden and inflammatory response in mice
as a consequence of acetaldehyde overproduction.

KEYWORDS Mucor circinelloides, fermentative metabolism, alcohol dehydrogenase,
acetaldehyde, ethanol, virulence, alcohol, mucoral, mucormycosis, oxidoreductases,
dimorphism

Fungal infections are a major threat to immunosuppressed patients (1) and contrib-
ute significantly to nosocomial infections in critical care units (2). Fungal infections
can be superficial or invasive, with invasive infections being a major cause of morbidity
and mortality in patients with cancer and immunosuppression (3). Mucormycoses are
among the fungal infections becoming the most common in the last decade, along
with invasive aspergillosis, which is in part a consequence of improved laboratory
diagnoses (4). Members of the genera Rhizopus, Rhizomucor, Mucor, and Absidia are the
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most frequent etiological agents isolated from patients with mucormycosis (5), which
yields an overall mortality of up to 90% when left untreated in susceptible populations
(6). Rhizopus and Mucor species cause the majority of mucormycosis, with mortality
rates of up to 50%, even in the presence of antifungal therapy (7). Neutropenia,
elevated blood serum iron concentration, and malignancies represent risks associated
with poor prognosis of mucormycosis (8).

Few virulence factors with well-known biochemical and molecular bases have been
described in Mucorales. In Mucor circinelloides, the size of the spores, which is modu-
lated by calcineurin, is a virulence factor, since mutations in the cnaA gene, encoding
the calcineurin subunit A, cause the production of spores that are larger and more
virulent than spores produced by the wild-type strain (9). Morphological transitions also
contribute to virulence during host infection by M. circinelloides. Under aerobic condi-
tions the wild-type strain develops abundant hyphae, whereas mutants in the cnbR
gene, which encodes the M. circinelloides calcineurin regulatory subunit B, produced
yeast cells and exhibited reduced virulence compared to the wild-type strain (9).
Mutation of genes encoding ADP-ribosylation factor 1 (Arf 1) and Arf 3 and Arf-like (Arl)
protein 1 led to the secretion of a harmful protein(s) that contributed to increasing the
pathogenesis of M. circinelloides (10, 11). Rhizopus oryzae uses the GRP78 surface
protein, which is overproduced during diabetic ketoacidosis, to cause endothelial cell
invasion and damage in mice (12). Spores of M. circinelloides produced on medium
supplemented with native blood serum are more resistant to H,0, and macrophage
phagocytosis and increase the virulence capacity compared to M. circinelloides spores
produced on medium supplemented with denatured blood serum or on medium alone
(13).

Other fungal pathogens utilize an extended repertoire of virulence factors, including
toxins (aflatoxins produced by some Aspergillus flavus strains), hydrolases (lipases,
proteases), and glycoproteins for host cell binding (14). In the most common human
fungal pathogen, Candida albicans, the ability to form biofilms constitutes a major
virulence factor (15). Two lines of study suggest a link between ethanol metabolism and
biofilm formation. Ethanol inhibits biofilm development; moreover, genetic alteration
of the alcohol dehydrogenase (Adh) enzyme increases the capacity of C. albicans to
form biofilms in which the ethanol level is low but the level of acetaldehyde is high (16).
In Aspergillus fumigatus, ethanol metabolism has been implicated in the adaptation to
hypoxia conditions during mouse infection. The alcC gene from A. fumigatus, encoding
an alcohol dehydrogenase, is highly expressed in the fungus infecting the lungs from
immunosuppressed mice. Moreover, alcC mutation results in reduced fungal presence
in tissues and increases the inflammatory response (17). In relation to M. circinelloides,
biochemical and genetic evidence indicates that the ADH1 enzyme is responsible for
ethanol production from acetaldehyde reduction and that adhl gene expression is
greater in yeast cells than mycelial cells (18, 19). M. circinelloides adhl gene mutation
prevents growth under anaerobic conditions and leads to decreased ethanol produc-
tion and reduced capacity to grow in ethanol, confirming its role in fermentative and
oxidative metabolism (20).

Because Mucor dimorphism and carbon metabolism are strongly linked (20, 21), we
sought to determine the effects of ethanol metabolism on M. circinelloides virulence. To
this end, we tested the effect of the adhl— mutation on the virulence as well as the
inflammatory response in both mouse and nematode infection models.

RESULTS

adh1 gene mutation increases M. circinelloides virulence. M. circinelloides exhib-
its a dimorphic process, and the hyphal growth has been suggested to increase its
virulence (9). Our group observed that the M. circinelloides adhl mutant (M5) is unable
to grow under anaerobic conditions and shows diminished ethanol production (20). To
determine the role of Adh1 in M. circinelloides virulence, we tested the effects of adhl
mutation in a survival assay using normal nonimmunodepressed BALB/c mice and the
nematode Caenorhabditis elegans as infection models.
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Adh1 Mutation Increases Mucor circinelloides Virulence
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FIG 1 The adh!~ mutation increases virulence in M. circinelloides. (A) A total of 5 x 10° spores from each of the
different strains (M5, adhi~ mutant; R7B, adh1 wild type; M5/pEUKA-adh1*, adhl mutant complemented) were
inoculated using intraperitoneal administration in normal male BALB/c mice. Groups of 8 animals were treated with
the different strains. The animals were observed daily until their death. (B) For C. elegans infection assays, 24-well
flat-bottom plates were incubated with 10,000 spores and 20 nematodes per well in 1 ml of Lee medium; living
nematodes were monitored every 12 h. Three independent experiments were registered in each host model of
infection. The data were statistically analyzed using the Kaplan-Meier test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
When results were not considered significant, we did not provide an additional indication (P < 0.1).

Intraperitoneal injection of spores from wild-type (R7B), adh1~ (M5), and comple-
mented M5 mutant (M5/pEUKA-adh1*) strains clearly showed that M5 dramatically
increased M. circinelloides virulence compared to R7B or M5/pEUKA-adh1*. Strain M5
administration resulted in 82.14% lethality 2 days postinoculation, whereas all mice
inoculated with spores from R7B or M5/pEUKA-adh1+* survived throughout all assayed
periods (Fig. 1A). In correlation, nematode inoculation with spores from strain M5 led
to a significant increase in virulence compared to R7B or the M5/pEUKA-adh1 " spores
(Fig. 1B). This result indicated that the adhl mutation leads to increased fungal
virulence.

Mutation of adh1 affects M. circinelloides germination and growth during
aerobic development. It has been reported that an increase in germination correlates
with a higher virulence rate in M. circinelloides (11). Thus, we next addressed whether
enhanced strain M5 virulence is due to an increase in the germination and/or growth
rate. Strain M5 exhibited a significantly lower germination rate (Fig. 2A) and diminished
biomass production (growth) in minimal medium (Fig. 2B) compared to strains R7B and
M5/pEUKA-adh]+. These results indicated that virulence enhancement in M5 did not
correlate with an increase of germination or growth rate in the strain. Assessment of
hyphal morphelogy in mycelia growing under aerobic conditions did not reveal any
significant morphological change in the M5 mutant compared to the wild-type R7B
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FIG 2 The aerobic development of M. circinelloides is affected by mutation of the adh! gene. A total of 5 x 10°
spores per ml were inoculated into minimal (Lee) liguid medium supplemented with leucine at 28°C with constant
shaking. The germination rate (A) and growth (B) were registered at the indicated times for the three strains (M5,
adh1~ mutant; R7B, adh1 wild type; M5/pEUKA-adh1+, adhl mutant complemented). Four independent experi-
ments were performed under the same conditions. Significance testing was performed using the unpaired
Student’s t test. *, P < 0.05; **, P < 0.01; ***, P << 0.001. When results were not considered significant, we did not
provide an additional indication (P < 0.1).
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FIG 3 Mutation in the adh1 gene increases the invasiveness of M. circinelloides. A total of 5 X 10° spores
from each of the different strains of M. circinelloides (M5, adh1- mutant; R7B, adh1 wild type; M5/pEUKA-
adh1*, adh1 mutant complemented with adh? wild type [WT]) were inoculated independently per
mouse. Following 48 h of incubation, animals were sacrificed and the organs were removed to be
observed (A). Asterisks indicate the presence of M. circinelloides hyphae in tissues subjected to Grocott
staining. Images were taken with X100 magnification under light microscopy. Bar = 200 um. (B)
Quantification of fungal load in the different mouse tissues by qPCR using tfc-1 from M. circinelloides. The
values shown in the ordinate of the graph correspond to the ratio of the tfc-1 gene signal detected in
the tissues by treatment with strain M5 or R7B. (C) We also analyzed the ratio of the tfc-1 gene from the
tissues infected with M5/pEUKA-adhT or R7B. Mouse B-actin gene was used to validate the use of the
same amount of DNA from the different mouse tissues. Four independent experiments were performed
under the same conditions. Significance testing was performed using the unpaired Student’s t test. *,
P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not provide
an additional indication (P < 0.1).

strain (see Fig. S1 in the supplemental material). M. circinelloides spore size has been
associated with virulence changes, with a larger spore size correlating with higher
virulence (22). However, spore size determination by flow cytometry and optical
microscopy showed that all three strains produced spores of equivalent size (Fig. S2).

Mutation of adh7 enhances mouse organ invasion by M. circinelloides. Fungal
cells” infectivity largely depends on their capability of deep tissue invasion (23), that is,
being able to penetrate organs such as the lung, liver, spleen, and brain. The different
M. circinelloides strains were intraperitoneally inoculated to simulate acute sepsis in the
murine model, and all animals were sacrificed and the organs removed prior to natural
death. Fungal tissue invasion and burden were determined qualitatively with Grocott
staining of the tissue sections and quantitatively with real-time quantitative PCR (qPCR)
using the M. circinelloides tfc-1 gene (19). In general, the histological analysis revealed
that in all tissues studied, the presence of the fungus (dark color) was more evident in
the mouse tissues infected with strain M5 (Fig. 3A). Following infection with strain M5,
the organ with the highest signs of fungal burden was the liver, followed by the lungs,
whereas the brain and spleen demonstrated lower fungal presence (Fig. 3A). Using the
same amount of mouse genomic DNA isolated from the tissues of mice infected with
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the different M. circinefloides strains, fungal DNA was quantified using gPCR analysis
{Fig. 53), and the results obtained were consistent with the cytology, indicating that
after infection with M5, the liver and lungs from mice displayed ~80-fold higher fungal
load than that following R7B infection (Fig. 3B} M5 also vielded highear fungal content
in the brain and spleen, although this proportion was no more than 5-fold higher than
that of R78B. In general, these findings indicated that M5 has a higher capacity 1o invade
and colonize tissues than strains R7B and M5/pEUKA-adhi~+, which did not markedly
differ in their capacity {Fig. 3C).

Trying to explain the increased capability of strain M3 to invade tissues, we evalu-
ated the capability of M. circineffoides strains o survive under oxidatlive stress, deter-
mining the ability of the spores to germinale on yeast-peptone-glucose (YPG) medium
after the addition of H,Q,. The spores from strain M5 showed the highest levels of
resistance to H,0,, with ~64% of spores germinated, strain M5/pEUKA-adh] * showed
~54% of spores germinated, and the spores from the wild-type strain showed ~37%
germination compared to the control without H,0, (Fig. 4A). After obtaining this result,
we performed a phagocytosis assay with the spores from all the strains using the
murine macrophage cell line RAW 264.7. We ohserved spore germination in the
presence of the macrophages after 3h of interaction, and spores from strain M5
seemed to germinate faster than those from the other strains (Fig. 4B). To quantify the
spore germination, mRNA of pkafR? was used to indirectly estimate the aerobic spore
germination {19). The mRNA levels of pkaR? were determined by real-time quantitative
reverse transcription-PCR (qRT-PCR) after 1, 3, or 6 h of macrophage and spore inter-
action. The pkaR! transcript levels after 1 h (~264 or ~118%), 3h {~143 ar ~42%), and
6h (~122 or ~36%) were higher in the M5 strain than the wild-type or M5/pEUKA-
adh1+ strain (Fig. 4C). We quantified the number of spores that were digested by
macrophages after the interaction by qPCR using the tfc-1 gene levels {see Materials
and Methods). Our results showed that the lowest number of spores digested by the
macrophages after 6h of interaction corresponded to strain #5 (94,054 spores di-
gested), followed by strain M5/pEUKA-adhT+ (with 151,444 spores digested) and the
wild-type strain (160,003 spores digested); this means that the spores digested in the
mutant M5 correspond to only 60% and 65% of the spores digested in the wild-type
and MS/pEUKA-adhl+ strains, respectively (Fig. 4D). Additionally, we quantified the
CFU produced from spares that survive the digestion by the macrophage after 6 h of
interaction. Spores from the mutant M5 strain produced 36.6 or 42.6% rmore CFU after
the macrophage interaction than the wild type or M5/pEUKA adh?+ strain, respectively
{Fig. 4E). These results indicate that the spores from the M5 mutant strain are less
susceptible to digestion by the macrophages than the spores from the wild-type or
MS/pEUKA-adhT+ strain. Thus, these observations demonstrated that the genetic
alteration of M. circinelloides fermentative metabolism by loss of function of the ADH1
enzyme increased the survival of spores after oxidative stress exposure and caused in
the spores a greater resistance to the digestion by macrophages, which could explain
in part the increased ability to invade and colonize tissues.

The M. circinelicides adh? gene mutation enhances the inflammatory response
in mouse tissues. As the invasion of mouse tissues by AL drcinelfoides could trigger
some respense in the animal, it was of interest to determine whether there were
changes in the inflammatory response as a result of the presence of the fungus and il
such changes were differential between the M5, R7B, and complemented mutant
(MS5/pEUKA-adhT+) strains of M. circinellaides. We utilized hematoxylin and eosin
staining to analyze the morphological changes occurring in mouse tissuss after infec-
tion with the various strains. Animals that had not been infected showed normal tissue
appearance (Fig. 5A), whereas infection with the R7B or M5/pEUKA-adh !+ strain caused
mild inflammatory response in almost all tissues compared to tissues from noninfected
animals (Fig. 5A). However, the tissues from mice infected with strain M5 showed more
pronounced inflammation in brain and lungs. In the latter case, the alveolar structures
were disrupted and enythrocytes were observed in the lung tisswe, suggesting severe
tissue damage. In addition, in mice infected with M5, the liver showed infiltration of
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FIG 4 Role of the adh! mutation in the survival of M. circinelloides spores after H,0, damage or macrophage phagocytosis. (A) Spores
produced on YPG from the different strains were incubated with or without 4mM H,0, and incubated at 28°C. The survival rate was
obtained after 24 h from the quotient of colonies from treatment versus no-treatment groups. (B) Germination of spores in the interaction
with macrophages was seen under direct observation by light microscopy (40). Scale bar = 20 um. Arrows indicate germinating hyphae,
and arrowheads indicate swelling spores. (C) The pkaR1 mRNA levels were quantified using gRT-PCR 1, 3, and & h after the spores and
macrophages interacted. (D) Quantitation of killed spores by qPCR using tfc-7 after 6 h of incubation with mouse macrophages. A ACT
analysis was performed to compare the mRNA and gene levels between the samples. (E} Quantitation of CFU from spores after 6 h of
incubation with mouse macrophages. Figures show the average of three independent experiments. Significance testing was performed
using the unpaired Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not
provide an additional indication (P < 0.1).

Kupfer cells and production of binucleated hepatocytes, indicating a more exacerbated
inflammatory response than that seen in the tissue from animals infected with strains
bearing functional ADH1 activity (Fig. 5A).

qRT-PCR analysis of some inflammatory responses (Mip2, II-18, and II-6) in mice
infected with M. circinelloides strains confirmed the observations made using histolog-
ical analysis. The mice that were infected with strain M5 showed significantly higher
transcript levels of these inflammation markers than did those infected with strains
retaining functional ADH1 activity (Fig. 5B to D). Upregulated transcriptional activity of
1I-1$3 and 1I-6 correlated with significantly elevated protein expression of interleukin 18
(IL-18) and IL-6 in mouse liver and lung tissues that were previously infected with the
mutant M5 strain (Fig. 6). These results indicate that the adh! mutation in M. circinel-
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FIG 5 The adh1~ mutant strain M5 of M. circinelloides triggers an enhanced inflammation response in mice. Spores from the different strains of M. circinelloides
were inoculated in mice, and 48 h postinfection, the animals were sacrificed and the organs were removed for histological analysis using hematoxylin and eosin
(A). The arrows show the glial brain cells. Alveolar structures are enclosed in brackets. The stars show the erythrocytes in the spleen, and the triangles show
the hepatocyte morphology in the liver. Images were taken with x 100 magnification under light microscopy. Bar = 200 um. mRNA quantification was
performed in the organs, and levels of (B) Mip2, (C), /I-18, and (D) /I-6 were determined using qRT-PCR. Expression is relative to Mus musculus B-actin. Significance
testing was performed using the unpaired Student’s ¢ test. *, P < 0.05; ** P < 0.01; ***, P < 0.001. When results were not considered significant, we did not
provide an additional indication (P < 0.1).

loides induces a more pronounced systemic inflammatory response that could contrib-
ute to the lethal effect in infected mice.

Toxic effect of cell-free supernatant from the M. circinelloides adh1 mutant. To
understand the basis of the enhanced tissue burden and inflammation conferred by the
adh1 mutation, we tested if toxicity is mediated by excreted or secreted products of
strain M5. To this end, cell-free culture medium (SS) from the different strains was
collected and assayed for its effects on C. elegans viability in incubation performed at
20°C. The SS from strain M5 grown for 12 h caused the most pronounced loss of
viability in C. elegans compared to strains R7B and M5/pEUKA-adh1+ (Fig. 7A). M5-
derived SS preincubated at 37°C or 37°C with addition of protease (pronase E) prior to
nematode incubation similarly abolished the toxic effects on nematode viability (Fig. 78
and C). Moreover, the SS from all three strains incubated for 12 h at 25°C did not trigger
any toxic effect on the nematode (Fig. 7D). Taken together, these results indicate that
the M5 SS toxic effect is due to a thermolabile molecule of a nonprotein nature.
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FIG 6 The adh1— mutant strain M5 of M. circinelloides increased the protein expression of cytokines in mouse tissue. The cytokine
expression of (A) IL-18 and (B) IL-6 was determined using ELISA in liver and lung from mice previously infected for 48 h with the different
strains. Significance testing was performed using the unpaired Student's t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were
not considered significant, we did not provide an additional indication (P < 0.1).

