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Introduccioén

Desde tiempos ancestrales, la levadura ha sido utilizada por el hombre para la
transformacion y elaboracion de alimentos y bebidas alcohdlicas. La
fermentacion de alimentos ha acompafiado al hombre a través de la historia y
ha sido considerada un arte durante muchos siglos. Ya desde el afio 4.000 a.C.
existe constancia de la fabricacion de pan en el antiguo Egipto, donde los
panaderos mezclaban cerveza con harina de trigo para la elaboracién de masas.
Esta practica empezé a ser habitual en Europa a finales del siglo XVIII, aunque
no fue hasta finales del XIX cuando comenzo6 a emerger la industria productora
de cepas de levadura para panaderia. Esta nueva levadura se denominé
levadura prensada, debido a que se presentaba en el mercado en estado solido

y permitia la obtencién de productos menos amargos y con mejor sabor.

1.- EL PROCESO DE PANIFICACION

El término pan cubre una amplia variedad de productos que difieren en
formulacién, ingredientes o condiciones de procesamiento. En algunos de estos
productos se produce una fermentacion espontanea por parte de levaduras y
de bacterias acido-lacticas que estan presentes de manera natural en la harina.
Sin embargo, en la mayoria de ellos, la levadura se afiade con el fin de obtener
un producto de caracteristicas constantes y con la calidad requerida por el
consumidor. La principal funcién de la levadura es la produccién de CO,, que
resulta en un incremento del volumen de la masa. La levadura también
contribuye al aroma del pan debido a la formacién tanto de compuestos
volatiles, como de precursores de aromas durante la fermentacion de la masa

ademas de intervenir en las propiedades reoldgicas del pan.

El método tradicional de preparacién de una masa panaria consiste en la
mezcla de todos sus ingredientes, harina, agua, levadura y sal, manual o
mecéanicamente. El amasado permite la interaccion de todos los ingredientes de
la masa poniendo a disposicion de la levadura una serie de nutrientes que seran

metabolizados en su mayoria por un proceso de fermentacién en condiciones
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Introduccién

de microaerofilia a 28 -30° C. Este comienza con el metabolismo de los
azucares libres aportados por la harina, principalmente glucosa, fructosa,
maltosa, sacarosa y una variedad de glucofructanos (Oura y col.,, 1979;
Burrows, 1979). Una vez son consumidos éstos, la fermentacion continua por el
consumo de la maltosa liberada a partir del almidén, componente principal del
endosperma de los granos de trigo, por parte de a y B-amilasas. La cantidad de
maltosa liberada representa hasta un 3% del peso de la harina y es, por tanto,
la fuente de carbono mas importante para sostener la fermentacion panaria
(Burrows, 1979). No es de extrafiar por tanto, que las cepas de levadura de
panaderia hayan sido seleccionadas, entre otras propiedades, en virtud de una

elevada tasa de hidrélisis de este disacarido.

2.-CEPAS INDUSTRIALES DE LEVADURA DE PANADERIA

Las levaduras comerciales de panaderia son cepas de Saccharomyces
cerevisiae que han sido seleccionadas por el hombre durante afios por su buena
capacidad fermentativa y optimizadas para su aplicacion en panaderia. Son
hongos unicelulares pertenecientes a la clase Ascomycetes, en su mayoria
homotalicas, con un alto e irregular grado de ploidia y heterocigosis y con una
reducida capacidad de esporulacion, originando pocas ascas con cuatro
esporas, la mayoria de las cuales son inviables (Evans 1990; Codé6n y col.,
1998). Ademas, presentan polimorfismos en la longitud de sus cromosomas asi
como reordenaciones cromosémicas con mdltiples translocaciones (Codén y
col.,, 1997). Esto hace que las cepas industriales de levadura no sean
susceptibles de un analisis genético tradicional, lo que dificulta identificar genes

responsables de sus propiedades fermentativas.

Las propiedades fundamentales que deben poseer las cepas industriales de
panaderia estan relacionadas tanto con su produccién industrial como con el
proceso de panificacion en el que van a ser empleadas. Con respecto al proceso

de obtencién de la levadura, ésta debe presentar un crecimiento rapido y un
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Introduccioén

elevado rendimiento de biomasa en medio de melaza, el cual es utilizado en la
produccién industrial de la levadura. Por otro lado, debe tener una elevada
actividad fermentativa en masas panarias y su utilizacion debe dar como
resultado la obtencion de un producto estable, de sabor y olor agradables para
el consumidor. El poder fermentativo de una levadura en una masa panaria
depende tanto de la composicién de la harina como de las caracteristicas
intrinsecas de la propia levadura. Entre estas Ultimas destaca el nivel enzimatico
de maltasa. Si la masa es azucarada (20-30% de sacarosa), la levadura debera
mostrar, un nivel de actividad invertasa reducido. La invertasa metaboliza la
sacarosa en glucosa y fructosa. Si el nivel es alto, se produce una rapida
liberacion de glucosa en el medio extracelular de la levadura, con el
consiguiente aumento de la presiébn osmotica en el exterior celular lo que

impide o ralentiza el crecimiento celular y por tanto su capacidad fermentativa.

3.- ESTRES OSMOTICO Y TOXICIDAD DEL SODIO

El uso industrial de la levadura implica unas condiciones muy diferentes a las
de su habitat natural por lo que deben ser capaces de adaptarse a ambientes
cambiantes asi como resistir distintos tipos de estrés. Como cualquier
organismo vivo, S. cerevisiae tiene unas condiciones 6ptimas de crecimiento en
lo que se refiere a disponibilidad de nutrientes y condiciones medioambientales.
En concreto, su crecimiento es maximo cuando se encuentra en un medio rico
en azucares facilmente fermentables, a pH en torno a 5 y a una temperatura
entre 25-28° C. Sin embargo, estas condiciones son muy diferentes a las que se
encuentran tanto en el proceso de obtencién como durante su utilizaciéon para
la elaboracion de masas. En estos procesos, la levadura se encuentra sometida
a diferentes fuentes de estrés que afectan tanto a la produccién de biomasa
como al proceso de panificacion. La habilidad de la levadura de panaderia S.
cerevisiae para resistir a diferentes condiciones de estrés es clave en muchas

aplicaciones de la industria panadera.
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3.1. FUENTES DE ESTRES OSMOTICO

3.1.1.- PRODUCCION INDUSTRIAL DE LEVADURA

La produccion industrial de levadura se realiza utilizando fuentes de carbono
de bajo coste como son las melazas procedentes de cafia de azlcar o de
remolacha. Sus principales componentes son agua y carbohidratos (sacarosa,
glucosa y fructosa), ademas de sales y otros solutos. Esto hace que durante el
proceso de propagacion las células de levadura se vean sometidas a un exceso
de sales con la consecuente reduccién de la actividad de agua. Estas
condiciones de estrés osmdtico son méaximas cuando, una vez alcanzada la
biomasa esperada, ésta se separa del medio, se lava y se procesa para obtener
levadura en crema, en bloque (levadura prensada) o seca (levadura seca
activa). En cualquiera de estos tres formatos se elimina un porcentaje muy
elevado del agua extracelular lo cual supone un descenso drastico de la
actividad de agua (Attfield, 1997).

3.1.2.- ELABORACION DE MASAS DULCES

Otra situacion en la que la levadura es sometida a duras condiciones de
estrés, es la alta presion osmética que presentan las masas dulces utilizadas
para productos de bolleria (Attfield, 1997; Randez-Gil y col., 1999). Los altos
niveles de sacarosa empleados en su elaboracion (de hasta un 30%), generan
un ambiente de elevada presién osmética que limita el crecimiento de las cepas
de S. cerevisiae (Myers y Attfield, 1999) y su capacidad fermentativa. La
presencia de otros ingredientes como margarina o leche en polvo supone un
aumento adicional de la presion osmotica. Ademas, la adicion de sal, con
niveles de hasta un 2%, ejerce un estrés adicional debido a la toxicidad de los
iones, ya que la presencia de iones Na* y CI" en el citoplasma tiene un efecto
toxico para muchos sistemas enzimaticos de la célula. (Serrano, 1996). Como

consecuencia, el tiempo de fermentacion se prolonga y el volumen final del
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producto se reduce (Myers y Attfield, 1999). Esto obliga a los industriales a
utilizar una dosis extra de levadura en las formulaciones (en torno a un 6-12%,
base harina), con el consiguiente incremento del coste del producto. A su vez,
esta practica modifica las caracteristicas organolépticas del producto final, lo
cual genera un rechazo por parte del consumidor. Para evitar esto, una cepa de
levadura industrial destinada a la elaboracién de masas dulces deberia exhibir

tolerancia a estrés osmotico y resistencia a la toxicidad del sodio.