Toxic effect of the M. circinelloides adh1 mutant is associated with excreted
acetaldehyde. Because the toxic secreted compounds from strain M5 are temperature
labile at 25°C as well as 37°C and because the adhl mutation impairs the synthesis of
ethanol from acetaldehyde (20), we reasoned that among the possible compounds
excreted in the culture medium of this strain, acetaldehyde best matches the charac-
teristic of evaporation (acetaldehyde evaporates at 21°C). Strikingly, the SS acetalde-
hyde concentrations for strains R7B and MS5/pEUKA-adh1* were 0.5 and 15 mM,
respectively, whereas that of the M5 mutant strain was 47.5 mM (Fig. 8A). The SS from
the M5 mutant strain was incubated for 12 h at 25°C or 37°C to promote the possible
evaporation of acetaldehyde, and the concentration of acetaldehyde in the SS from
strain M5 showed significantly reduced levels after incubation at 25°C (18 mM) and 37°C
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FIG 7 Cell-free medium from cultures of the adh1— mutant strain M5 of M. circinelloides is toxic to Caenorhabditis
elegans. (A) Spores from the indicated strains were inoculated in Lee medium and grown under aerobic conditions
at 28°C with constant shaking for 12 h, and then the cultures were filtered using 2-um Millipore filters to obtain
the cell-free medium culture (55), which then was incubated in the presence of C. efegans. (B) The 55 from all the
strains were treated for 2 h at 37°C with pronase E or (C) at 37°C prior to incubation with the nematode. (D) The
SS from all the strains were treated for 12h at 25°C. All the 55 were incubated with the nematodes. A total of 20
nematodes were used per well and incubated at 20°C for 2 h. The results presented are the average of four independent
experiments. The data were statistically analyzed using the Kaplan-Meier test. *, P < 0.05; **, P < 0.01; ***, P< 0.001.
When results were not considered significant, we did not provide an additional indication (P < 0.1).
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FIG 8 Acetaldehyde accumulation and its toxic effect during spore germination in M. circinelloides adh1-and adh1* strains.
(A) The acetaldehyde from cell-free medium culture {from 12 h of fungal growth) was quantified using a mass spectrom-
etry/flame ionization detector (M5-FID) method from different strains of M. circinelfoides (MS, adh1~ mutant; R7B, adh1 wild
type; Ms/pEUKA-adh1~, adh1 mutant complemented). M5 cell-free medium culture was untreated (M5) or treated for 12 h
at 25°C (M5 25°C) or at 37°C (M5 37°C). (B) Spore germination in the presence of exogenous addition of acetaldehyde in
the various culture media. Four independent experiments were performed employing the same conditions. Significance

testing was performed using the unpaired Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not
considered significant, we did not provide an additional indication (P < 0.1).

(7 mM) (Fig. 8A). Further experiments showed that the exogenous addition of acetal-
dehyde to C. elegans at a concentration of 37.5 mM led to a 60% viability loss (Fig. S4),
indicating that this acetaldehyde concentration is toxic to C. elegans and explaining the
high toxicity of M5 SS. Notably, acetaldehyde at 37.5mM did not affect the spore
germination rate of strain M5 at 6 h, although a 30% decrease of R7B spore germination
was observed (Fig. 8B). This result indicates that strain M5 is uniquely able to cope with
this acetaldehyde concentration, perhaps through its conversion to acetate.

In Saccharomyces cerevisiae, the ald2-encoded aldehyde dehydrogenase catalyzes
the conversion of acetaldehyde to acetate (20). ald2 mRNA quantitation from M.
circinelloides strains showed that the ald2 transcript level of R7B was 13.69-fold lower
than that of strain M5 (Fig. 9A); moreover, the accumulation of acetate was 3.6-fold
higher in strain M5 than strain R7B (Fig. 9B). These results suggest that the high
accumulation of acetaldehyde in the M5 mutant strain activates a detoxification
mechanism involving increased expression of the ald2 gene, resulting in a greater
tolerance to acetaldehyde in this strain.

Increased acetaldehyde production in the M5 adh1 gene mutant strain con-
tributes to its virulence in mice. [n mammalian cells, acetaldehyde is metabolized to
acetate by aldehyde dehydrogenase (ALD) activity; accordingly, when disulfiram, a
competitive inhibitor of ALD activity, is used to control alcohol addiction, the resulting
unpleasant symptoms and toxicity are due to acetaldehyde accumulation (24).
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FIG 9 The adh?- mutant M5 from M. circinelloides detoxifies acetaldehyde through acetaldehyde dehydrogenase (ald2)
overexpression. (A) Quantitation of the transcript levels of the acetaldehyde dehydrogenase gene (ald2) from wild-type
(R7B) and adh1- mutant (M5) at 12 h of fungal growth. (B) Acetic acid levels were measured in the cell-free culture medium
at 12 h of growth. Four independent experiments were performed under the same conditions. Significance testing was
performed using the unpaired Student's t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered
significant, we did not provide an additional indication (P < 0.1).
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FIG 10 Mouse ALD activity inhibition increases the virulence of the adh7- mutant M5 of M. circinelloides. Spores from the
different strains of M. circinelloides were inoculated independently per mouse. Mice were separated into two groups, which
were not treated (A} or treated (B) with disulfiram and inoculated with spores from the M. circinelloides strains (Ms, adh1-
mutant; R7B, adh? wild type; M5/pEUKA-adh1*, adh! mutant complemented). A positive control was used (mice with
disulfiram treatment under the presence of ethanol at 10% ad fibitum). Two independent experiments were performed
employing the same conditions using 8 mice under each condition tested. The data were statistically analyzed using the
Kaplan-Meier test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not provide

an additional indication (P < 0.1).

In the present study, disulfiram treatment was used in mice infected with the
different strains of M. circinelloides, with treatment 48 h prior to spore infection and
every 48 h postinfection. The administration of ethanol ad libitum did not generate
mouse deaths (Fig. 10A), in contrast to the death of all mice at day 5 when ethanol was
administered under disulfiram treatment (Fig. 10B). Remarkably, disulfiram treatment
increased the virulence of strain M5, as shown by a decreased time until lethality
compared to the result for mice that were infected with M5 alone (Fig. 10). In addition,
10% of the mice infected with R7B under disulfiram treatment were killed, in contrast
to the 100% survival of mice infected with R7B spores without disulfiram treatment,
suggesting that although much lower acetaldehyde is produced by mycelium from the
wild-type R7B strain than strain M5 (Fig. 8A), it could be accumulated by the inhibitory
effect of disulfiram on the ALD activity in strain R7B. This result suggests that the
acetaldehyde accumulation, resulting from the inhibition of mouse ALD activity, en-
hanced the virulence effect of M. circinelloides strain M5.

DISCUSSION

Several zygomycetous species belonging to the order Mucorales function as human
fungal pathogens to cause the lethal infection mucormycosis; these species include
Mucor spp., Rhizopus spp., Rhizomucor spp., Cunninghamella spp., and Apophysomyces
trapeziformis (25-27). In dimorphic species of Mucor, spore germination can lead to
either filamentous (mycelium) or spherical (yeast) cell production, depending on envi-
ronmental conditions (28, 29). The hyphal or the yeast phase of development can be
obtained both in the presence of oxygen and under anaerobic conditions, depending
on the carbon source and/or the presence of morphogenetic compounds. Develop-
ment of the yeast form requires hexoses and invariably correlates with fermentative
metabolism, whereas the hyphal phase can exhibit either oxidative or fermentative
metabolism, depending on culture conditions (30). However, the type of metabolism is
not a mandatory requirement for any of the Mucor dimorphism alternatives. Thus, as a
consequence of altered Mucor rouxii fermentative metabolism by mutation of the adh1
gene, the fungus loses its capacity to grow under anaerobic conditions. However, its
spores maintain the ability to differentiate toward the yeast phase when incubated
under aerobic conditions in the presence of phenethyl alcohol or to the hyphal phase
upon incubation under aerobic conditions in medium without phenethyl alcohol (30).
In M. circinelloides, the adhl gene is expressed in both hyphae and yeast cells,
producing a cytoplasmic enzyme that appears to account for the major fungal ADH
activity (18, 19). In addition, in M. circinelloides and M. rouxii the adhl gene mutation
impairs growth under anaerobic conditions and negatively affects ethanol production
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in aerobic cultures but does not affect 1he yeast-hypha dimorphism in aerobic condi-
tions (20, 30). In recent years, specific signaling cascades, including the protein kinase
A (31-34) and calcineurin pathways (9), have been implicated in the modulation of
yeast-hyphal dimorphic transitions of M. circinellaides. Furthermore, it was shown
that the pathogenicity of the fungus was negatively impacted upon <alcineurin
mutation {9),

In the present study, we show that alteration of the fermemative metabolism of A
circineffoides by adhi muration exacerbates the pathogenic capacity of the fungus. In
particular, the lack of ADH1 activity in the #5 mutant strain led to a higher mortality
rate upon infection on mice or nematodes than that seen with the wild-type R7B and
the complemented mutant MS/pEUKA-adh T+ strains bearing functional ADHT activity.
Qur previous kinetic studies showed that Lthe M. circineffoides ADH1 enzyme possesses
greater affinity for acetaldechyde than ethanol, revealing that in vivo, the main role of
this enzyme is to convert acetaldehyde to ethanaol (18). Our observations indicated that
strain M5 produces higher acetaldehyde concentrations in the 55 (45 mM) than do
strains R7B (0.5 mMY and M5/pEUKA-adh?+ (15 mM), lending further support to the
fermentative function of the fungal ADHT enzyme. This result also explains the higher
toxic effects on C elegans viability when exposed 10 55 from M5 than when exposed to
85 from straing with functional ADH1 activity. Furthor observations supporting the
model that the high concentration of acetaldehyde in the M5 5SS accounts for the
marked C efegans loss of viability include {i} the decrease in the M circinefloides
strain-mediaked 55 toxicity effect by its incubation at 25°C and 37°C, which triggers
acetaldehyde evaporation, and (i) exogenous addition of acetaldehyde to C glegans at
a concentration similar to that produced by the M5 mutant, which recapitulates the M5
$S toxic effect in nematode viability. Notably, M5 overexpresses the ald2 goene, which
could be an acetaldehyde-induced response, as previously described in S, cerevisiae
(35), aimed at acetaldehyde detaxification by its conversion to acetate,

Acetaldehyde is a highly toxic and carcinegenic product of alcohal fermentation and
metabaolism in microorganisms (36). In the dimorphic pathogen €. albicans, the ability
1o form bicflms constilutes a major virulence factor (37). Specifically, alcohol debydro-
genase is Jdownregulated in C abicans biofilms, and ADAT disruption significantly
enhances the ability of the fungus to form biofilms in which the production of erhanol
is low and that of acetaldehyde is high. Thus, it was concluded that ADHI activity
restricts the ability of C afbicans to form biofilms in vitro and in vivo and that the protein
restricts bioAlm formation through an ethancl-dependent mechanism {16). It was
shown that in the presence of v-2-hydroxyisocaproic acd, € albicans restricts biofilm
formation and negatively affects the prodoction of acctaldehyde from glucose; appar
cntly, the latter process may be due to the upregulation of genes responsible for
acetaldehyde catabolism (37, 38%

By using a chemotherapeutic murine model of invasive pulimanary aspergillosis and
a metabolomics approach, ethanal was detected in the lungs of mice infected with
Aspergitius fumigatus; it was demonstrated that during infection, the fungus is exposed
1o axygen depleted microenvironments (17). An AgleC mutant (which has the alcohol
dehydrogenase encoding gene aleC deleted) of A, fumigatus showed no growth defects
under hypoxic conditions and yielded wild-type levels of mortality in different murine
maodels. However, lung immunohistopathology and flow cytometry analyses revealed
an increase in the inflammatovy response in mice infected with the dalfcC mutant strain,
which corresponded to a reduction in fungal burden. It was concluded that in A
furnigatus, a functional ADHT contributes to fungal pathogenesis in the lung, to hyposxia
adaptation, and to growth {17).

The high degree of virulence of the M. dreinelloides M5 adhT mutant in mice or in
C. elegans demonstrates that altered fermentative metabolism, producing acetaldehyde
accumulation, confers a greater capacity of pathogenesis and does nol appear to
negatively affect hypoxia adaptation during infection of mice, since the mutant M5 is
not affected in its ability to colonize the host. In a previous study, we observed that the
growth of the M5 mutant is drastically affected in in witro cultures made under
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anaerobic or in self-anagrobic conditions (20, Thus, the normal colonization of mice by
the M5 mutant could indicate that nonfermentable carbon sources exist and could be
used for growth in the environment of the animal's tissues and/or that hypoxia is not
very strict in these tissues. Qur findings reveal a mechanistic difference between A
fumigatus and M. cirdnelloides regarding the importance of the ADH1 enzyme in
connection with pathogenic potential: in the former fungus, a functional ADH1 is
required to sustain hypoxia adaptation and host colonization (18}, whereas in M.
circinelioides, the aforementioned enzymatic activity is not required for adaptation to
hypoxia or for colonization of mice, and rather, the possession of a nonfunctional ADH1
increases the pathagenic potential of the fungus. Our results coincide in some aspeacts
with those obtained in C. afbicans, mainly with the obhservation that a decrease in ADH
activity causes an increase in virulence. In Candida, this process is associated with an
increase in bicfilm formation, which constitutes a major virulence factor (37} In our
observations, the mouse tissues (mainly liver and lungs) invaded by the M5 mutant
showed fungal growth accumulation, but we were unable to determine if these hyphae
were organized in biofilms. However, the fact that the S5 from the three M. circinelloides
strains studied were able to cause mortality in €. elegans indicated that hyphae are not
the direct cause of damage 1o the nematode, but rather the acetaldehyde produced
and excreted by strain M5 is the cause,

Wild-type Candida strains can produce acetaldehyde from ethanal or glucose in in
vitro cultures (38). Our results show that in cultures grown in medium with glucose, the
wild-type M. circinelfoides strain R7B does not produce significant amounts of acetal-
dehyde. This may explain R7B's low degree of virulence compared to the M5 mutant
strain, which produces acetaldehyde under these conditions, and indicates a metabolic
difference between Candida and Mucor,

When culwred in vitro under agrobic conditions in the presence of glucose, the M.
circimelioides M5 mutant showed a 35% decrease in germination rate and produced
33% less biomass than R7B. As M. circinelloides produces high levels of ethanol under
aerobic conditions {18, 20). most likely such metabolism contributes to energy produc-
tion, possibly through the regeneration of NAD*, catalyzed by the ADH1 enzyme (18,
20). We propose that these detrimental effects could be the result of a lack of NAD*
regeneration through the ADHT activity in the M5 mutant strain. Uncxpectedly, despite
its reduced growth in cultures, the colonization of tissues by M5 was more extensive
than that observed with strains R7B and M5/pEUKA-adh? *. Probably, this is because
strain M5 is more resistant to macrophage digestion in mice, as we observed in
macrophage culture analysis.

In chronic lung inflammation in smokers (39 or heavy drinkers {(40), acetaldehyde
acts as a toxic compound that drives the inflammatory tissue response. The infection of
mice with the AalcC mutant of A. fuimigatus triggers an inflamrnatory response in their
bronchoalveolar fluids 1173 In the present study, we observed 2 similar cffect in
infections with the M. circinelloides M5 mutant, with an enhanced inflammatary re-
sponse in all mouse tissues analyzed compared 1o that following R7B or M5/pEUKA-
adhl+ infection. We propose that overproduction of acetaldehyde contributes signif-
icantly to the M5 mutant's virulence and enhanced tisswe burden in mice. Notably,
4.5 mM acetaldehyde inhibits phagocytosis and chernotaxis of monocytes and poly-
morphonuclear cells {41). This inhibitory effect may partially explain the enhanced
tissue colonization by the M5 mutant strain compared to that of strains with functional
ADH1 activity.

Our results indicated that the infection of mice with M. circinefloides M5 induced a
systemic inflammatory response, even in brain tissue, suggesting a process of cell
degranulation and blood histamine release. To test this assumption, we assessed the
mRNA levels of three inflammatory response markers: (i) Mip2, whose mRNA expression
is influenced by the presence of histamine (42}, (i} #-783, which is an important
chemokine in the cell inflammatory response and apoptosis (43), and (i} -6, the
general response chemokine in inflammatory processes (44). These inflarlmnmatory re-
sponse markers were expressed at a higher level of transcript (Mip2, f1-18, and #-6) and
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protein (IL-18 and IL-6) in mouse tissues infected with the M5 mutant strain than those
infected with M. circinelloides strains with functional ADH1 activity, indicating that strain
M5 triggers a more pronounced inflammatory response.

In support of our model that acetaldehyde produced by M. circinelloides strain M5
is in part responsible for M5-associated pathology, treatment with the ALD inhibitor
disulfiram, which increases acetaldehyde accumulation, exacerbated M5 virulence.

Acetaldehyde is produced by a conserved metabolic pathway in diverse human
pathogens, including bacteria (Enterobacteria species), fungi (Ascomycetes: C. albicans,
Zygomycetes: Mucor species), and protozoa (Entamoeba species); most of these organ-
isms use fermentative metabolism during their infection process (45). To our knowl-
edge, this is the first report that links ethanol metabolism and virulence in an early-
diverging fungus. Furthermore, as M. circinelloides is a versatile fungus able to utilize
diverse nutrients and oxygen concentrations to colonize its environment, it would be
of considerable interest to identify a possible relationship between the prevalence and
virulence of Mucorales strains (not only exclusive for M. circinelloides) from clinical
origins and their characteristics in relation to ethanol metabolism.

MATERIALS AND METHODS

Strains and growth conditions. The M. circinelloides R7B (leuA—) strain was originally derived from
the (—) mating type M. circinelloides f. lusitanicus CBS 277.49 (46), M5 (levA-, adh1-) is a spontaneous
adh1 mutant strain obtained by growth selection in allyl alcohol (20), and M5/pEUKA-adh1~ is an M5
strain carrying a self-replicative plasmid (pEUKA-7) harboring the wild-type adh? gene from M. circinel-
loides R7B.

Spores were grown on yeast-peptone-glucose (YPG) medium containing 0.3% yeast extract, 1%
gelatin peptone, and 2% glucose and supplemented as necessary with 2% bacteriological agar at pH 4.5.
Minimum Lee medium was also employed, using 2% glucose, 0.5% sodium chloride, 0.25% potassium
dihydrogen phosphate, 0.20% magnesium sulfate, 0.20% ammonium sulfate, 0.005% leucine as neces-
sary, and 2% bacteriological agar supplemented when producing solid medium (adjusted pH 5.3).

Aerobic and self-anaerobic spore germination and growth quantification. Aerobic growth was
performed in a 250-ml flask with 25 ml YPG inoculated with 5 < 10° M. circinelloides spores per ml. Liquid
cultures were maintained at 28°C for 24 h with constant shaking at 150 rpm. Self-anaerobic spore
germination was performed using 125-ml flasks with 125 ml YPG medium; 5 = 10% M. circinelloides spores
per ml were incubated as described previously (47). The germination percentage was calculated for
aerobic or anaerobic conditions as germinules or budding yeasts counted in a total of 100 cells. To
determine biomass production, mycelia were collected from liquid cultures using filtration, and the dry
weight was determined.

To evaluate the oxidative stress, 100 spores from each of the different strains were treated or not
treated with 4 mM H,0, for 1h at 4°C and spread on YPG plates and incubated for 24 h at 28°C.

Total genomic DNA isolation from mouse tissues. DNA from mouse tissues infected or not
infected with M. circinelloides strains was isolated as follows. Organs (brain, lung, spleen, and liver) were
removed from the mouse postinoculation; tissue lysis was performed using 50 mg from each organ.
Mouse tissue samples were transferred into a tube with MagNA Lyser green beads (Roche, Madison, Wi,
USA) and precooled on ice. Denaturing binding buffer (200 ul) and proteinase K (10 mg/ml, 40 pl) from
the High Pure PCR template preparation kit (Roche) were added immediately before homogenization.
For cell disruption, tubes were placed in the MagNA Lyser instrument (Roche) and processed twice at
4,200 = g for 40 5. Samples were cooled on ice for 1 min between each processing step. Samples were
then centrifuged for 1 min at 15,000 x g (Eppendorf 5417), and the supernatants were used for DNA
isolation following the manufacturer’s protocol. Total genomic DNA was quantified using a Smart Spec
Plus spectrophotometer (Bio-Rad, Berkeley, CA, USA).

Total RNA isolation from mouse tissues or M. circinelloides. Biological samples from the different
M. circinelloides strains were collected 24 h after aerobic growth in YPG or Lee medium, filtered through
Whatman filter paper (Sigma, St. Louis, MO, USA), and washed with distilled water, Mouse tissues (brain,
lung, spleen, or liver) were also collected following M. circinelloides strain infection.

Approximately 50 mg of mycelia or mouse tissue samples was then transferred into a tube with
MagNA Lyser green beads (Roche) precooled on ice. Denaturing RLT buffer (700 pl) from the RNeasy
minikit (Qiagen, Venlo, The Netherlands) was added immediately before homogenization. For cell
disruption, tubes were placed in the MagNA Lyser instrument and processed twice at 6,500 rpm for 40 s
with cooling on ice for 1 min between each step. Then, samples were centrifuged for 1 min at 20,000 x g
(Eppendorf 5417), and the supernatants were used for RNA isolation following the RNeasy minikit
protocol (Qiagen). To eliminate DNA contamination, samples were treated with DNase | (Promega,
Madison, W1, USA) according to the manufacturer's protocol. RNA samples were separated on nonde-
naturing 2% agarose gels stained with ethidium bromide, visualized using a Gel Doc XR+ imager
(Bio-Rad, Hercules, CA, USA), and quantified using a SmartSpec Plus spectrophotometer (Bio-Rad).

Oligonucleotide design and real-time quantitative reverse transcription-PCR (qRT-PCR). Prim-
ers and hydrolysis probes for the ald2 gene from M. circinelloides encoding the homolog to ALD2 from
Saccharomyces cerevisioge were used as reported previously (20), and the B-actin (Actg), interleukin 18
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=130, interleukin 6 (#-6), and murine macrophage inflammatory protein 2 (Mip2) genes from mice were
used as described before {13).

QRT-PCR was performed using the LightCycler 480 11 systern {Roche Molecular Diagrostics, Pleasan-
ton, CA, USA} employing the SuperScrpt lll Platinum one-step gRT-PCR reagent kit (Invitrogen, Carlshad,
CA, USAY Each 25-ul reaction volume comprised 5 al extracted total RNA template (50 ng), 0.5 pl enzyme
mix, 12.5 ul reaction mix {2x), 05 pl each 18-pM forward and reverse primer, 0.5 pl probe (5 pM), and
5.5 plnudease-fres water. gRT-PCR was initiated with reverse teapscription (50°C, 30 min} and initial
denzturation {95°C, 5 min), followed by 45 amplification cycles at 60°C for 305, 72°C for 305, and 95°C
for 15 5; fluorescence signals were collected at each 60°C slage. Appropriale positive, nontemplate, and
extraction controls were included in each tast run.

Fungal load determinaticn by real-time guanthative PCR from mouse tissues. The gPCR assay
was performed using the LightCycler 480 Il system with the Platinum quantitative PCR SuperMie-UDG kit
finvitrogen). Reactions were as above for gRT-PCR but with 5 pl extracted total DNA template (506 ngl.
qPCR was performed as indicated for qRT-PCR (without reverse transcriptase) and included the same
controls as those employed for gRT-PCR; flucrescence signals were collected at each 80°C stage at
530 nm.

qRT-PCR and qPCR amplification afficiency, relative expression level calculation, and datz
analysls, To evaluate relative gene expression, a caloulation for estimating the efficiency of a real-time
PCR assay for each studied gene is required. Here, estimation was performed using a calibration dilution
curve and slepe calculation. A 5-fold dilution series (300 1o 0.05ng 1otal ANA) was utilized as qRT-PCR
samples. Briefly, E was obrtained from standard curves using the formula E = {[1¢ (—1/slope) — 14100}
Relative expression levels ware determined using the efficiency comrection method, considering ampli-
fication efficiencies between target and reference genes [48). M. cireinelfoides fc-1, which encodes a
subupit of the transcription factor THIC required for the RNA polymerase Il preinitiation complex
assembly, served as the reference gene in qRT PCR analysis during dimorphism in M. circinelfoides (190,

Ci habditis eleg killing ys. C. el Bristol N2 worms (49) were synchronized by
hypochlorite isclation of eggs from gravid adults, followed by hatching in 5-basal medium (S04 L1 larvae
were transferred onto tode growth medium {50 plates seeded with the Escherichia cofi OP50 strain
previously grown on the plates as a food source and incubated at 20°C for 4 to S days until reaching
young adult phase, Worms were rinsed from the plates and washed in 5 basal medium. M. drcinelioides
cultures were grown 21 12 of 24h in YPG medium supplemented with leucine at 28°C and, after
centrifugation, the 55 was recovered by filtration {(Millipore 0.2-pm filters; Billerica, MA, USA) for further
experiments. For each experiment, 10 te 20 worms were dispensed into each well of 24-well Costar plates
{Coming, Inc., Armonk, NY, USA). Then, worms were incubated with 1ml 55 or 10,000 spores from each
strain contained in a total volume of 1 ml Lee medium, and the plates were incubated for 48 h at 20°C
and scored for live worms at 6, 12, 24, and 48 h, For statistical purposes, three replicates per experiment
were performed. YPG and Lee medium served as negative controls. A worm was considered dead when
it no longer responded (movad} to a touch stimulus. Worms that died after sticking to the plate wall were
excluded fiom the analysis.

For all assays, fungal inoculur £encentrations were confirmed by dilution plating and counting. We
conducted three independent assays for €ach worm group. The 55 (1 mi} obtained from each M.
circingfloides strain was treated with 25 pl pronase (Skgma), equivalent 1o 5 units, and incubated for 2h
at 37°C or heated at 90°C for 2 b prior o its use in the C efegans Killing assays.

Meuse virulance 2nd disulfiram treatment. The pretocol for the mouse virulence model followad
the recommendations of the Mexican Federal Regulations for the Use and Care of Animals (NOM-063-
700-1959) (SAGARPA 2001% (S1).

To assess M. crcineffoidas strain virulence, groups of approximately 10- 10 12-week-old male BALB/C
mice ([CINVESTAY, Zacatenco, México} (20 g average welghtl were used. At day 0, mice were inoculated
with spores from the different M. circinellofdes strains in 200 pl total volume of sterile phesphate-buffered
saline containing 5 ¢ 10° spores/dose administered intraperitoneally. Mouse survival was menitored
each day. At least three independent assays were conducted for each group.

An ALD activity inhibitor {disulfiram; Sigma) was administered 1o the mice prior 1o and during the
infection assay; gach mouse was injected intraperitoneally with 300 mg/kg of body weight 48 h prior 10
spore inoculation and at day 0 of infection, followed by dosing each 48 h during the infection perlod.
Mouse survival was monitored each 1260 after infection. Ethanol was administered by ingestion in
drinking water at a concentration of 108 (vol/vol) supplied ad #bitum to groups of male mice with or
without disulfiram treatment.

Macrophage spore Killing assay. Mouse monoccyte/macrophage RAW 264.7 (TIB-71} was purchased
from the American Type Culture Collection (ATCC). Cells were maintained in Dulbecco modified Eagle
{DMEM) medium supplemented with 10% feral bovine serurm (FBS) (Sigrma, USA), 100 LYml penicillin
{Sigrma, USA), and 100 pg/mil streptomycin (Sigma, USA) (basal medium) at 59 CO, and 37°C 24 h before
treatments.

Macrophages were seeded at 8 x 10° cellsfwell in DMEM basal medium (Gibco, Thermo Fisher
Scientific, USA) without antibiotics and incubated at 3/°C in &-well plates. After incubation overnight, the
basal medium in each well was replaced with fresh medium, and then the macrophages were cocultured
with 2 < 105 spores produced in YPG for 1 or & h. Afterwards, lhe culture medium and cells and spores
were separated by centrifugation at 1,000 % g for 10 min. The cell and spore pellet was recovered and
rasuspended in 6.1 ml and separated into two tubes with 0.05 ml 2ach. One tube wa:s maintained at
—80°C, until nuglelc acid extraction was performed, and the other was diluted {1:50) and used 1o plate
200 of the initial spores to evaluate CFU in YPG solid medium. For the CFU assay, the control was the
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spores in DMEM basal medium without antibiotics. The CFU were quantified 24 h after incubation in the
presence of light at 28°C.

Preparation of tissue homogenate supernatants and ELISA. Spores from the different strains of
M. circinelloides were inoculated intraperitoneally in BALB/c mice, and 48 h postinfection the animals
were sacrificed and the organs were removed. Liver and lung organs were harvested, and the organs
were transferred to a 2.0-ml microcentrifuge tube containing 0.8 ml phosphate-buffered saline (PBS) and
protease inhibitor (cOmplete ultra tablets, mini, EDTA-free; Roche Diagnostics, Mannheim, Germany). The
organs were homogenized by a Potter-Elvehjem glass homogenizer, and the supernatants were collected
from the mixture following centrifugation at 10,000 x g for 10 min at 4°C and stored at -80°C prior to
analysis. The protein expression level of IL-18 and IL-6 in the liver and lungs was determined using
enzyme-linked immunosorbent assay (ELISA) following the manufacturer’s instructions (Sigma, USA).

Determination of abundance of DNA from spores of M. circinelloides using gPCR. The abun-
dance of spores of M. circinelloides from macrophage interaction was compared based on a spore
standard curve of M. circinelloides. Wild-type R7B spore concentrations between 1% 102 and
1107 ml~" by 10-fold serial dilutions were employed. Consequently, DNA was extracted to generate
a spore standard curve by qPCR by detection of the validated tfc-7 nuclear gene.

Histopathology. BALB/c mice were inoculated as described above and sacrificed at set time points
after M. circinelloides inoculation. Organs were removed and fixed in 10% phosphate-buffered formalin,
embedded in paraffin, sectioned at 5 um, and stained with hematoxylin and eosin or Gomori methen-
amine silver using standard histological techniques. Microscopic examinations of the stained tissues were
performed on a Leica MBO/MSV266 instrument using a Leica DFC295 camera and the Leica Application
Suite version 3.8.5 imaging system (Leica Microsystems Inc., Buffalo Grove, IL, USA).

Acetaldehyde and acetic acid quantitation. Acetaldehyde quantitation was performed using gas
chromatography with a flame ionization detector on a 7890A series gas chromatograph (Agilent
Technologies, Palo Alto, CA, USA) equipped with a WAX column (30 m length by 0.25 mm inside diameter
[i.d] by 0.25 um film thickness) (Phenomenex, Torrance, CA, USA). Nitrogen was run as a carrier gas at
a constant column flow rate of 0.7 ml/min. The temperature program was as follows: 40°C hold for 2 min,
5°C/min up to 60°C, 40°C up to 200°C for 0.5 min. The Split 20 injector was set at 200°C. Flame ionization
detector temperatures were set at 250°C with H.,/airflow of 45/450 ml/210°C. Acetaldehyde was quan-
tified using a calibration curve.

Acetic acid guantitation was performed as follows. Sodium hydroxide (NaOH) 0.05 N was prepared
with cold water previously boiled for 3min to eliminate dissolved CO,; this NaOH solution was
standardized with a 0.01 N HCl solution.

For preparation of each M. circinelloides supernatant sample, 100 ml previously boiled distilled water
was added to a 250-ml Erlenmeyer flask, adjusted to pH 8.2 with 0.05 N NaOH solution and a Sartorius
Professional PP-15 pH meter (Bohemia, NY, USA), and 5 ml supernatant was added. The solution was
placed in a burette for titration to pH 8.2. The 0.05 N NaOH volume (in ml) necessary to neutralize the
acid is directly proportional to the total acidity of acetic acid. The mathematical formula employed was:

TA% = 100 (Vyjypge X Nygpare X citric acid Eqv. W) - (Vg X 100)

where TA is total acidity, V.., i the volume of NaOH titrate employed, Ny,,... Is the normality of the
NaOH used in the reaction, citric acid Eqv. Wt. is 60.05, and V, is the volume of sample. Using this
approach, the quantity of total acetic acid produced was determined (g/liter).

Statistical analysis. Significance testing was performed using the unpaired Student's t test. *,
P < 0.05; **, P < 0.01; ***, P < 0.001. When results were not considered significant, we did not provide
an additional indication (P < 0.1).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 7.3 MB.
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Mucor circinellpides is an opportunistic dimorphic pathogen, with the dimorphic process controlled in
parts by fermentative and oxidative metabolisms, which lead to yeast or mycelial growth, respectively.
Dimorphic transition is important for pathogenesis since the mycelium represents the wvirulent
morphology. We previously reported that the deletion of arll or arl2 stimulate anaerobic germination in
M. circinelloides, suggesting an augmented fermentative metabolism. In the present study, we demon-
strate that the heterokaryon Aari’ ¥ ) and homokaryon Aarl2 strains contain low number of mito-
chondria, which possibly results in a dysfunctional oxidative metabolism, marked by a low oxygen
consumption in glucose and poor growth in glycerol as the unique carbon source. This dysfunction is
compensated for by an increase in the glycolysis and fermentation in aerobic conditions, demonstrating
growth kinetics similar to that in the wild-type strain. Moreover, as a consequence a high fermentative
activity, the Aarl1""¥~/ and Aari2 strains possibly increased the veast cell growth during low oxygen
concentrations in presence of glucose.
To the best of our knowledge, this is the first study to demonstrate the control of members of Arf
family on the mitochondrial population in a Mucor species.
© 2020 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

1. Introduction

oxidative metabolism (Mcintyre et al., 2002; Rangel-Porras et al.,
2005, 2019) and is reported to be the invasive and virulent form

Dimorphism in Mucor circinelloides is described as the property
by which sporangiospores grow as yeast or mycelial vegetative
cells; the carbon source and the presence of oxygen are the prin-
cipal growth conditions determining the vegetative fate of spores
(MclIntyre et al., 2002; Liibbehiisen et al., 2003). In M. circinelloides,
in general the yeast development is associated with a fermentative
metabolism; meanwhile the mycelial growth is correlated with an

* Corresponding author. Laboratorio de Diferenciacion Celular, Instituto de
Investigadones Quimico Bioldgicas, Universidad Michoacana de San Nicolas de
Hidalgo, Ciudad Universitaria, 58030, Morelia, Michoacan, Mexico. Fax: +52 443326
5788 ext.120.

E-mail address: victor_meza2004@yahoo.commx (V. Meza-Carmen).

hitps://doi.org/10.1016/j funbio 202002 016

(Lee et al., 2013; Lewis and Kontoyiannis, 2013). Higher aerobic
germination rates of M. circinelloides spores resulted in macrophage
destruction (Li et al., 2011), suggesting that the initial steps in the
formation of a germ tube could determine the success of host
invasion.

The oxidative metabolism seems to be critical to mycelial
growth in M. circinelloides (Mclntyre et al., 2002; Liibbehiisen et al.,
2003) as well as in other dimorphic species of Mucor (Orlowski,
1991). Thus, inhibition of electron chain transport in several
dimorphic species of Mucor led to the growth of yeast cells in
aerobic conditions as well (Orlowski, 1991). Numerous genes
appear to contribute to adequate yeast or mycelial growth in
M. circinelloides; for example, adhl that encodes the alcohol

1878-6146/0 2020 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
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dehydrogenase 1, which is essential for growth of yeast cells, and its
mutation leads to monomorphic mycelia (Rangel-Porras et al.,
2019). pkaR1, that encodes for one of the regulatory subunits of
the protein kinase A, is essential for adequate hyphal growth
(Ocampo et al.,, 2009), and the calcineurin B regulatory subunit
gene, cnbR, is essential for mycelial growth under aerobic condi-
tions, which is suggestive of its importance in the oxidative meta-
bolism of this Mucor species (Lee et al, 2013). Moreover, the
deletion of ADP-Ribosylation Factor 2-encoding gene, arf2,
decreased the growth rate of yeast considerably (Patino-Medina
et al., 2018). Arf family members belong to the Ras superfamily,
which includes Arf-like proteins (Arl) and Sar (Secretion-associated
and Ras-related) proteins as well (Kahn et al., 2006).

Selected Arf members, including A1 (Arf-like protein 1), are
known to contribute to mitochondrial function and morphology
(Ackema et al., 2014, 2016; Newman et al., 2014). In selected cases,
Arf members control the site of contact between the endoplasmic
reticulum (ER) and the mitochondria, and are essential in influ-
encing mitochondrial morphology and function (Ackema et al.,
2016).

We previously reported two Arl proteins in M. circinelloides, Arl1
and Arl2 that share around 55 % of identity between them and
share 72.63 % and 52.46 % of identity with ARL1 from S. cerevisiae,
being Arll the orthologous of ARL1L. The arll mRNA is high and
mainly accumulated during the mycelial growth, meanwhile the
mRNA levels of arl2 are much lower that arll, and showed stable
expression during the dimorphism (Patino-Medina et al., 2019).

The mutation of these arl genes renders the heterokaryon
Aarl1+1=) indicating an essential role in this mucoral, and the
homokaryon Aarl2 strains in M. circinelloides. The mutation of arl1
or arl2 genes resulted in vesicle mislocalization specially in the
apical region, these mutants were also more susceptible to flucon-
azole and SDS, explained in part by lower quantity of glucosamine in
the cell wall. Moreover, the mycelial growth from Aarl 1+4=)
increased the virulence by the secretion of molecule(s) susceptible
to protease (Patino-Medina et al., 2019). Additionally, Aarl1™ %) and
Aarl2 strains led to a modest, yet significant increase in the germi-
nation rate under anaerobic conditions, suggesting an increase in
glycolysis rate in the mutant strains (Patino-Medina et al., 2019).

The main objective of this work was to demonstrate that Arll or
Arl2 control fermentative and oxidative metabolism, possibly
through mitochondrial homeostasis, and if these processes corre-
lates with the virulence phenotype in these mutant strains of
M. circinelloides.

2. Material and methods
2.1. Strains and media cultures

The strain of M. circinelloides MU402 (leuA”, pyrG), which is an
uracil and leucine auxotroph derived from R7B strain, was
employed in this study (Nicolas et al, 2007). The MUG36 strain
(leud”, pyrG") derived from M. circinelloides MU402 was also
employed in this work. In MUG36 strain the wild-type pyrG gene
was integrated into the genome, and we used this strain to prevent
the possible interference pyrG mutation in the phenotype (Mavarro-
Mendoza et al, 2019). The MU402 and MUG36 strains showed
similar results in the experiments performed. Aarl1”* ¥/ and Aari2
strains derived from MU402, and Aarl? strain complemented with
the arl2 wild-type allele were also used (Patino-Medina et al,
2019). M. circinelloides was cultured in yeast—peptone glucose
(YPG) medium (pH 4.5); 1 L medium contained 3 g yeast extract,
10 g peptone, and 20 g glucose (111 mM) or Yeast Nitrogen Base
(YNB, Difco) supplemented with 111 mM glucose or 111 mM glyc-
erol; 15 g/L agar was added to the preparation of the medium.

Spores were harvested after 5 d of incubation on solid media,
counted, and preserved until use for up to 2 weeks at 4 °C.

2.2. Spore germination under normal aerobic conditions or low
oxygen levels

Normal aerobic germination was performed in a 125-mL flask
with 20 mL of YPG, inoculated with 5 »« 10° M. circinelloides spores
per mL; cultures were maintained at 28 °C under constant shaking
conditions at 160 rpm.

Low levels of oxygen were achieved by constant shaking at
50 rpm in an orbital incubator, which facilitated 7.3 + 0.56 % of
oxygen. Meanwhile, shaking at 160 rpm increased dissolved oxygen
to approximately 14.4 + 1.2 %. Oxygen levels were determined using
an oximeter. Germination percentage, determined by germinules or
budding yeasts per 100 cells, was calculated for all conditions.