3.2.- RESPUESTA A ESTRES OSMOTICO EN S. cerevisiae

La respuesta a estrés osmotico y a estrés salino en Saccharomyces cerevisiae
ha sido ampliamente caracterizada (Blomberg, 2000; Hohmann, 2002a;
Hohmann, 2002b; Mendizébal y col., 1998; Rios y col., 1997; Serrano, 1996). El
aumento en la osmolaridad del medio extracelular, tiene como consecuencia
inmediata la pérdida de agua intracelular acompafiada de una parada en el
crecimiento de la célula. La pérdida de agua a través de la membrana
plasmatica genera una pérdida de turgencia de las células y una disminucion en
el tamafio de las mismas (Hohmann, 1997). La respuesta de S. cerevisiae
frente al aumento de osmolaridad en el medio es de dos tipos, una respuesta
inmediata que hace recuperar la turgencia celular impidiendo asi la muerte, y
una respuesta a medio-largo plazo que permite la adaptacion y posterior

crecimiento de la célula en el nuevo medio (Figural).

3.2.1.-LA RESPUESTA PRIMARIA: BALANCE OSMOTICO

La respuesta inmediata consiste en la entrada de agua extracelular, la
formacion de vacuolas y el bloqueo de canales de exclusion de osmolitos
compatibles. Los osmolitos compatibles son componentes de bajo peso
molecular, altamente solubles en agua y que pueden acumularse en el
citoplasma de la célula, incluso a altas concentraciones, sin interferir con las

rutas metabdlicas celulares. Cuando una célula es sometida a un medio de alta
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concentracion osmética, se produce una diferencia de potencial osmaotico entre
el interior y el exterior celular que tiene como consecuencia la salida de agua de
la célula. La acumulacion de osmolitos aumenta el potencial osmético del
interior celular, haciendo que se iguale con el de su exterior. Los osmolitos
compatibles mas utilizados son los polialcoholes, siendo el glicerol el osmolito

acumulado por S. cerevisiae (Hohmann, 1997).

La acumulacion bajo condiciones de estrés osmético, de otros osmolitos como
son eritritol, ribitol, arabinitol, xylitol, sorbitol, manitol y galactitol ha sido
descrita en otras especies de levaduras y hongos por distintos autores
(Blomberg y Adler, 1992). En S. cerevisiae, la acumulacion de glicerol es
controlada a dos niveles, retencién y produccion. La retencion de glicerol forma
parte de la respuesta inmediata de la célula frente a un choque osmético. Se ha
caracterizado la proteina Fpslp como una proteina canal responsable del eflujo
de glicerol (Luyten y col., 1995). La presencia este canal permite a la célula
controlar y ajustar la permeabilidad de la membrana al glicerol. En condiciones
de estrés osmdético, el canal esta cerrado y el glicerol se acumula en el interior
celular. Posteriormente el canal se abre y se cierra sucesivamente, con objeto

de controlar el nivel de glicerol (Tamas y col., 1999).

3.2.2. LA RESPUESTA SECUNDARIA: RUTAS DE TRANSDUCCION DE
SENAL

Dentro de los mecanismos de respuesta a medio-largo plazo, juega un papel
importante la activacion transcripcional de genes que habitualmente no se
expresan bajo condiciones normales de crecimiento o lo hacen a niveles bajos.
La modificacién de la expresién génica tras un choque osmdético estd mediada
por diferentes mecanismos (Rep y col., 1999a; Rep y col., 1999b; Rep y col.,
2000). El analisis global de la expresion génica en S. cerevisiae ha puesto de
manifiesto la activacion de entre 250-400 genes cuando las células son