2.3. Total RNA and DNA isolation of M. circinelloides

Total RNA and genomic DNA of M. circinelloides were isolated
using RNAeasy mini kit and QlAamp DNA Mini Kit, respectively
(Qiagen, Venlo, Netherlands). M. circinelloides cultures were ob-
tained by filtering through 6 um membrane filters (Millipore, USA).
Approximately 50 mg of biomass sample was transferred into a
tube with MagNA Lyser Green Beads (Roche, Switzerland) pre-
cooled on ice. Denaturing RLT buffer (700 puL) from the RNeasy
Mini Kit or buffer ATL (180 puL) of QIAamp DNA Mini Kit were added
immediately before homogenization to isolate total RNA or
genomic DNA, respectively. To disrupt cells, tubes were placed in
the MagNA Lyser Instrument (Roche, Switzerland) and processed
twice at 5500=g for 40 s and cooled on ice for 1 min in between
each step. Samples were centrifuged for 1 min at 20 000x<g
(Eppendorf 5417) and the supernatant obtained was used for total
RNA or genomic DNA isolation using the corresponding kit,
following the manufacturer’s protocol. To eliminate DNA contam-
ination from RNA samples, samples were treated with DNase |
(Promega, WI, USA), according to the manufacturer's protocol. RNA
was eliminated from DNA samples using RMNAse A (Roche,
Switzerland). RNA and genomic samples were separated on dena-
turing and non-denaturing agarose gel, respectively, stained with
ethidium bromide (Sigma, MO, USA), and visualized using a Gel Doc
XR + Imager (Bio-Rad, CA, USA).

2.4. Oligonucleotide design and quantitative reverse transcription
polymerase chain reaction (qRT-PCR)

To ensure specificity of all detections during qRT-PCR assays,
the primers and hydrolysis probe for a subunit of the membrane
proton channel domain (Fp) (atp9, ID number: 156648, Fig. 51), the
phosphofructokinase 1 subunit (pfk1, ID number:1330920, Fig. 52);
pyruvate kinase 1 (pykl, ID number:1454448, Fig. 53) (Table 51)
were designed using Biosearch Technologies software (www.
biosearchtech.com). adhl and tfc-1 oligonucleotides and primers
were used as described previously (Valle-Maldonado et al., 2015a).
DNA sequences were obtained from M. circinelloides genome
database (Corrochano et al., 2016). To evaluate the relative gene
expression of genes of interest from M. circinelloides, protocols
described previously were followed (Valle-Maldonado et al.,
2015a, b).

2.5. Quantitation of ADH1 activity
A GENESYS™ 10 UV-Vis spectrophotometer (ThermoFisher

Scientific. MA, USA) spectrophotometer was used for all Adhl
enzyme assays, which were carried out in a final volume of 1 mL.
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NADH-dependent Adh1 activity was assayed in the reductive di-
rection following procedures specified previously (Rangel-Porras
et al., 2005). The assays were performed using reaction mixtures
containing 50 mM Tris—HCl (pH 8.5), 0.5 mM NADH, cell-free
extract (100 pg protein), and 0.5 M acetaldehyde. Addition of
acetaldehyde initiated the reaction, and oxidation of NADH was
monitored by the decrease in absorbance at 340 nm.

2.6. Determination of mitochondrial DNA abundance in
M. circinelloides by qPCR

In order to determine the ratio between mitochondrial and
nuclear DNA in each strain of M. circinelloides, assays were carried
out as follows. Total DNA was extracted from spores, or vegetative
growths, as described previously. DNA extractions were quantified
by a spectrophotometer (Nanophotometer Pearl, Implen. Munich,
Germany ). A total of 100 ng of DNA was used as a template for every
qPCR reaction. Specific primers and hydrolysis probes were
employed to detect the atp9 and tfc-1 genes, which are mito-
chondrial or nuclear genes, respectively. The M. circinelloides atp9
gene is a mitochondrial gene that encodes a part of the Fy mem-
brane proton channel domain of the mitochondrial membrane ATP
synthase (Fig. S1). Meanwhile, the tfc-1 gene, which encodes a
subunit of the transcription factor TFHIC required for the RNA po-
lymerase lll pre-initiation complex assembly, was used following
methods described previously (Valle-Maldonado et al., 2015a, b).
The primers and hydrolysis probes were modified at the 5'ends
with 6-carboxyfluorescein (FAM) and at their 3'ends with Black
Hole Quencher (BHQ1). All probes were purchased from Biosearch
Technologies, Inc. (Novato, CA, USA). gPCR experiments were con-
ducted in a single tube using the 5' exonuclease probe method.
qPCR was conducted with a LightCycler 480 Il System (Roche Mo-
lecular Diagnostics, CA, USA) using a Super-Script Il Platinum One-
step RT-qPCR reagent kit (Invitrogen, CA, USA). Each 25-pL reaction
volume contained 5 uL extracted total DNA template (100 ng),
0.5 pL enzyme mix, 12.5 pL of 2 » reaction mix, 0.5 pL of 10 pM
forward primer, 0.5 uL of 10 uM reverse primer, 0.5 pL of 5 pM
probe, and 5.5 uL water. qPCR was initiated by initial denaturation
(95 °C, 5 min), followed by 45 amplification cycles (95 °C, 30 s and
60 °C, 30 s). Fluorescence signals were detected in each cycle at
60 °C. The amplification signal curves were analysed at absorption
wavelengths of 530 nm. Appropriate positive and non-template
controls were included in each test run. The mitochondrial/nu-
clear DNA ratio was calculated using the ACt formula:

Mitochondrial DNA _ (CC e—1)~(Ct atpO)
Nuclear DNA

2.7. Determination of glucose levels

Strains were cultured in YPG media (20 g/L of glucose) for 6, 12
or 24 h. The supernatant was separated to determine the residual
glucose using spectrometric method (Trinder, 1969). The residual
glucose reacts with glucose-oxidase to form gluconic acid and free
hydrogen peroxide, which further reacts with phenol and ampirone
in presence of a peroxidase to form a colorimetric product
(quinone). All samples were observed at 505 nm using GENESYS™
10 UV—Vis spectrophotometer (ThermoFisher Scientific. MA, USA).
The concentration of glucose was expressed in g/L.

2.8. Determination of ethanol levels

The culture supernatants were analysed using the flame ioni-
zation detection method (GC-FID, Clarus 500, Perkin Elmer, MA,

USA) of gas chromatography. The samples were centrifuged,
diluted, and injected directly into the deactivated (5 m = 0.25 mm)
pre-column, connected to a Phenomenex capillary (ZB-WAX 30 m x
0.25 mm, 0.25 pm) (Pontes et al., 2009).

2.9. Caenorhabditis elegans killing assays

Growth of C elegans Bristol N2 worms was synchronized by
hypochlorite isolation of eggs from gravid adults, followed by
hatching of eggs in.

S-basal medium (Brenner, 1974; Stiernagle, 2006). L1 larvae
were transferred onto nematode growth medium plates seeded
with the Escherichia coli OP50 strain previously grown on platesasa
food source, and incubated at 18 °C for 4—5 d until they reached the
young adult phase (Stiernagle, 2006). The worms were incubated
with cell-free medium collected from mycelia, or with medium
containing YPG in which yeast cells were grown for 12 h, as pre-
viously described (Patino-Medina et al., 2018).

2.10. Respiration measurements

Respiration of cells was determined at 28 °C at 3 h of germi-
nation in YPG liquid media using 5 = 10 spores of different strains.
After washing in sterile distilled water, cells were suspended in
10 mM potassium phosphate buffer (pH 7.4) containing 20 mM
glucose. Oxygen consumption was measured at 28 °C with an
Oxytherm oxygraph (Hansatech Instruments Ltd., Norfolk, En-
gland). Respiration rates were expressed as nanomoles of oxygen
consumed per millilitre per second.

2.11. Auorescence detection

For fluorescent staining, spores were germinated in YPG liquid
media containing 100 nM of MitoTracker Green FM (Invitrogen,
MA, USA) for 3 h. The samples were rinsed in water and mounted
in 50 % (v/v) glycerol on microscope slides. The samples were
observed at a wavelength specific to MitoTracker Green FM, using
a confocal microscope (Olympus FV1000, Japan) with a
500-523 nm emission filter (488 nm excitation line). Green
fluorescence was quantified by determining the green pixels
present in an area comprised of the 20 germinules, using the
Image] software (http://rsbweb.nih.gov/ij/), and expressed as 5
micrographs per genotype and treatment. We then obtained an
arbitrary unit value (AU = green pixels/um) for each individual,
and means were obtained from whole data sets. AU means for wild
type were given a value of 1, and the mutant densities were
adjusted relative to these and are thus referred to in figures as
relative fluorescence.

2.12. Image analysis

An Olympus CKX41 microscope (Tokyo, Japan) equipped with
a40= objective lens and a DMC-T25 camera (Panasonic, Kadoma,
Japan) was used to capture images of spores or spore
germination.

2.13. Statistical analysis
All the data were evaluated by analysis of variance (ANOVA,

statistically significant differences (2 < 0.05) shown in letters) with
Fisher's exact test.
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3. Results

3.1. Arll or Arl2 control the glucose consumption and glycolysis rate
in M. circinelloides

Our previous study demonstrated that under anaerobic condi-
tions, Aari17* ") and Aari2 strains germinate at significantly greater
speed than the wild-type (WT) strain (Patino-Medina et al., 2019).
This result suggests that both arl mutant strains metabolize glucose
more rapidly than the WT strain. In order to test this hypothesis, we
measured the glucose concentration in the supernatant of cultures
of these strains, grown for 24 h in aerobic conditions, in comparison
with the WT and a Aarl2 mutant complemented with the wild-type
allele of arl2, which is phenotypically similar to the WT strain
(Patino-Medina et al., 2019). arl17¥~ strain showed higher glucose
consumption rates compared to the other strains, including the WT
strain after 6, 12 or 24 h of aerobic growth (Fig. 1A). These results
suggest glycolysis upregulation in both mutant strains, mRNA
levels of the genes encoding phosphofructokinase 1 (Pfk1) alpha
subunit and the pyruvate kinase 1 (Pykl1), two key enzymes of the
glycolytic pathway, were analyzed in spores and mycelium grown
in aerobic liquid culture. The pfk! and pykl mRNA levels were
significantly higher in both arl mutant strains compared to the WT,
for spores as well as for cultures grown under aercbic conditions
(Fig. 1B and C). These results collectively indicate that the deletion
of arll or arl2 led to an increase in glycolysis, along with a greater
consumption of glucose, in M. circinelloides.

3.2. Dysfunction of Arll or Arl2 increased the fermentation in
M. circinelloides

Despite the higher glycolytic flux in both arl mutants, they
accumulate biomass in quantities comparable to that of WT strain

A

Comsuption of
glucose (g/L)
a

o

(Patino-Medina et al., 2019). Since M. circinelloides is a Crabtree-
positive organism (Mclintyre et al., 2002), we analysed if fermen-
tation could be increased in the single arl mutant strains under
aerobic conditions, Both arl mutants showed higher levels of adhl
mRNA, a gene induced during fermentation (Rangel-Porras et al,
2005; Valle-Maldonado et al, 2015a), when compared with the
WT strain, with the differences being more pronounced at the
beginning of the culture, from spore formation stage to up to 6 h of
growth (Fig. 2A). The adhl mRNA levels correlated with ADH1 ac-
tivity under aerobic conditions, measured at 8 h of aerobic growth
(Fig. 2B), and with ethanol production after 24 h of growth (Fig. 2C).
These results suggest that fermentation is accelerated in the
Aarl1™ ) and Aarl2 strains.

3.3. Deletion of arl1 or arl2 decreased the hyphal growth in
M. circinelloides under low oxygen conditions

The Aarl1™ 7 and Aari2 strains displayed significantly faster
cell germination under anaerobic conditions than that displayed by
the WT strain (Patino-Medina et al., 2019). Based on these results,
we hypothesize that compared to the WT, the Aarl1™"¥~/ and Aar2
strains will generate more yeast cells under lower oxygen condi-
tions. We generally produce mycelia under constant shaking con-
ditions at 160 rpm; this condition enables oxygen dissolution of
14.4 + 1.2 %, contrary to shaking at 50 rpm, which enables oxygen
dissolution of 7.3 + 0.56 %. We previously demonstrated that
germination rates of Aarlt™X~ and Aari2 were comparable to that
of the WT under 160 rpm (Patino-Medina et al., 2019). However,
under low oxygen conditions, the Aarl1”""/ and Aarl2 strains
showed increase in number of yeast cells compared to the WT or
Aarl2 restored strains (Fig. 3A). Thus, the WT strain consisted of
85 % hyphae and 15 % yeast cells after 8 h of growth (Fig. 3B),
whereas both Aarl1"""~/ and Aari2 strains consisted of 40 % yeast
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cells and 60 % hyphal cells (Fig. 3B). These results indicate that
compared to the WT strains, Aarl1"" ) and Aarl2 strains are more
prone to germinate to yeast cells under low oxygen conditions.

3.4. Arll and Arl2 are associated with the ability of
M. circinelloides to grow on non-fermentable carbon source

M. circinelloides is able to growth in mediums with different car-
bon sources. A relatively high glucose concentration (2 % w/v) facil-
itates the fermentative metabolism even in presence of oxygen,
whereas a non-fermentable carbon source favours oxidative meta-
bolism (Mcintyre et al., 2012). We compared the growth of the
Aarl1™ ) and Aarl2 strains on YNB supplemented with glucose or
glycerol as sole carbon source in order to investigate the role of arll or
arl2 in oxidative metabolism. Both the WT strain and the Aarl2
complemented strain cultures formed colonies on the entire plate
after 4 d of growth eitherin glucose or glycerol (Fig. 4A and B), which
was different from both arl mutant strains that demonstrated growth
similar to the control strain on glucose (Fig. 4A), but produced very
small radial colonies on the plates with glycerol (Fig. 4B). Similarly,
after 8 h of growth in the glucose-containing media, spores from all
strains were a 100 % germinated (Fig. 4C). However, the germination
rate in presence of glycerol was up to 10 % in Aarf17*"/ and Aarl2
strains at the end of the experiment (Fig. 4D), compared to the 30 % of
germination reached by the WT and the Aarl2 complemented strains
grown in similar conditions (Fig. 4D). These results indicate that
oxidative metabolism is impaired in the Aarl1"*// and Aari2 strains.

3.5. Mutations of arll or arl2 led to decreased mitochondrial
numbers in M. circinelloides

Defects in oxidative metabolism can be attributed to mitochon-
drial function, which is modulated by Arfl homologues (Ackema
et al., 2014; Zhang et al., 2018). Therefore, the mitochondrial num-
ber was estimated by quantifying the copy number of the

A
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mitochondrial gene atp9 using qPCR, using the nuclear gene tfc-1 asa
reference. During aerobic growth in glucose medium, compared to
the control strains, the quantity of mitochondrial DNA was lower in
Aarl1™X-) and Aarl2 strains. The mitochondrial DNA level was
significantly low in both arl mutant strains at the beginning of the
culture process, with around 80% decrease compared to the WT strain
and the Aarl2-complemented strain, and up to 40 % increase at the
end of the culture process(Fig. 5A). We also measured the atp9 mRNA
levels during aerobic growth and found a reduction in mRNA levels
across the time of assay in both arl mutant strains, the decline (around
70-80 %) being more evident in spores or at points of early aerobic
germination (Fig. 5B). These results suggest that the impaired growth
in non-fermentable carbon source, such as glycerol, is a consequence
of the reduced mitochondrial number in Aari1" "~ and Aari2 strains,

In order to visualize the mitochondrial content in the
M. circinelloides hyphae, we used MitoTracker green FM dye. In
general, after 3 h of aerobic growth in liquid media, the fluores-
cence signal of mitochondrial content in Aarl1™) and Aarl2
strains reduced in comparison to that of the WT and Aarl2 com-
plemented strains (Fig. 5C). The quantitation of fluorescence signal
in the Aarl1"*¥~) and Aarl2 strains showed 50 or 70 % reduction,
respectively, compared to the WT strain (Fig. 5D). In addition, the
oxygen consumption rate in the Aarl17*¥) and Aarl2 strains was
significantly lower compared to the WTor the Aarl2 complemented
strains (Fig. 5E). These results clearly indicate a lower mitochon-
drial number in the Aarl1*"~/ and Aarl2 strains compared to the
WT and agree with the atp9 gene copy numbers and decrease in
mRNA levels during aerobic growth.

3.6. Deletion of arl1 induces the secretion of virulent factors in
yeast cells of M. circinelloides

M. circinelloides is an emergent opportunistic human pathogen
and its mycelial form corresponds to its virulent morphology (Lee
et al, 2013), the yeast cells being practically avirulent (Lee et al.,
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Fig. 4. Mutation of arl1 or arl2 impaired growth in non-fermentable carbon source and decreased the mitochondrial number in M. circinelloides. Fifty spores from different
strains from M. circinelloides were inoculated on YNB plates supplemented with (A) glucose 2 % (111 mM) or (B) glycerol (111 mM), and the diameter was measured at indicated times. In
all, 5 » 10° spores/mL were inoculated in YNB liquid supplemented with (C) glucose or (D) glycerol, and the germination rate was determined at indicated times. The data is represented
as the average from three biological replicates of independent cultures, + correspond o standard errvor (SE). Significance testing was performed using ANOVA with Fisher’s exact test. In
each condition (time) assayed the different letters on the lanes indicate statistically significant, values with identical letter were not considered significantly different (p < 0.05).
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2013). Previously, we reported that the mycelial growth of
Aarl1™X) strain led to the secretion of virulent factors (Patino-
Medina et al., 2019). As the Aarl17%~) and Aarl2 strains generate
more yeast cells than does the WT strain under low oxygen levels
(Fig. 3), we wanted to determine if the yeast and/or the cell-free
culture obtained from yeast cell culture of these strains could
contribute to the virulence process.

Yeast cells obtained after 24 h of anaerobic growth of the
different strains were used in virulence assays against the nema-
tode model. The yeast cells from Aarl1*X~) were the only ones to
demonstrate the highest rates of virulence against the nematode,
compared to the other strains including the WT (Fig. GA).

Moreover, the cell-free supernatant (SS) obtained from yeast
cultures of Aarl1"*"~/ and Aarl2 grown for 12 h were used to treat
the nematode C. elegans. We observed that only the SS from
Aarl1+¥-) yeast demonstrated higher virulence compared to that
from the Aarl2 or the WT (Fig. 6B). The virulence of 5SS from
Aarl1"" ) was also associated with a proteinaceous molecule,

since protease pre-treatment disrupted its virulence (Fig. 6A). This
result demonstrates that Aarll”"~/) secretes virulence factors
during yeast cell growth, although the virulence in §S from yeast
cultures was much lower than that in SS from mycelial growth
(Fig. 6C).

Our results indicate that the yeast and/or secreted molecules of
proteinaceous nature derived from yeast cells enhance virulence.
To examine whether the yeast cells from Aarl1*/~/ incubated with
the nematode in the virulence assays transform to mycelial cells
faster than do the other strains, we measured the yeast—mycelium
transition rate. The Aarl1'""/ had lesser hyphal cells after the
yeast—mycelium transition (Fig. 7A and B). Moreover, the hyphal
length was much lower for Aarl1’** ) compared to the other
strains (Fiz. 7A and C). These results indicate that wvirulence
observed in Aarl1/*/~/ yeast cells after interaction with the nem-
atode could not be attributed to a faster transition to hyphal cells; in
fact, this strain demonstrated the lowest rates of yeast—mycelium
transition.
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4. Discussion

Mitochondrial function is decisive in mycelial growth in several
dimorphic species of Mucor (Orlowski, 1991). Both mitochondrial
function and morphology are regulated in multiple organisms by
members of Arf superfamily, for example, Arf (Ackema et al., 2014),
Arl (Newman et al,, 2014), and Sar proteins (Ackema et al., 2016), or
accessory Arf-GAP proteins, like yeast GCS1, which encodes a
GTPase Activating Protein (Huang et al., 2002). This study provides
evidences of the critical role of Arll or Arl2 in mitochondrial
maintenance in M. circinelloides, since deletion of the correspond-
ing genes resulted in a low number of mitochondria, which resulted
in a defective oxidative metabolism. A reduced oxygen consump-
tion and a poor growth in glycerol as sole carbon source, as
observed in the arl mutants, further supports this finding
Conversely, the glucose consumption by glycolytic and fermenta-
tive pathways increased in both arl mutant strains, eliciting similar
growth kinetics as the WT strain. It is common knowledge that
inhibition of oxidative phosphorylation is an effective method of
increasing glycolytic flux, This mechanism, which compensates for
the energy shift, had been described in bacteria (Jensen and
Michelsen, 1992; Sekine et al,, 2001), yeast (Dechant et al., 2010),
and mammalian cells (Burns and Manda, 2017).

The increased fermentation rate did not promote yeast cell
growth in Aarl17*¥ or Aari2 strains during normal aerobic growth
(=14 % of dissolved oxygen); however, we observed that they are
more likely to generate yeast cells under low dissolved oxygen
(=7 %), contrary to the observation in WT strain. This suggests that
under low physiological oxygen availability, the Aarl1’*"~/ and
Aarl2 mutant strains could maintain a higher proportion of yeast
cells when compared to the WT, possibly through an increased
fermentative metabolism, which has been observed to promote
yeast cell morphology in this specie of Mucor (Mclntyre et al,, 2002).

The Aarl1™"~) strain induces aberrant vesicle trafficking that
could participate directly or indirectly in the secretion of specific
virulent factors during aerobic growth (Patino-Medina et al., 2019).
In this study, we observed that Aarl17 X~ secretes virulence factors
when it grows as yeast cells, although their virulence activity rate
was much lower than those secreted during mycelial growth. The
rate of growth could be a factor responsible for the difference in
virulence of the cell-free supernatant obtained from yeast cells and
from mycelia, since growth of yeast cells generates lesser biomass
than mycelial growth (Valle-Maldonado et al., 2015a). Further ex-
periments are required to discern whether the factors secreted by
Aarl1™*¥~) are identical in both morphologies, and to determine the
chemical nature of these unknown virulent factors secreted by the
Aarl1™Y~) mutant strain,

Our findings also indicate that the virulence of M. circinelloides is
not necessarily linked to increased oxidative metabolism.
Aarl1" ¥~} demonstrated that despite having reduced oxidative
metabolism, and higher tendency of developing into yeast cells, it
still has an enhanced virulent activity compared to the other
strains, including the WT. The yeast cells from Aarl1”""/ have
higher virulence than the other strains, and this is not due to the
high speed of their yeast—mycelium transition. Our results clearly
demonstrated that the yeast cells from Aarl1’ X ! develop a hyphal
morphology at a lower speed than the rest of the strains, despite
that a higher aerobic germination rate had been linked to the
virulent phenotype of M. circinelloides (Lee et al., 2013).

A full mitochondrial content and activity seems to be irrelevant
for the optimal mycelia development of M. circinelloides under the
presence of relative high levels of oxygen, as has been described for
other Mucor species, such as Mucor genevensis, in where the
oxidative metabolism is not essential for mycelial development
(Rogers et al., 1974; Orlowski, 1991 ). Hence, in Aarl17*X~) and Aarl2

strains, the mitochondrial content decreased by nearly 70 % when
compared to the WT, but maintained same rate of aerobic germi-
nation and hyphal growth. This is in contrast to the observation that
in a low-oxygen atmosphere, both arl mutant strains develop
significantly higher number of yeast cells compared to the WT. It
seems Arll or Arl2 are needed for an adequate signalling that cul-
minates in mycelium morphology of M. circinelloides when the
levels of oxygen in the atmosphere decreased. The oxygen avail-
ability during the fungal infection could have an important role in
the outcome either for the fungus or the host (Grahl et al, 2012).
For example, Aspergillus fumigatus secretes the nonribosomal
peptide gliotoxin that contributes to the inhibition of the angio-
genesis, this pathogenic process could prevent tissue repair and led
to tissue necrosis (Ben-Ami et al., 2009).

In general, the mitochondrial homeostasis in fungi plays a crit-
ical role in at least two aspects of the antifungal susceptibility and
virulence processes (Verma et al., 2018; Neubauer et al., 2015). For
example, in the dimorphic ascomycete Candida albicans, the in-
crease in mitochondrial respiration is necessary for yeast—mycelial
transition, since the mycelial morphology is associated with a more
virulent phenotype; moreover, mitochondrial activity is also
required for initial biofilm formation, which correlates with the
increase in virulence (Calderone et al, 2015). Additionally, mito-
chondrial dysfunction can lead to both resistance and susceptibility
to azoles (Shingu-Vazquez and Traven, 2011). The decrease in
number of mitochondria correlates with azole susceptibility in
Aarl1™)=) derived from M. circinelloides; however, contrary to
expectation, the strain maintains higher levels of virulence despite
lower-than-expected hyphal length development (Patino-Medina
et al,, 2019). We still cannot explain the apparent discrepancy in
Aarf1"X~), However, the secretion of virulence factors are not
completely dependent on the mitochondrial metabolism in
Aarlt™ N we are trying to identify new cellular and molecular
elements that explain the increment in virulence of Aarl1 /.

5. Conclusions

To the best of our knowledge, this is the first report on the
members of the Arf family proteins, Arll and Arl2, and their in-
fluence on the mitochondrial cell population in a species of Mucor.
Arl1 and Arl2 control the mitochondrial number in M. circinelloides,
and their dysfunction leads to an increase in the glycolytic and
fermentative pathways under aerobic conditions. Interestingly, the
yeast cells or secreted molecules from this stage could be involved
in virulence of M. circinelloides.
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Abstract

Toxin-antitoxin (TA) systems are small genetic elements composed of a toxin gene and its cognate antitoxin that are important
for plasmid stabilization (plasmid-encoded) and bacterial virulence (chromosome-encoded). These systems are also related
to biofilm and persister cell formations. Pseudomonas aeruginosa is an antibiotic-resistant human pathogen that produces
virulence factors modulated by quorum sensing (QS) and can form biofilms. The type Il PumAB TA system of pUMS505,
isolated from a clinical strain of P. aeruginosa, confers plasmid stability. Additionally, the PumA toxin increases P. aerugi-
nosa virulence and is neutralized by the PumB antitoxin. In this study, we determined whether virulence conferred by PumA
toxin is regulated by QS. The pumA gene was transferred to P. aeruginosa lasl/rhll, a mutant strain in the Lasl and Rh1I QS
systems, to analyze the effect on virulence of the transformants. pumA transfer did not increase bacterial virulence in let-
tuce and Caenorhabditis elegans, suggesting that the virulence conferred by PumA requires QS modulation. pumA mRNA
levels drastically decreased in the P. aeruginosa lasUrhll (pUC_pumA) strain, suggesting positive regulation of pumA gene
expression by QS. Supplementation of the growth medium of P. aeruginosa lasl/rhil (pUC_pumA) with C4-AHL and 3-oxo-
C12-AHL autoinducers increased pumA mRNA levels and restored bacterial virulence, suggesting that both autoinducers
complemented the mutations and positively regulated the toxic effects of PumA. This strengthened the hypothesis that QS
regulates bacterial virulence conferred by the PumA toxin. Thus, this report establishes an important function of QS in the
virulence conferred by plasmid-encoded TA systems in bacterial pathogens.

Introduction

Pseudomonas aeruginosa is one of the most significant
opportunistic pathogens in humans. It belongs to the
ESKAPE group (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter bawmannii,
P. aeruginosa, and Enterobacter spp.). which is a group of
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antibiotic-resistant bacteria that are common causes of life-
threatening nosocomial infections [ 1]. Patients with chronic
diseases or compromised immune systems due to immuno-
deficiency or burns are at a greater risk of P. aeruginosa
infection [2]. The success of P. aeruginosa infections is
largely due to the production of virulence factors that elicit
disease in both plants and animals and the ability to form
biofilms [3]. The production of several virulence factors by
P. aeruginosa is controlled according to cell density via quo-
rum-sensing (QS) systems. QS produces and releases small
chemical signals, called autoinducers, which accumulate at
a high population density and interact with cognate recep-
tors to induce the transcriptional expression of various target
genes, including those encoding virulence factor production
[4]. The P. aeruginosa QS network is organized in a multi-
layered hierarchy consisting of at least four interconnected
signaling mechanisms, including las, igs. pgs. and rhl [4].
The las and rhil systems regulate the production of multi-
ple virulence factors as well as elastase, alkaline protease,
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exotoxin A, rhamnolipids, pyocyanin, lectins, and superoxi-
dase dismutase [5].

Toxin-antitoxin (TA) systems are small genetic modules
found in bacterial mobile genetic elements and bacterial
chromosomes [6, 7]. TA systems are prevalent in bacte-
ria and archaea: although they are not essential for normal
cell growth, they are implicated in multiple cellular func-
tions associated with survival under stress conditions [8].
Plasmid-encoded TA systems are important for plasmid
stabilization by a post-segregation killing mechanism that
eliminates daughter cells that have lost the TA-encoding
plasmid [9]: chromosomally encoded TA systems are related
to bacterial pathogen virulence [ 10, 11]. TA systems are also
involved in biofilm formation and persister cell formation
(persister cells are a small fraction of bacteria that dem-
onstrate resistance to antibiotics without genetic change),
suggesting that these systems may function in the stress
response as regulators of the switch from the planktonic to
the biofilm lifestyle [12]. A significant correlation between
QS and TA systems in clinical P. aeruginosa isolates with a
high biofilm formation ability has also been indicated [ 13].

The PumA toxin has been shown to increase P. aerugi-
nosa virulence effects neutralized by the PumB antitoxin
[14]. Additionally, the supernatant from P. aeruginosa
expressing PumA can kill Caenorhabditis elegans, sug-
gesting that the toxin could be secreted into the media dur-
ing bacterial growth. Moreover, purified PumA protein
decreased C. elegans viability, demonstrating that PumA
could act as a bacterial virulence factor [14]. The type II
PumAB TA system of pUMS505 has also been shown to con-
fer plasmid stability to Escherichia coli [14].

The aim of this work was to determine whether the
virulence conferred by the PumA toxin from a TA system
plasmid-encoded is regulated by QS. We report that QS
regulates PumA toxicity and increases bacterial virulence.
This establishes an important function for QS in the viru-
lence conferred by plasmid-encoded TA systems in bacterial
pathogens.

Materials and Methods
Bacterial Strains, Culture Conditions, and Plasmids

Pseudomonas aeruginosa PAO1 (WT) and P. aeruginosa
rhil/las] double mutant (donated by Dr. Jestis Campos
Garcia, Universidad Michoacana de San Nicolas de Hidalgo,
México) were used as recipient strains for recombinant plas-
mids or virulence assays. The pUC_pumA., pUC_pumB. and
pUC_pumAB recombinant plasmids contain the pumA,
pumB, or pumAB genes, respectively. and were cloned with
their own promoters into the pUCP20 Escherichia/Pseu-
domonas shuttle vector [14]. The recombinant plasmids

€) Springer

were transferred to Pseudomonas strains by electroporation
before selecting transformants in LB plates supplemented
with carbenicillin (Sigma, St. Louis, MO, USA).

The culture medium used was Luria—Bertani (LB) broth.
1.5% agar was added to form solid media [14]. M9 salts
minimal medium (Sigma) supplemented with 20 mM glu-
cose and 0.1 mM CaCl,. Carbenicillin (400 pg-mL™") was
added to agar plates when necessary. Cultures were routinely
grown overnight at 37 °C with shaking. and growth was
monitored based on optical density (OD) at 600 nm (ODy,,)
using a spectrophotometer.

Genetic Techniques and Sequence Analysis

Molecular genetics procedures were carried out using stand-
ard methods [15].

Bacterial Growth Assays

Liquid cultures of P. aeruginosa PAO1 or P. aeruginosa
lasl/rhil double mutants containing the recombinant plas-
mids were used to evaluate the effects of QS mutation on
transformant growth. Overnight cultures were diluted 1:50
in 250 mL of fresh LB or M9 medium, and growth was
monitored at intervals by measuring OD,,

RNA Isolation and RT-gpcr Analysis

To measure pumA and pumB gene expression in P. aer-
uginosa strains. cultures were incubated in the exponential
and stationary phases of growth, and cells were harvested
by centrifugation. Total RNA was isolated and quantified
as previously described [14]. Oligonucleotide primers
and hydrolysis probes for RT-qPCR of the pumA gene and
168 rRNA reference genes were described by Herndndez-
Ramirez et al. [14]. Amplification of pumA and pumB genes
and 168 rRNA genes was performed using the 5 exonu-
clease probe RT-qPCR method. RT-gPCR was performed
with total RNA samples (500 ng) and the SuperScript 111
Platinum One-Step RT-qPCR Reagent kit (Thermo Fisher
Scientific, Waltham, MA, USA) with the LightCycler
480 II System (Roche Molecular Diagnostics, Pleasanton,
CA, USA). Amplification signal curves were analyzed at
the absorption wavelength of 530 nm. Appropriate posi-
tive and non-template controls were included in each test
run. Relative expression of the pumA and pumB genes was
normalized to the expression values obtained from the P.
aeruginosa 165 rRNA gene (accession number AE004091;
region: 722096-723631). Relative gene expression was
estimated using the classical calibration dilution curve and
slope calculation. A fivefold dilution series (500-0.05 ng
total RNA) was prepared and used as the sample in the RT-
qPCR. Efficiency (E) was obtained from standard curves
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using the formula E=(107"5°F_1)x 100. For chemical
complementation, the P. aeruginosa bacterial cultures were
supplemented with 0.6 pM of N-decanoyl-DL-homoserine
lactone (C4-AHL) (Fluka, USA) or N-(3-oxododecanoyl)-
L-homoserine lactone (3-oxo-C12-AHL) (Sigma) before
growing overnight at 37 °C to the exponential phase. Total
RNA extraction and RT-gPCR were performed as described
previously. Relative expression levels were determined using
the efficiency correction method, which considers amplifica-
tion efficiencies between target and reference genes [16].

Virulence Assays
Lettuce-Leaf Model of Infection

Pseudomonas aerugina.s‘a iﬂfﬁCﬁDn on lettuce leaves was
performed as previously described [17]. Cultures were
grown overnight in LB broth at 37 °C. After centrifugation,
the pellets were suspended in fresh LB broth and grown
for an additional 4 h. The resulting log-phase cultures were
diluted with 10 mM MgSO, to an ODy, of 0.2. Lettuce mid-
ribs were washed with distilled H,O and 0.1% (v/v) bleach
before inoculating using pipette tip puncture. We inoculated
1% 10° (1 x 10%) colony-forming units (CFU) in 10 pL of
the bacterial suspensions onto lettuce leaves, which were
placed on Whatman filter paper moistened with 10 mM
MgSO,. Symptoms were monitored daily, and the length
and width of the lesions were measured. The lesion area
was estimated as previously described [ 18]. The experiments
were repeated at least three times. The number of CFUs
present within a lettuce lesion was determined using a pro-
cedure adapted from Dong et al. [19]. Briefly, after 4 days
of incubation, the infected lettuce leaf region was cut from
the midrib and macerated in 5 mL of 10 mM MgSO, with
a mortar and pestle. Serial dilutions of the suspension in
10 mM MgSO, were plated on LB agar to count the number
of bacterial CFUs after incubation at 37 °C for 24 h. Bacte-
rial inoculum concentrations were confirmed for all assays
using dilution plating.

C. elegans Killing Assays

Caenorhabditis elegans Bristol N2 [20] worms were syn-
chronized using hypochlorite isolation of eggs from gravid
adults before hatching the eggs in S-basal medium [21].
L1 larvae were transferred to NGM (Nematode Growth
Medium) [21] in plates seeded with the E. coli OP30 strain
previously grown on the plates as a food source and incu-
bated at 20 °C for 4-5 days until they reached the young
adult phase. Worms were rinsed off the plates and washed
in S-basal medium. Cultures of P. aeruginosa strains were
grown overnight in M9 broth at 37 °C, centrifuged, and
the pellets were suspended in fresh M9 broth and grown

to an 0Dy, of 0.4. To chemically complement P. aerugi-
nosa rhil/lasl, mutant bacterial cultures in M9 were supple-
mented with 0.6 pM of N-decanoyl-DL-homoserine lactone
(C4-AHL) (Fluka, USA). N-(3-oxododecanoyl)-L-homoser-
ine lactone (3-oxo-C12-AHL) (Sigma) or N-decanoyl-DL-
homoserine lactone (C10-AHL) (Fluka) before growing
overnight at 37 °C and centrifuged. The pellets were sus-
pended in fresh M9 broth and grown to an OD, of 0.4.
For each experiment. 20 worms were dispensed into each
well of a 24-well Costar plate (Corning, Inc.. Corning, NY.
USA). The worms were incubated with 1x 107 (+1x 10%)
CFU of the bacterial strain contained in a total volume of
I mL. The plates were incubated for 36 h at 20 °C and scored
for live worms at 6, 12, 24, and 36 h. P. aeruginosa PAO1
(pUC_pumA) and M9 medium were used as positive and
negative controls, respectively. A worm was considered dead
when it no longer responded (moved) to a touch stimulus.
Worms that died as a result of adhering to the plate wall
were excluded from the analysis. For all assays, bacterial
concentrations were confirmed by dilution, plating, and
counting. Two independent assays with two replicates were
conducted for each worm group.

Statistical Analysis

Data analysis were performed using GraphPad Prism 5 soft-
ware. Analysis of variance (ANOVA) was performed for all
the Pseudomonas assays. P <0.05 was considered statisti-
cally significant.

Results

QS Regulates the Virulence of P. aeruginosa
Conferred by pumA

The PumA toxin of the PumAB TA system increases P.
aeruginosa virulence [14]. To determine whether the vir-
ulence ability of PumA depends on QS. the recombinant
plasmids with pumA and pumAB genes were transferred
to P. aeruginosa lasl/rhll (double mutant) and virulence
assays were conducted. First, virulence conferred by pumAB
genes was analyzed using the lettuce-leaf model. The P.
aeruginosa PAO and P. aeruginosa lasl/rhll strains were
transformed with the pUCP20 vector and virulence assays
were conducted to discount the possibility that the vector
backbone/antibiotic selection marker affects the virulence
of the strains: the results showed no significant difference
in CFU counts between the strains (Fig. 1). CFUs increased
by 69% when the lettuce was inoculated with P. aeruginosa
PAOI (pUC_pumA) compared to when the lettuce was inoc-
ulated with P. aeruginosa PAO1 (pUCP20), empty vector
only (Fig. 1). This indicated that PumA increased bacterial
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Fig. 1 Virulence conferred by PumA toxin in the P aeruginosa
laslirhil double mutant in a lettuce leaf infection model. Colony
forming units (CFU) were determined from the lesion areas of let-
tuce leaves infected with bacterial strains. CFU were quantified as
described in the methods section. Data represent the means of six
independent experiments with standard deviation (SD). Statistically
significant differences are indicated by letters (Tukey's test)

virulence in lettuce. Moreover, P. aeruginosa PAO1 (pUC_
pumAB) decreased the number of CFUs, with values similar
to those of the P. aeruginosa PAO1 (pUC_pumB) strain.
This indicated that, as described [ 14], PumB neutralizes the
toxic PumA effects and does not participate in the bacterial
virulence (Fig. 1). The P. aeruginosa lasU/rhil mutant had
approximately 82% fewer CFUs in lettuce than P. aerugi-
nosa PAOI. This result was expected because several P. aer-
uginosa virulence factors depend on QS function (Fig. 1).
However. the P. aeruginosa lasl/rhil (pUC_pumA) strain did
not differ in terms of the number of CFUs compared to the
P. aeruginosa lasl/rhll (pUCP20), P. aeruginosa lasl/rhil
(pUC_pumB), and P. aeruginosa lasl/rhll (pUC_pumAB)
strains (Fig. 1). This suggested that the virulence conferred
by PumA is LasI/RhII QS dependent. Additionally, growth
kinetics assays were performed to test the possibility that
virulence changes were due to growth rate differences in
the strains analyzed: these showed no notable variations
in growth among the strains (Fig. S1), suggesting that the
lack of virulence is due to PumA QS dependence. P. aer-
uginosa containing the pumA gene, and also purified PumA
toxin alone, has been reported to be toxic to C. elegans [ 14]:
therefore, the ability of pumA to kill C. elegans in the P.
aeruginosa lasl/rhll mutant was assessed. We determined
that P. aeruginosa PAO and P. aeruginosa lasl/rhll strains
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Fig.2 Effect of pumA expression in the P aeruginosa lasl/rhll dou-
ble mutant on Caenorhabditis elegans survival. Effects of P. aer-
uginosa PAOL and P aeruginosa lasl/rhil transformants with pumaA
gene on C. elegans viability. Groups of 20 worms were incubated
with 1x10° (+ 1% 10%) colony-forming units (CFU) of the indicated
strains as described in the methods. Mixtures were incubated at 20 °C
and scored for live worms at the indicated times. The data shown are
the means from the duplicates of four independent assays

transformed with the pUCP20 vector were non-virulent to
C. elegans, as nematodes survival was the same as on M9
medium only (Fig. §2). This indicates again that the vec-
tor backbone/antibiotic selection marker does not affect the
strain virulence. P. aeruginosa lasl/rhil (pUC_pumA) was
non-virulent to C. elegans compared with the P. aeruginosa
PAOI (pUC_pumA) strain, which decreased C. elegans sur-
vival by more than 45% (Fig. 2). Additionally. nematodes
incubated with P. aeruginosa lasUrhil (pUC_pumA) showed
the same survival values (around 85%) as those incubated
only in M9 medium or with the P. aeruginosa PAO1 and
P. aeruginosa lasl/rhll strains (Fig. 2 and Fig. S2). These
results strengthen the hypothesis that PumA function is QS
dependent.

QS Positively Regulates puma mRna Levels

We determined pumA gene expression levels using RT-
qPCR assays using RNA from P. aeruginosa lasl/rhll
(pUC_pumA) and compared them with the levels obtained
for the P. aeruginosa PAO1 (pUC_pumA) strain. The pumA
mRNA was approximately 8 and 4 times less abundant in
P. aeruginosa lasl/rhil (pUC_pumA) cultures at exponen-
tial and stationary growth phases, respectively, than in
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the P. aeruginosa PAOI (pUC_pumA) cultures (Fig. 3a).
This suggested pumA gene expression was positively regu-
lated by QS. To analyze whether QS regulates pumA gene
mRNA levels when its gene forms part of the pumAB
operon, pumA mRNA levels from P. aeruginosa lasl/rhil
(pUC_pumAB) were compared with levels from P. aerugi-
nosa PAO1 (pUC_pumAB). These results were similar to
those for pumA cloned without pumB: the mRNA levels of
pumA decreased 11 and 13 times in cultures from exponen-
tial and stationary growth phases of P. aeruginosa lasl/rhil
(pUC_pumAB), respectively. compared to the levels in P.
aeruginosa PAO1 (pUC_pumAB) (Fig. 3). This suggested
that the pumAB operon was regulated by QS. Although
pumA mRNA levels decreased in the P. aeruginosa lasl/rhil
mutant strain, pumA transcription was detected, suggesting
that this gene can be modulated by another QS mechanism
or condition of growth. The pumB mRNA levels for P. aer-
uginosa lasl/rhil (pUC_pumAB) were determined to see
whether the pumB transcript is also regulated by QS. The
results did not show differences in pumB mRNA levels in
cultures from exponential phase growth of P. aeruginosa
lasUrhil (pUC_pumAB) compared to the levels of P. aerugi-
nosa PAO1 (pUC_pumAB). However, pumB transcript lev-
els decreased approximately 3.5 times in cultures from the
P. aeruginosa lasl/rhil (pUC_pumAB) strain compared to
those from cultures of P. aeruginosa PAO1 (pUC_pumAB)
(Fig. 3c). This supports the hypothesis that QS regulates
pumAB operon expression.

(a)

Chemical Complementation of the P. aeruginosa
rhil/las] (pUC_pumAB) Strain with C4-AHL

and 3-oxo-C12-AHL Increased the mRNA Levels
of pumA and Restored the Virulence Conferred
by the Toxin

3-0x0-C12-AHL and C4-AHL are QS autoinducers in P.
aeruginosa. On binding to their respective receptors, the
proteins LasR and RhIR are activated and form complexes
that bind to the conserved las-rhl boxes in the promoters of
target genes and activate their expression [22]. To evaluate
whether the expression of pumA through QS is regulated by
the autoinducer molecules, we added 3-oxo-C12-AHL and
C4-AHL to the culture medium of P. aeruginosa lasl/rhll
(pUC_pumA) to complement the lasl/rhll mutation and
determined the mRNA levels of pumA. The addition of both
autoinducers increased the expression of pumA in P. aerugi-
nosa lasl/rhll (pUC_pumA) in comparison with the absence
of autoinducers (Fig. 4) and was more similar to the mRNA
expression of the P. aeruginosa PAO1 (pUC_pumA ) strain:
addition of AHLs also increased pumA mRNA levels in the
P. aeruginosa PAO1 (pUC_pumA) (Fig. 4). These results
add weight to the hypothesis of positive regulation of pumA
gene expression by QS.

To demonstrate that the increase in pumA expression,
via 3-ox0-C12-AHL and C4-AHL complementation of the
lasl/rhil mutation, restored QS-mediated PumA toxin bacte-
rial virulence, we determined the virulence of P. aeruginosa
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Fig.3 pumA gene expression regulation by the Las and Rhi QS
systems. Total RNA (500 ng) from cultures was used to determine
the expression levels of the pumA or pumB genes using RT-gPCR
as described in the methods. a Expression of pumA from P. aer-
uginosa PAO1 (pUC_pumA) (white) and P. aeruginosa lasl/rhil
(pUC_pumA) (gray) cultures grown at the exponential and station-
ary phases. Expression of pumA b and pumB ¢ genes from cultures

L

of P. aeruginosa PAO1 (pUC_pumAB) (white), and P. aeruginosa
lasl/rhdl (pUC_pumAB) (gray) grown at the exponential and station-
ary phases. Values represent the means of three independent deter-
minations in duplicate with standard error bars shown. Data were
normalized with respect to the transcription of the 165 gene from P
aeruginosa. Significant differences (p<0.0001) are indicated by the
letters
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Fig.4 Chemical complementation with AHLs increased pumA
mRNA levels in the P. aeruginosa rhil/lasl mutant. Total RNA
(500 ng) from cultures was used to determine the expression levels
of pumA using RT-qPCR as described in the methods. Expression
of pumA from P. aeruginosa PAO1 (pUC_pumA) and P. aeruginosa
laslirhll (pUC_pumA) cultures grown with or without C4-AHL and
3-ox0-C12-AHL addition. Values represent the means of two inde-
pendent determinations in duplicate with standard error bars shown.
Data were normalized with respect to the transcription of the 165
gene from P aeruginosa. Significant differences (p<0.0001) are indi-
cated by the letters

lasU/rhil (pUC_pumA) in C. elegans. The addition of both
AHLs to P. aeruginosa PAO1 (pUC_pumA) did not improve
the bacterial ability to kill C. elegans (Fig. 5a). Interestingly,
the addition of 3-oxo-C12-AHL and C4-AHL increased P.
aeruginosa lasl/rhll (pUC_pumA) virulence (Fig. 5b).
However, 3-oxo-C12-AHL clearly restored P. aeruginosa
lasl/rhll (pUC_pumA) virulence to a greater degree, as its
addition limited nematode survival to approximately 48%
compared to approximately 71% survival in C. elegans
obtained under C4-AHL complementation. This suggests
that virulence conferred by PumA may respond better to the
QS Lasl system than the Rhlil system. In addition, chemical
complementation of the double rhl/l/las] mutant by 3-oxo-
C12-AHL and C4-AHL revealed that virulence by P. aer-
uginosa PumA toxin is likely controlled by the Lasl and
RhII QS systems.

Interestingly, it has been described that the nosoco-
mial and soil-based Acinerobacter species use different
signal molecules in bacterial communication. Soil-borne
isolates can produce 3-oxo-C8-AHL and C8-AHL, but
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nosocomial-derived isolates can produce longer-chain sig-
nals such as C10-AHL, C12-AHL, C14-AHL, and C16-AHL
[23]. In addition, in P. aeruginosa clinical isolates, C4-AHL
was not detected in the P. aeruginosa PAO] strain, suggest-
ing that the clinical isolates either failed to make short-chain
AHLs or the level of the signal molecules was very low [24].
The PumA toxin was identified in pUMS05 isolated from a
P. aeruginosa clinical strain [25], and we therefore deter-
mined whether the PumA function could be regulated by
other AHL compounds in addition to 3-ox0-C12-AHL and
C4-AHL. N-decanoyl-L-homoserine lactone (C10-AHL)
was added to the P. aeruginosa lasl/rhil (pUC_pumA) cul-
tures and increased the virulence of this strain, with only
53% nematode survival. This was similar to the lethality
percentage in C. elegans when 3-oxo-C12-AHL was added
(Fig. 5¢). This suggests that PumA toxin function could also
be modulated by different QS long-chain signal molecules.

Discussion

TA systems are found in bacterial mobile genetic elements
and bacterial chromosomes. They are linked to many aspects
of cell physiology, including plasmid maintenance, stress
response, persistence, protection from phage infection, and
biofilm formation [12, 26]. The type Il PumAB TA system
confers plasmid stability. as well as other plasmid-encoded
TA systems, and could participate in bacterial virulence
via the function of its PumA toxin, such as chromosomally
encoded TA systems. The transference of pumA to the P.
aeruginosa PAO] strain increased bacterial virulence, sug-
gesting that the encoded protein could be a virulence factor
[14]. Here, we explored whether QS is involved in the viru-
lence conferred by the PumA toxin from the PumAB plas-
mid-encoded TA system and evaluated the effects of pumA
gene in the P. aeruginosa lasUrhil double mutant. We found
that PumA did not increase P. aeruginosa lasUrhil virulence
in lettuce or against C. elegans. This is contrary to what was
observed in P. aeruginosa PAO1, indicating that the viru-
lence conferred by PumA is QS-dependent. In addition, it
was observed that in P. aeruginosa PAOI the transference of
pumB and pumAB genes decreased the bacterial virulence,
we do not have an explication of this result: however. this
suggests that the PumB antitoxin could, in some way, protect
the bacteria from virulence factors and more analyses are
required to determine this effect. QS has been shown to con-
trol virulence gene expression in gram-negative and gram-
positive bacteria, and in some cases, this phenomenon has
proven to be relevant for bacterial virulence in vivo [5]. P.
aeruginosa QS systems play important roles in physiological
and metabolic behaviors such as virulence, antibiotic resist-
ance, motility, and biofilm formation [13]. Interestingly. in
addition to QS mechanisms that promote biofilm maturation
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Fig.5 Restoration of virulence conferred by PumA toxin using
chemical complementation with AHLs in the P. aeruginosa rhil/lasl
double mutant. Groups of 20 worms were incubated with 1x10°
(+ 1x 10%) colony-forming units (CFU) of each strain as described in
the Methods section. a C. elegans viability after incubation with P.
aeruginosa PAO1 or P. aeruginosa PAO1 (pUC_pumA) with or with-
out C4-AHL, 3-oxo-C12-AHL, and C10-AHL addition. b C. elegans

[26], multiple TA systems are involved in human pathogenic
bacteria biofilm formation [12, 27, 28]. Our data suggest
that the PumA toxin acts as a virulence factor that could be
regulated by QS. This strengthened the hypothesis of a cor-
relation between QS and TA systems.

In addition, our data showed that pumA mRNA levels
drastically decreased in the P. aeruginosa lasl/rhll mutant
background, suggesting that pumA expression is regulated
by QS. In P. aeruginosa, QS plays a key role in modulating
virulence gene expression, and the Las and Rhl systems
regulate the timing and production of multiple virulence
factors such as elastase, alkaline protease, exotoxin A,
rhamnolipids, pyocyanin, lectins, and superoxidase dis-
mutase [5]. The decrease in the pumA transcript in the
P. aeruginosa rhll/lasl mutant background could explain
why pumA failed to increase the virulence of this strain in
both lettuce and C. elegans. The pumA and pumB genes
are co-transcribed as a bicistronic mRNA, similar to most
genes encoded in TA systems, suggesting that they form
an operon [ 14]. The RT-qPCR results showed that pumA
mRNA levels also decreased when pumB was expressed
in the P. aeruginosa lasl/rhll strain. Moreover, the pumB
transcript was also decreased in the P. aeruginosa rhll/las]
mutant. This suggests that the QS system regulates the
pumAB operon. In addition. it was observed that the pumA
mRNA levels also decreased the P. aeruginosa lasl/rhil
mutant compared to the P. aeruginosa PAO1 background,
independent of the bacterial growth phase. This result is
not surprising since evidence suggests that although QS
occurs at high cell density in many microorganisms, it

viability after incubation with P. aeruginosa lasl/rhll or P. aerugi-
nosa laslirhll (pUC_pumA) with or without C4-AHL and 3-oxo-C12-
AHL addition. ¢ Effect of C10-AHL addition on P. aeruginosa lasl/
rhll virulence conferred by PumA. Mixtures were incubated at 20 °C
and scored for live worms at the indicated times. The data shown are
the means from the duplicates of four independent assays

may play a more central role in the physiology of bacte-
ria, where QS pathways converge with starvation-sensing
pathways to regulate cell entry into stationary phase [29].

Several QS systems found in many bacterial patho-
gens produce and release small chemical signals called
autoinducers, which are commonly associated with the
regulation of genes encoding virulence factor production
and biofilm formation [30-33]. The lasl gene in P. aer-
uginosa synthesizes 3-oxo-C12-AHL, an acyl homoserine
lactone signal (autoinducer), and the ri/l gene synthesizes
C4-AHL, a second autoinducer [22]. Chemical comple-
mentation by addition of 3-oxo-C12-AHL and C4-AHL
compounds to P. aeruginosa lasl/rhil (pUC_pumA) cul-
tures increased the mRNA levels of pumA and restored
bacterial virulence in C. elegans. indicating that both Lasl
and Rhll systems regulate PumA function. Although both
autoinducers restored virulence. 3-oxo-C12-AHL addition
restored P. aeruginosa lasUrhil (pUC_pumA) virulence to
a greater degree than C4-AHL addition, and also induced
higher pumA mRNA levels than C4-AHL. A study in P.
aeruginosa lasl and rhll mutants revealed that some genes
respond well to 3-oxo-C12-AH (e.g.. lasA), while other
genes responded well with C4-AHL (e.g.. rh/AB). and
some equally well to both signals [34, 35]. Our data sug-
gested that virulence conferred by PumA responds better
to the QS Lasl system than the Rhll system.

In summary, this work describes for the first time the
role of QS in the regulation of virulence conferred by
toxins from plasmid-encoded TA systems in bacterial
pathogens.

&) Springer

191



K. C. Hernandez-Ramirez et al.

Acknowladgements This work was supported by grants from Coor-
dinacién de 1a Investigacion Cientifica {UMSNH; 2.6 and 2.35).
KCH-R and MIV-M were supported by postaraduate fellowships from
CONACYT.

Author contributions KC H-R, B V-A and MI Y-M, data acquisition,
analysis, and data interpretation, LF R-H and ¥ M-, reagents, analy-
sis, ¥ M-C data interpretation, and critical revision of the article for
inteilectual content; MI R-D. conception and design of the work, data
analysis and interpretation, and drafting of the article.

Compliance with Ethical Standards

Conflicts of interest The authors declare that diey have no conflict of
interest.

References

10.

11

13,

. Pendleton JM. Gorman SP, Gilmore BF (2013} Clinical rele-

vance of the ESKAPE pathogens. Expert Rev Anti [ofect Ther
11:297-308

Quick 1, Cumley N, Wearn CM, Niebel N, Constantinidou C,
Thomas CM, Palle M. Moiemen N5, Bamford A, Oppenheim
B, Loman NJ (2014) Seeking the source of Pseudomonas aer-
nginosa infections in a recently openad hospital: an obser-
vational study using whole-genome sequencing. BMJ] Open
4(11):e006278

Rabme LG, Ausubel FM, Cao H, Drenkard E, Gounmnerov BC,
Lau GW, Mahajan-Miklos S, Plotnikova I, Tan MW, Tsongalis
1, Walendziewicz CL., Tompkins RG (2000) Plants and animals
share functionally common bacterial virulence factors. Proc
Natl Acad Sci USA 97:8815-8821

Lee ], Zhaog L {2015) The hierarchy quorum sensing network
in Psendomonas aeruginosa. Protein Cell 6(1):26—41

Antunes LCM, Ferreira RBR, Buckner MMC. Finlay BB
{2010) Quorum sensing in bacterial virulence. Microbiology
156:2271-2282

. Leplae R, Geeraerts D, Hailez R, Guglelmini I, Dréze P, Van

Melderen L (2011) Diversity of hacterial type II toxin-antitoxin
systems: a comprehensive search and functional analysis of
novel families. Nucleic Acids Res 30:3513-5523

. Page R, Peti W (2016) Toxin-antitoxin sysiems in bacterial

grawth arrest and persistence. Nat Chem Biol 12:208-214

. Fernindez-Garcia L. Blasco L, Lopez M. Bou G, Garcia-Con-

treras R, Wood T, Tomas M (2016) Toxin-antitoxin systems in
clinical pathogens. Toxins $(7):227

. Yamaguchi Y. Park JH, Inouye M (2011} Toxin-antitoxin sys-

tems in bacteria and archaea. Anpu Rev Genet 45:61-79
Unterholzner SJ. Poppenberger B, Rozhon W (2013} Toxin-
antitoxin systems: biology, identification, and applicatien. Mob
Genet Elem 1{3]:226219

De la Cruz MA, Zhao W, Farenc C, Giménez G, Raoult I,
Cambillau C, Gorvel JP, Méresse 5 {2013) A woxin-antitoxin
module of Salmonella promotes virulence in mice. PLOS Pat-
hog 9(12):¢1003327

Wang X, Wood TK (2011) Toxin-antitoxin systems inflnence
biofilm and persister cell formation and the peneral stress
response. Appl Environ Microbiol 77(16):5577-3583

Hemati 5. Azizi-Jalilian F, Pakzad I, Taherikalani M, Maleki
A. Karimi S. Monjezei A. Mahdavi Z. Reza Fadavi M, Saye-
hmiri K. Sadeghifard N (2014) The correlation between the
prresence of guorum sensing, toxin-antitoxin system genes and

13} Springer

20.

21.

22

23

24,

25.

26,

28,

29.

30.

31.

32

33

MIC values with ability of biofilm formation in clinical isolates
of Psendomonas aeruginosa. Iran J Microbicl 6(3):133-139

. Hernindes-Ramirez KC, Chivez-Jacobo VM, Valle- Maldonado

MIL. Patiiio-Medina JA, Dfaz-Pérez SP, Tdcome-Galarza IE,
Ortiz-Alvarado R, Meza-Carmen V, Ramirez-Diaz MI (2017)
Plasmid pUMS035 encodes a Toxin-Antitoxin system conferring

plasmid stability and increased Psewdenonas aeruginose viru-
lence. Microb Pathog 112:259-268

. Green MR, Sambrook J {2012) Molecular cloning: a laboratory

manual, 4th edn. Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY

. Praffl MW (2001) A new mathematical model for rela-

tive quantificacion io real-time RT-PCR. Nucleic Acids Res
29:2000-2007

. Rodriguez-Andrade E, Herndndez-Ramitez KC, Diaz-Peréz

SP, Diaz-Magaia A, Chavez-Moctezuma MP, Meza-Carmen V,
Ortiz-Alvarado R, Cervantes C, Ramirez-Diaz MT {(20168) Genes
from pUMS0S plasmid contribute to Pseudomonas aeruginosa
virulence. Antonie Van Lesuwenhoek 109:389-396

. Battle SE. Meyer F. Rello ], Kung VL, Hauser AR {200%8)

Hybrid pathogenicity island PAGLS5 contributes to the hizhly
virulent phenotype of a Psendomenas aeruginosa isolate in
mammals. J Bacteriol 190:7130-7140

. Dong X, Mindrines M. Davis KR, Avsubel FM {19491} Induction

of Arabdopsis defense genes by virulent and avirulent Pseu-
domonas syringae strains and by a cloned virulence gene. Plant
Cell 3:61-72
Brenner 8 (1974) The genetics of Caenarhabditis elegans.
Genetics 77:71-94
Stiernagle T (2006) Maintenance of C. elegans. Worm Book,
S1-110
ggarsnn IP, G3ray KM. Passador 1., Tucker KT}, Eberhard A,
[glewski BH, Greenberg EP (1994) Structure of the autoinducer
required for expression of Pseudemonas aeruginosa virulence
senes. Proc Natl Acad Sci USA 91:197-201
Erddnmez D, Rad AY. Akstz N (2017} Quorum scnsing mol-
ecules production by nosocomial and soil isolates Aciactobacter
banmannii, Arch Microbiol 199{10):1325-1334
Bogpelmez-Tinaz G, Ulusoy S, Aridogan B, Eroflu F, Kaya
S (2005} N-butanoyl-L-homoserine [actone {BHL) deficient
Pseudomonas aeruginesa isolates from an intensive care unit.
Microbiol Res 160{4):394-403
Ramitez-Diaz MI, Diaz-Magaiia A, Meza-Carmen V, Johnstone
L, Cervantes C. Rensing C (201 1) Nucleotide sequence of Psen-
domonas aeruginosa conjugative plasmid pUMS0S containing
virulence and heavy-metal resistance genes. Plasmid 6a(1):7-18
Otsuka Y (2016) Prokaryotic toxip-antitoxin systems: nove)
rezulations of the toxins. Curr Genet 62{2):379-382

. Wen Y, Behicls E, Devreese B (2014) Toxin- Antitoxin systems:

Their role in persistence, biofilm formation, and pathogenicity.
Pathog Dis 70:240-249

Kedrierska B, Hayes F {2016) Emerging roles of toxin anfitoxin
modules in bacterial pathogenesis. Molacules 21:790
Lazazzera BA (2000) Quorum sensing and starvation: sig-
nals for entry into stationary phase. Curr Opin Microbiol
3(2):177-182

Whitehead NA, Barnard AM, Slater H, Simpson NI, Salmond
GP (2001) Quorum-sensing in gram-negative bacteria. FEMS
Microbicl Rev 25:365-404

Ng WL, Bassler BL. (2009) Bacterial guorum-sensing network
architectures. Annu Rev Genet 43:197-222

Deng Y, Wu I, Tao F, Zhang LH {2011) Listening to a new lan-
guage: DSF-based quorum sensing in gram-negative bacteria.
Chem Rev 111:160-173

Pereira C5, Thompson JA, Xavier KB (2013} Al-2-mediated
signaling in bacteria. FEMS Microbiol Rev 37:156-181

192



Virulence Conferred by PumA Toxin from the Plasmid-Encoded PumAB Toxin-Antitoxin System is. ..

34. Schuster M. Lostroh CP. Ogi T. Greenberg EP (2003) Identifica-

35,

tion, timing. and signal specificity of Pseudomonas aeruginosa
quorum- controlled genes: a transcriptome analysis. J Bacteriol
185:2066-2079

Schuster M. Greenberg EP (2006) A network of networks: quo-
rumsensing gene regulation in Psendomonas aeruginosa. Int |
Med Microbiol 296:73-81

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer

193



Hongos: los inquilinos de nuestro cuerpo

Escrito por Marco Ivan Valle Maldonado y Victor Meza-Carmen
<@

194



13. REFERENCIAS

Abo Elsoud, M.M., El Kady, E.M. 2019. Current trends in fungal biosynthesis of
chitin and chitosan. Bull Natl Res Cent 43: 59.

Almyroudis, N.G., Sutton, D.A., Linden, P., Rinaldi, M.G., Fung, J., Kusne, S. 2006.
Zygomycosis in solid organ transplant recipients in a tertiary transplant center and
review of the literature. Am J Transplant 6:2365—-2374.

Artemeyev, N.O., Rarick, H.M., Mills, J.S., Skiba, N.P., Hamm. 1992. Sites of
Interaction between Rod G-protein a-Subunit and cGMP-phosphodiesterase y-
Subunit. J Biol Chem 267(35): 25067-25072.

Aslani, J., Eizadi, M., Kardavani, B., Khoddami-Vishteh, H.R., Nemati, E., Hoseini,
S.M.J., Einollahi, B. 2007. Mucormycosis after kidney transplantations: report of
seven cases. Scand J Infect Dis 39(8): 703-706.

Balzi, E., Wang, M., Leterme, S., Van Dyck L., Goffeau, A. 1994. PDR5, a novel
yeast multidrug resistance conferring transporter controlled by the transcription
regulator PDR1. J. Biol Chem 269: 2206-2214.

Baron S. 1996. Medical Microbiology. University of Texas Medical Branch. United
States of America. pp 1273.

Bartnicki-Garcia, S. 1968. Control of Dimorphism in Mucor by Hexoses: Inhibition
of Hyphal Morphogenesis. J Bacteriol. 96: 1586-1594.

Bass, D. , Czech, L. , Williams, B. A. P. , Edric Berney, C. , Dunthorn, M. , Mah E
G, F. , Torruella, G. E., Stentiford, G. D. & Williams, T. A. 2018. Clarifying the
relationships between Microsporidia and Cryptomycota. J Eukaryot Microbiol 65(6),
773-782.

Bastidas, R.J., Shertz, C.A., Lee, S.C., Heitman, J. 2012. Rapamycin exerts
antifungal activity in vitro and in vivo against Mucor circinelloides via FKBP12-
dependent inhibition of Tor. Eukaryot cell 11:270-281.

Battaglia, E., Benoit, I., Van Den Brink, J., Wiebenga, A., Coutinho, P.M.,
Henrissat, B., De Vries, R.P. 2011. Carbohydrate-active enzymes from the
zygomycete fungus Rhizopus oryzae: a highly specialized approach to
carbohydrate degradation depicted at genome level. BMC Genomics 12: 38.

Bennet, JW., Wunch, K.G., Faison B.D. 2002. Use of Fungi Biodegradation.
Manual of Environmental Microbiology. Second Edition. ASM Press Washington.
United States of America. pp 960-971.

195



Blattner ,F.R., Plunkett, G., Bloch, C.A., Perna, N.T., Burland, V., Riley, M.,
Collado-Vides, J., Glasner, J.D., Rode, C.K., Mayhew, G.F., Gregor, J., Davis,
N.W., Kirkpatrick, H.A., Goeden, M.A., Rose, D.J., Mau, B., Shao, Y. 1997. The
complete genome sequence of Escherichia coli K-12. Science 277(5331): 1453-
1462.

Blumer, J.B., Cismowski, M.J., Sato, M., Lanier, S.M. 2005. AGS proteins:
receptor-independent activators of G-protein signaling. Trends Pharmacol Sci
26(9): 470-476.

Blumer, J.B., Lanier, S.M. 2014. Activators of G Protein Signaling Exhibit Broad
Functionality and Define a Distinct Core Signaling Triad. Mol Pharmacol 85(3):
388-396.

Bdlker M., 1998. Sex and Crime: Heterotrimeric G Proteins in Fungal Mating and
Pathogenesis. Fungal Genet Biol 25: 143-156.

Bredenkamp, A., Velankar, H., Van Zyl, W.H., Gorgens, J.F. 2010. Effect of
dimorphic regulation on heterologous glucose oxidase production by Mucor
circinelloides. Yeast 27: 849-860.

Brivanlou, A.H., Darnell Jr, J.E. 2002. Signal Transduction and the Control of Gene
Expression. Science 29(5556): 813-818.

Buss, J. E., Mumby, S. M., Casey, P. J., Gilman, A. G. & Sefton, B. M. 1987.
Myristoylated a subunits of guanine nucleotide-binding regulatory proteins. Proc
Natl Acad Sci U S A 8:, 7493-7497.

Cabrera, I.E., Pacentine, I.V., Lim, A., Guerrero, N., Krystofova, S., Li, L., Michkov,
A.V., Servin, J.A., Ahrendt, S.R., Carrillo, A.J., Davidson, L.M., Barsoum, A.H.,
Cao, J., Castillo, R., Chen, W.C., Dinkchian, A., Kim, S., Kitada, S.M., Lai, T.H.,
Mach, A., Malekyan, C., Moua, T.R., Torres, C.R., Yamamoto, A., Borkovich, K.A.
2015. Global Analysis of Predicted G Protein-Coupled Receptor Genes in the
Filamentous Fungus, Neurospora crassa. G3 (Bethesda) 5(12):2729-2743.

Cerda-Olmedo, E. 2001. Phycomyces and the biology of light and color. FEMS
Microbiol Rev 25(5): 503-512.

Cismowski, M.J., Takesono, A., Ma, C., Lizano, J.S., Xie, X., Fuernkranz, H.,
Lanier, S.M., Duzic, E. 1999. Genetic screens in yeast to identify mammalian
nonreceptor modulators of G-protein signaling. Nat Biotechnol 17(9): 878-873.

Corrochano, L.M., Kuo, A., Marcet-Houben, M., Polaino, S., Salamov, A.,
Villalobos-Escobedo, J.M., Grimwood, J., Alvarez, M.l., Avalos, J., Diane Bauer,

196



D., Benito, E.P., Benoit, I.,, Burger, G., Camino, L.P., Canovas, D., Cerda-
Olmedo, E., Cheng, J.F., Dominguez, A., Marek Elias, M., Eslava, A.P., Glaser, F.,
Gutiérrez, G., Heitman, J., Henrissat, B., lturriaga, E.A., Lang, F., Lavin, J.L., Lee,
S.C., Li, W,, Lindquist, E., Lépez-Garcia, S., Lugue, E.M., Marcos, A.T., Martin, J.,
McCluskey, K., Medina, H.R., Miralles-Duran, A., Miyazaki, A., Mufioz-Torres, E.,
Oguiza, J.A., Ohm, R.A., Olmedo, M., Orejas, M., Ortiz-Castellanos, L., Pisabarro,
A.P., Rodriguez-Romero, J., Ruiz-Herrera, J., Ruiz-Vazquez, R., Sanz, C.,
Schackwitz, W., Shahriari, M., Sheles, E., Silva-Franco, F., Soanes, D., Syed, K.,
Tagua, V.G., Talbot, N.J., Thon, M.R., Tice, H., De Vries, R.P., Wiebenga, A.,
Yadav , J.S., Braun, E.L., Baker, S.E., Garre, V., Schmutz, J., Horwitz, B.A.,
Torres-Martinez, S., ldnurm, A., Herrera-Estrella, A. Gabaldén, T., Grigoriev, I.V.
2016. Expansion of Signal Transduction Pathways in Fungi by Extensive Genome
Duplication. Curr Biol 26(12):1577-1584. doi: 10.1016/j.cub.2016.04.038.

Davis, W.J., Amses, K.R., Benny, G.L., Carter-House, D., Chang, Y., Grigoriev, 1.,
Smith, M.E., Spatafora, J.W., dJason E.StajichJames, T.Y. 2019. Genome-scale
phylogenetics reveals a monophyletic Zoopagales (Zoopagomycota, Fungi). Mol
Phylogenetics Evol 133: 152-163.

De Souza, T.D., Alves-Leal, C., Massarolo, K.C., Badiale-Fulong, E. 2019. Profile
of Phenolic Compounds Released from Rice Bran by Rhizopus oryzae and
Trichoderma reesei : Their Relation with Hydrolases Activity. J Food Sci 84(6):
1382-1389.

Diaz-Pérez, S.P., Patifio-Medina, J.A., Valle-Maldonado, M.l., Lépez-Torres, A.,
Jacome-Galarza, |.E., Anaya-Martinez, V., Goémez-Ruiz, V., Campos-Garcia, J.,
Nufez-Anita, R.E., Ortiz-Alvarado, R., Ramirez-Diaz, M.l., Gutiérrez-Corona, J.F.,
Meza-Carmen, V. 2020. Alteration of Fermentative Metabolism Enhances Mucor
circinelloides Virulence. Infect Immun 88(2):e00434-19.

Dignard, D., André, D., Whiteway, M. 2008. Heterotrimeric G-protein subunit
function in Candida albicans: both the alpha and beta subunits of the pheromone
response G protein are required for mating. Eukaryot Cell, 7(9), 1591-1599

Dohlman, H.G., Ma, S.D., Courchesne, W.E., Thorner, J. 1996. Sst2, a negative
regulator of pheromone signaling in the yeast Saccharomyces cerevisiae:
expression, localization, and genetic interaction and physical association with
Gpal (the G-protein alpha subunit). Mol Cell Biol 16(9): 5194-5209.

Etienne-Manneville, S., Hall, A. 2002. Rho GTPases in cell biology. Nature
420(6916): 629-635.

197



Garcia-Solache, M., Casadevall, A. 2011. Global Warming Will Bring New Fungal
Diseases for Mammals. MBio, 1, e00061-10.

Galagan, J.E., Henn, M.R., Ma, L.J., Cuomo, C.A., Birren, B. 2005. Genomics of
the fungal kingdom: insights into eukaryotic biology. Genome Res 15(12): 1620-
1631.

Gao, C., Wang, L., Milgrom, E. Winston-Shen, W.C. 2004. On the Mechanism of
Constitutive Pdrl Activator-mediated PDR5 Transcription in Saccharomyces
cerevisiae. J Bioll Chem 279(41): 42677-42686.

Gutiérrez, A., Lopez-Garcia, Garre, V. 2011. High reliability transformation of the
basal fungus Mucor circinelloides by electroporation. J Microbiol Methods 84(3):
442-446.

Hammond, S.P., Baden, L.R., Marty, F.M. 2011. Mortality in hematologic
malignancy and hematopoietic stem cell transplant patients with mucormycosis,
2001 to 2009. Antimicrob Agents Chemother 55(11): 5018-5021.

Hartanti, A.T., Rahayu, G., Hidayat, I. 2015. Rhizopus Species from Fresh Tempeh
Collected from Several Regions in Indonesia. HAYATI J Biosci 22(3): 136-142

Hawksworth, D.L. 2001. The magnitude of fungal diversity: the 1.5 million species
estimate revisited. Mycol Res 105(12): 1422-1432.

Hibbett, D.S., Binder, M., Bischoff, J.F. Blackwell. M., Cannon, P.F., Eriksson,
O.E., Huhndorff, S., James, T., Kirk, P., Lucking, R., Lumbsch, T., Lutzoni, F.,
Matheny, B., McLaughlin, D.J., Powell, M.J., Redhead, S., Schochk, C.L.,
Spatafora, J.W., Stalpers, J.A., Vilgalys, R., Aime, M.C., Aptroot, A., Bauer, R.,
Begerow, D., Benny, G.L., Castlebury, L.A., Crous, P.W., Dai, Y.C., Gams, W.,
Geiser, D.M., Griffith, G.W., Gueidan, C., Hawksworth, D.L. Hestmark, G., Hosaka,
K., Humber, R.A., Hyde, K.D., Ironside, J.E., Kdljalg, U., Kurtzman, C.P., Larsson,
K.H., Lichtward, R., Longcore, J., Migdlikowska, J., Miller, A., Moncalvo, J.M.,
Mozley-Standridge, S., Oberwinkler, F., Parmasto, E., Reeb, V., D. Rogers, J.D.,
Roux, C., Ryvarden, L., Sampaio, J.P., Schif3leram, A., Sugiyama, J., Thorn, G.,
Tibell, L., Untereiner, W.A., Walker, C., Wang, Z., Weir, A., Weiss, M., White, M.M.,
Winka, K., Yao, Y.L., Zhang, N. 2007. A higher-level phylogenetic classification of
the Fungi. Mycol Res 111(5): 509-547.

Huang, P., Chandra, V., Rastinejad, F. 2010. Structural Overview of the Nuclear
Receptor Superfamily: Insights into Physiology and Therapeutics. Annu Rev
Physiol 72: 247-272.

198



Huang, C., Tesmer, J.J.G. 2011. Recognition in the Face of Diversity: Interactions
of Heterotrimeric G proteins and G Protein-coupled Receptor (GPCR) Kinases with
Activated GPCRs. J Biol Chem 286: 7715-7721.

Kahn, R.A. 2014. Is the model of signal amplification by GPCRs/GEFs activating
multiple GTPases relevant to a broad spectrum of heterotrimeric and RAS
superfamily GTPases? Cell Logist 4(2): €943602.

Karmakar, M., Ghosh, B., Ray, R.R. 2012. Effect of Extracellular Factors on
Growth and Dimorphism of Rhizopus oryzae with Multiple Enzyme Synthesizing
Ability. Indian J Microbiol 52(2): 215-221.

Kohler, J.R., Casadevall, A., Perfect, J. 2015. The Spectrum of Fungi That Infects
Humans. Cold Spring Harb Perspect Med 5(1): a019273.

Koretzky, G.A, Picus, Thomas, M.L., Weiss, A., 1990. Tyrosine phosphatase CD45
is essential for coupling T-cell antigen receptor to the phosphatidyl inositol
pathway. Nature 346(6279): 66-68.

Krauss, G. 2003. Biochemistry of Signal Transduction and Regulation. Third
Edition. Wiley-WCH. Germany. pp 541.

Lee, S.C,, Li, A., Calo, S., Heitman, J. 2013. Calcineurin plays key roles in the
dimorphic transition and virulence of the human pathogenic zygomycete Mucor
circinelloides. PLoS Pathog 9(9): €1003625.

Levitzki, A., Bar-Sinai, A. 1991. The regulation of adenylyl cyclase by receptor-
operated G proteins. Pharmacol Therapeut 50(3): 271-283.

Li, L., He, L., Lai, Y., Shao, Y., & Chen, F. 2014. Cloning and functional analysis of
the GB gene Mgbl and the Gy gene Mggl in Monascus ruber. J Microbiol 52(1),
35-43.

Li, L., Wright, S.J., Krystofova, S., Park, G., Borkovich, K.A. 2007. Heterotrimeric
G protein signaling in filamentous fungi. Annu Rev Microbiol 61: 423-452.

Libbehisen, T.L., Nielsen, J., Mcintyre, M. 2003. Characterization of the Mucor
circinelloides life cycle by on-line image analysis. J Appl Microbiol 95: 1152-1160.

Ma, L.J., Ibrahim, A.S., Skory, C., Grabherr, M. G., Burger, G., Butler, M., Elias, M.,
Idnurm, A., Lang, B.F., Sone, T., Abe, A., Calvo, S.E., Corrochano, L.M., Engels,
R., Fu, J., Hansberg, W., Kim, J.M., Kodira, C.D., Koehrsen, M.J., Liu, B., Miranda-
Saavedra, D., O'Leary, S., Ortiz-Castellanos, L., Poulter, R., Rodriguez-Romero,
J., Ruiz-Herrera, J., Shen, Y.Q., Zeng, Q., Galagan, J., Birren, B.W., Cuomo, C.A,,

199



Wickes, B.L. 2009. Genomic Analysis of the Basal Lineage Fungus Rhizopus
oryzae Revealis a Whole-Genome Duplication. PLoS Genet 5(7): e1000549.

Martins MP, Silva LG, Rossi A, Sanches PR, Souza LDR, Martinez-Rossi NM.
2019. Global Analysis of Cell Wall Genes Revealed Putative Virulence Factors in
the Dermatophyte Trichophyton rubrum. Front Microbiol 10: 2168.

McCudden C.R., Hains M.D., Kimple R.J., Siderovski D.P., Willard F.S. 2005. G-
protein signaling: back to the future. Cell Mol Life Sci 62: 551-577.

Mcintyre, M., Breum, J., Arnau, J., Nielsen, J. 2002. Growth physiology and
dimorphism of Mucor circinelloides. Appl Microbiol Biot 58: 495-502.

Meussen, B.J., De Graaff, L.H., Sanders, J.P.M., Sanders, Weusthuis, R.A. 2012.
Metabolic engineering of Rhizopus oryzae for the production of platform chemicals.
Appl Microbiol Biotechnol 94(4): 875-886. doi: 10.1007/s00253-012-4033-0

Mohanta T.K., Bae H. 2015. The diversity of fungal genome. Biol Proced Online
17: 8.

Mulligan, T., Farber, S.A. 2011. Central and C-terminus domains of heterotrimeric
G protein gamma subunits differentially influence the signaling necessary for
primordial germ cell migration. Cell Signal 23(10): 1617-1624.

Murcia-Flores, L., Lorca-Pascual, J.M., Garre, V., Torres-Martinez, S, Ruiz-
Vazquez, R.M. 2007. Non-AUG Translation Initiation of a Fungal RING Finger
Repressor Involved in Photocarotenogenesis. J Biol Chem 282: 15394-15403.

Naar, A.M., Thakur, J.K. 2009. Nuclear receptor-like transcription factors in fungi.
Genes Dev 23: 419-432.

Navarro-Olmos, R., Kawasaki, L., Dominguez-Ramirez, L., Ongay-Larios, L.,
Pérez-Molina, & R., Coria, R. 2010. The B subunit of the heterotrimeric G protein
triggers the Kluyveromyces lactis pheromone response pathway in the absence of
the y Subunit. Mol Biol Cell, 21(3), 489-498.

Neer, E.J. 1994. G proteins: Critical control points for transmembrane signals.
Protein Sci 3: 3-14.

Nielsen, E., Cheung, A.Y., Ueda, T. 2008. The regulatory RAB and ARF GTPases
for vesicular trafficking, Plant Physiol 147(4): 1516-1526.

Nishijima, K.A., Wall, M.M. 2011. First Report of Association of Mucor circinelloides
on Noni (Morinda citrifolia) in Hawaii. Plant Dis 95(3): 360.

200



Nishimura, M., Park, G., Xu, J.R. 2003. The G-beta subunit MGB1 is involved in regulating
multiple steps of infection-related morphogenesis in Magnaporthe grisea. Mol Microbiol,
50(1), 231-243.

Nout, M.J., Rombouts, F.M. 1990. Recent developments in tempe research. J Appl
Microbiol 69: 609-633.

Ocampo, J., Fernandez-Nufez, L., Silva, F., Pereyra, E., Moreno, S., Garre, V.,
Rossi, S. 2009. A Subunit of Protein Kinase A Regulates Growth and
Differentiation in the Fungus Mucor circinelloides. Eukaryot Cell 8: 933-944.

Ocampo, J., McCormack, B., Navarro, E., Moreno, S., Garre, V., Rossi S. 2012.
Protein kinase A regulatory subunit isoforms regulate growth and differentiation in
Mucor circinelloides: essential role of PKAR4. Eukaryot Cell 11(8): 989-1002.
Orlowski M, 1991. Mucor dimorphism. Microbiol Rev 55: 234-258.

Patifio-Medina, J.A., Maldonado-Herrera, G., Pérez-Arques, C., Alejandre-
Castafieda, V., Reyes-Mares, N.Y., Valle-Maldonado, M.l., Campos-Garcia, J.,
Ortiz-Alvarado, R., Jacome-Galarza, |.E., Ramirez-Diaz, M.l.,, Garre, V., Meza-
Carmen, V. 2018. Control of morphology and virulence by ADP-ribosylation factors
(Arf) in Mucor circinelloides. Curr Genet 64(4): 853-869.

Patifio-Medina, J.A., Reyes-Mares, N.Y., Valle-Maldonado, M.l., JA&come-Galarza,
I.LE., Pérez-Arques, C., Nufiez-Anita, R.E., Campos-Garcia, J., Anaya-Martinez, V.,
Ortiz-Alvarado, R., Ramirez-Diaz, M.l., Lee, S.C. S, Garre, V., Meza-Carmen, V.
2019a. Heterotrimeric G-alpha subunits Gpall and Gpal2 define a transduction
pathway that control spore size and virulence in Mucor circinelloides. PLoS One
14(12):e0226682.

Patifio-Medina JA, Valle-Maldonado MI, Maldonado-Herrera G, Pérez-Arques C,
Jacome-Galarza IE, Diaz-Pérez C, Diaz-Pérez AL, Araiza-Cervantes CA,
Villagomez-Castro JC, Campos-Garcia J, Ramirez-Diaz MI, Garre V, Meza-
Carmen V. 2019b. Role of Arf-like proteins (Arl1l and Arl2) of Mucor circinelloides in
virulence and antifungal susceptibility. Fungal Genet Biol 129:40-51.

Patifio-Medina, J.A., Valle-Maldonado, M.l., Vargas-Tejeda, D., Chavez-Jacobo,
V.M., Corrales-Escobosa, A.R., Ramirez-Emiliano, J. Ruiz-Herrera, L.F., Ramirez-
Diaz, M.l., Garre, V., Meza-Carmen, V. 2020. Arf-like proteins (Arl1 and Arl2) are
involved in mitochondrial homeostasis in Mucor circinelloides. Fungal Biol
124(7):619-628.

Patino-Medina, J.A., Vargas-Tejeda, D., Valle-Maldonado, M.l., Alejandre-
Castafieda, V., Jacome-Galarza, |.E., Villegas-Moreno, J., Nufez-Anita, R.E.,
Ramirez-Diaz, M.l., Ortiz-Alvarado, R., Meza-Carmen, V. 2019c. Sporulation on

201



blood serum increases the virulence of Mucor circinelloides. Microb Pathog
137:103737.

Petrikkos, G., Skiada, A., Lortholary, O., Roilides, E., Walsh, T. J., Kontoyiannis,
D.P. 2012. Epidemiology and Clinical Manifestations of Mucormycosis. Clin Infect
Dis 54 Suppl 1:523-S54.

Prakash, H., Chakrabarti, A., 2019. Global Epidemiology of Mucormycosis. J Fungi
(Basel) 5(1): 26.

Rammaert, B., Lanternier, F., Zahar, J.R., Dannaoui, E., Bougnoux, M.E., Lecuit,
M., Lortholary, O. 2012. Healthcare-associated mucormycosis. Clin Infect Dis 54
Suppl 1:544-54.

Rangel-Porras, R. A., Diaz-Pérez, S.P., Mendoza-Hernandez, J.M., Romo-
Rodriguez, P., Alejandre-Castafieda, V., Valle-Maldonado, M.l., Torres-Guzman,
J.C., Gonzélez-Hernandez, G.A., Campos-Garcia, Arnau, J., Meza-Carmen, V.,
Gutierrez-Corona, J.F. 2019. Alcohol dehydrogenase 1 participates in the Crabtree
effect and connects fermentative and oxidative metabolism in the Zygomycete
Mucor circinelloides. J Microbiol 57(7): 606-617.

Redman, R.S., Dunigan, D.D., Rodriguez, R.J. 2001. Fungal simbiosis from
mutualism to parasitism: who controls the outcome, host or invader? New Phytol
151: 705-716.

Repasky, G.A., Chenette, E.J., Der, C.J. 2004. Renewing the conspiracy theory
debate: does Raf function alone to mediate Ras oncogenesis? Trends Cell Biol
14(11): 639-647.

Rodrigues M.L. 2018. The Multifunctional Fungal Ergosterol. MBio 9(5): e01755-
18.

Sagaram, U.S., Shim, W.B. 2007. Fusarium verticillioides GBB1, a gene encoding
heterotrimeric G protein beta subunit, is associated with fumonisin B biosynthesis
and hyphal development but not with fungal virulence. Mol Plant Pathol 8(4): 375-
384.

Scheib, U., Stehfest, K., Gee, C.E., Korschen, H.G., Fudim, R., Oertner, T.G.,
Hegemann, P. 2015. The rhodopsin-guanylyl cyclase of the aquatic fungus
Blastocladiella emersonii enables fast optical control of cGMP signaling. Sci Signal
8(389):rs8.

Schwindinger, W.F., Robishaw, J.D. 2001. Heterotrimeric G-protein By-dimers in
growth and differentiation. Oncogene 20(13): 1653-1660.

202



Sharma P.D. 2005. Fungi and Allied Organisms. Alpha Science International.
Oxford, United Kingdom. pp. 300.

Sever, R., Glass, C.K. 2013. Signaling by Nuclear Receptors. Cold Spring Harb
Perspect Biol 5(3): a016709.

Siekhaus, D.E., Drubin, D.G. 2005. Spontaneous receptor-independent
heterotrimeric G-protein signaling in an RGS mutant. Nat Cell Biol 5: 231-235.

Singh L.P., Gill S.S., Tuteja N. 2011. Unraveling the role of fungal symbionts in
plant abiotic stress tolerance. Plant Signal Behav 6(2): 175-191.

Smrcka, A.V., Brown, J.H., Holz, G.G. 2012. Role of phospholipase Cg¢ in
physiological phosphoinositide signaling networks. Cell Signal 24(6): 1333-1343.

Snyder, A., Churey, J.C., Worobo, R.W. 2016. Characterization and control of
Mucor circinelloides spoilage in yogurt. Int J Food Microbiol 228:14-21.

Sorol, M.R., Pastori, R.L., Muro, A., Moreno, S., Rossi, S. 2000. Structural and
functional analysis of the cAMP binding domain from the regulatory subunit of
Mucor rouxii protein kinase A. Archives of Bbiochemistry and Bbiophysics 382(2):
173-181.

Spatafora, J.W., Chang, Y., Benny, G.L., Lazarus, K., Smith, M.E., Berbee, M.L.,
Bonito, G., Corradi, N., Grigoriev, I., Gryganskyi, A. 8, James, T.Y., O'Donnell, K.,
Roberson, R.W., Taylor, T.N., Uehling, J., Vilgalys, R., White, M.M., Stajich. J.E.
2016. A Phylum-Level Phylogenetic Classification of Zygomycete Fungi Based on
Genome-Scale Data. Mycologia 108(5):1028-1046

Spellberg, B., Ibrahim, A.S., Chin-Hong, P. V., Kontoyiannis, D.P., Morris, M.1.,
Perfect, J.R. Fredricks, D., Brass, E.P. 2012. The Deferasirox-AmBisome Therapy
for Mucormycosis (DEFEAT Mucor) study: a randomized, double-blinded, placebo-
controlled trial. J Antimicrob Chemother 67(3): 715-722.

Spellberg, B., lIbrahim, A.S. 2010. Recent Advances in the Treatment of
Mucormycosis. Curr Infect Dis Rep 12(6): 423-429.

Snyder, A.B., Churey, J.J., Worobo, R.W. 2016. Characterization and control of
Mucor circinelloides spoilage in yogurt. Int J Food Microbiol 228:14-21. doi:
10.1016/).ijfoodmicro.2016.04.008.

Sprang, S.R. 1997. G PROTEIN MECHANISMS: Insights from Structural Analysis.
Annu Rev Biochem 66: 639-678

203



Takahashi, T., Tsuchida, Y., Irie M. 1978. Purification and some properties of three
forms of glucoamylase from Rhizopus species. J Biochem 84(5): 1183-1194.

Takai Y., Sasaki, T., Matozaki, T. 2001. Small GTP-Binding Proteins. Physiol Rev
81(1): 154-188.

Tanabe, Y., Watanabe, M.M., Sugiyama, J. 2005. Evolutionary relationships
among basal fungi (Chytridiomycota and Zygomycota): Insights from molecular
phylogenetics. J Gen Appl Microbiol 51(5): 267-276.

Tesmer, J.J.G. 2010. The Quest to Understand Heterotrimeric G Protein Signaling.
Nat Struct Mol Biol 17(6): 650-658.

Thongchul, N., Navankasattusas, S., Yang, S.T. 2010. Production of lactic acid and
ethanol by Rhizopus oryzae integrated with cassava pulp hydrolysis. Bioproc
Biosyst Eng 33(3): 407-416.

Todd, R.T., Forche, A., Selmecki, A. 2017. Ploidy Variation in Fungi: Polyploidy,
Aneuploidy, and Genome Evolution. Microbiol Spectr
5(4):10.1128/microbiolspec.FUNK-0051-2016.

Tzima, A.K., Paplomatas, E.J., Tsitsigiannis, D.l., Kang, S. 2012. The G-Protein 3
subunit controls virulence and multiple growth- and developmet related traits in
Verticillium dahliae. Fungal Genet Biol, 49(4), 271-283.

Valle-Maldonado, M.l., Jacome-Galarza, |.E., Gutiérrez-Corona, F., Ramirez-Diaz,
M.l., Campos-Garcia, J., Meza-Carmen, V. 2015a. Selection of reference genes for
guantitative real time RT-PCR during dimorphism in the zygomycete Mucor
circinelloides. Mol Biol Rep 42(3):705-711. doi: 10.1007/s11033-014-3818-x.

Valle-Maldonado, M.I., Jacome-Galarza, |.E., Diaz-Pérez, A.L., Martinez-Cadena,
G., Campos-Garcia, J., Ramirez-Diaz, M.1., Reyes-De la Cruz, H., Riveros-Rosas,
H., Diaz-Pérez, C,, Meza-Carmen, V. 2015b. Phylogenetic analysis of fungal
heterotrimeric G protein-encoding genes and their expression during dimorphism in
Mucor circinelloides. Fungal Biol 119(12): 1179-1193.

Van Dop, C., Yamada, G., Steinberg, F., Sekura, R. D., Manclark, C. R., Stryer, L.
& Bourne, H. R. 1984. J Biol Chem 259: 23-26

Vellanki, S., Billmyre R.B., Lorenzen, A., Campbell, M., Turner, B., Huh, E.Y.,
Heitman, J., Lee, S.C. 2020. A Novel Resistance Pathway for Calcineurin Inhibitors
in the Human-Pathogenic Mucorales Mucor circinelloides. mBio 11(1): e02949-109.
doi: 10.1128/mBi0.02949-19.

204



Vellanki, S., Navarro-Mendoza, M.l., Garcia, A., Murcia, L., Perez-Arques, C.,
Garre, V., Nicolas, F.E., Lee, S.C. 2018. Mucor circinelloides: Growth,
Maintenance, and Genetic Manipulation. Curr Protoc Microbiol 49(1): e53. doi:
10.1002/cpmc.53.

Versele, M., Lemaire, K., Thevelein, J.M. 2001. Sex and sugar in yeast: two distinct
GPCR systems. EMBO Rep 2(7): 574-579.

Wacker, D., Stevens, R.C., Roth, B.L. 2017. How Ligands Illuminate GPCR
Molecular Pharmacology. Cell 170(3): 414-427.

Walbot V., Petrov D.A. 2001. Gene galaxies in the maize genome. P Natl Acad Sci
USA 98(15): 8163-8164.

Wall, M.A., Coleman, D.E., Lee, E., Ifiguez-Lluhi, J.A., Posner, B.A., Gilman, A.G.,
Sprang, S.R. 1995. The structure of the G protein heterotrimer Gi alpha 1 beta 1
gamma 2. Cell 83(6): 1047-1058.

Wang, P., Perfect, J.R., Heitman, J. 2000. The G-protein beta subunit GPB1 is
required for mating and haploid fruiting in Cryptococcus neoformans. Mol Cell Biol,
2(1), 352-362.

Weis, K. 2003. Regulating access to the genome: nucleocytoplasmic transport
throughout the cell cycle. Cell 112(4): 441-451.

West, R.E., Moss, J, Vaughan, M., Liu, T., Liu, T.Y. 1985. Pertussis toxin-catalyzed
ADP-ribosylation of transducin. Cysteine 347 is the ADP-ribose acceptor site. J
Biol Chem 260(27):14428-14430.

White M.M., James T.Y., O’'Donnell K. 2006. Phylogeny of the Zygomycota based
on nuclear ribosomal sequence data. Mycologia 98(6): 872-884.

Whiteway M., Clark K.L., Leberer C.E., Dignard D., Thomas D.Y. 1994. Genetic
Identification of Residues Involved in Association of a and B G-Protein Subunits.
Mol Cell Biol 14(5): 3223-3229.

Whiteway M., Hougan L., Dignard D., Thomas D.Y., Bell L., Saari G.C., Grant F.J.,
MacKay V.L. 1989. The STE4 and STE18 genes of yeast encode potential beta
and gamma subunits of the mating factor receptor G protein. Cell 56(3): 467-477.

Wikandari, R., Millati, R., Lennartsson, P.R., Harmayani, E., Taherzadeh M.J.
2012. Isolation and Characterization of Zygomycetes Fungi from Tempe for
Ethanol Production and Biomass Applications. Appl Biochem
Biotechnol 167(6):1501-1512.

205



Wolff, A.M., Appel, K.F., Petersen, J.B., Poulsen, U., Arnau, J. 2002. Identification
and analysis of genes involved in the control of dimorphism in Mucor circinelloides
(syn. racemosus). 2002. FEMS Yeast Res 2(2): 203-213.

Wright, S.K., Inchausti, R., Eaton, C.J., Krystofova, S., Borkovich, K.A. 2011.
RIC8 is a guanine-nucleotide exchange factor for Galpha subunits that regulates
growth and development in Neurospora crassa. Genetics 189(1): 165-176.

Zaballos, P., Ara, M., Pozo, A., Andrés, R., Gil, J., Ramény Cajal, S., Carapeto,
F.J. 2003. Fulminant rhinocerebral mucormycosis. Actas Dermosifiliogr 94(9): 624-
626.

Zerial, M., McBride, H. 2001. Rab proteins as membrane organizers. Nat Rev Mol
2(2): 107-117.

Zhang W. 2011. Roles of heterotrimeric G proteins in guard cell ion channel
regulation. Plant Signal Behav 6(7): 986-990.

Zhang, W., Jeon, B.W., Assmann, S.M. 2011. Heterotrimeric G-protein regulation
of ROS signalling and calcium currents in Arabidopsis guard cells. J Exp Bot 62(7):
2371-2379.

Zhang, Y., Navarro, E., Canovas-Marquez, J.T., Almagro, L., Chen, H., Chen,
Y.Q., Zhang, H., Torres-Martinez, S., Chen, W., Garre, V. 2016. A new regulatory
mechanism controlling carotenogenesis in the fungus Mucor circinelloides as a
target to generate [-carotene over-producing strains by genetic engineering.
Microb Cell Fact 15:99.

Ziféakova L., Vétrovsky T., Howe A., Baldrian P. 2016. Microbial activity in forest
soil reflects the changes in ecosystem properties between summer and winter.
Environ Microbiol 18(1): 288-301.

Zininga, J.T., Puri, A.K., Govender, A., Singh, S., Permaul, K. 2019. Concomitant
production of chitosan and lipids from a newly isolated Mucor circinelloides ZSKP
for  biodiesel production. Bioresour Technol 272: 545-551. doi:
10.1016/j.biortech.2018.10.035.

206