sometidas a diferentes condiciones de estrés osmatico y salino. La activacion de
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Figura 1. Representacion esquematica de las respuestas

primaria y secundaria de S. cerevisiae frente a un choque salino
estos genes tiene como consecuencia la sintesis de proteinas que cumplen una
amplia variedad de funciones fisioldgicas (Rep y col., 2000; Posas y col., 2000;
Yale y Bohnert., 2001). En S. cerevisiae, esta activacién transcripcional esta
mediada mayoritariamente a través de dos rutas de sefializacién celular como
son la ruta HOG (por High Osmolarity Glycerol) (Hohmann, 2002a; de Nadal y
col., 2002; Westfall y col., 2004; O'Rourke y col., 2002) y la ruta de la
calcineurina (Rusnak y Mertz, 2000; Yoshimoto y col., 2002; Cyert, 2003).
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3.2.2.1. La ruta HOG: estrés osmatico

La ruta HOG esta implicada, en mayor o menor grado, en la expresion de
unos 300 genes regulados por estrés osmético (Rep y col., 2000). Se trata de
una ruta de transduccion de la sefial, formada por proteinas quinasas, las
denominadas MAPKs (por Mitogen Activated Protein Kinase). En S. cerevisiae se
conocen al menos cinco rutas de sefializacion formadas por MAPK las cuales
responden a diferentes estimulos externos (revisado en Gustin y col., 1998).
Las rutas de MAPK consisten en una cascada de fosforilaciones sucesivas de
tres proteinas quinasas denominadas MAP quinasa quinasa quinasa (MAPKKK),
MAP quinasa quinasa (MAPKK) y MAP quinasa (MAPK). Se han caracterizado
dos proteinas de membrana que participan en el mecanismo de percepcion por
el cual la célula detecta un cambio en la osmolaridad del medio, los sensores
SInlp y Sholp. Recientemente, se ha caracterizado un tercer sensor, Msh2p, el
cual parece tener un papel redundante al de Sholp (O”Rourke y col., 2002). El
primero de los osmosensores, Sholp, requiere de los factores Stellp, Ste50p,
Ste20p y la GTPasa Cdc42 para la transmision de la sefial bajo condiciones de
estrés osmético (Maeda y col., 1995; O"Rourke y Herskowitz, 1998; Posas y
col., 1998; Raitt y col., 2000; Reiser y col., 2000). En éstas condiciones, Sholp
recluta temporalmente a Pbs2p formandose un complejo unido a la membrana
con Stellp, Ste50p, Ste20p. La formacién del complejo permite la fosforilaciéon
de Pbs2p por parte de la MAPKKK, Stellp. Esto provoca que Pbs2p se libere del
complejo y fosforile a su vez a Hoglp (Reiser y col., 2000). Se considera que el
otro osmosensor es la proteina SInlp la cual forma junto con Ypdlp y Ssklp un
“sistema de dos componentes” (Maeda y col., 1994). Bajo condiciones normales
de crecimiento, las tres proteinas estan fosforiladas (Posas y col., 1996) y al
aumentar la osmolaridad del medio se desfosforilan sucesivamente lo que
provoca que Ssklp se una a Ssk2-22p (MAPKKK) activandola y disparando asi la

cascada de fosforilaciones hasta llegar a Hoglp a través de Pbs2 (MAPKK).
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Sinlp

Figura 2. Representacion esquematica de la ruta HOG

De este modo el sistema SInlp-Ypd1l-Ssklp ejerce una regulacion negativa

sobre la ruta (Posas y Saito, 1998).

La fosforilaciéon de Hoglp, permite su entrada transitoria al nicleo celular
(Ferrigno y col., 1998; Reiser y col., 1999). Una vez dentro, Hoglp fosforila a
su vez a diversos factores transcripcionales, los cuales se unen a regiones
especificas de los promotores de los genes que van a activar. Msn2p/Msn4p,
Msn1, Hotl (Rep y col., 1999a), Smplp (de Nadal y col., 2003) o Skol (Proft y

Serrano, 1999) son algunos factores transcripcionales sobre los que actla
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Hoglp. Estos factores transcripcionales inducen la expresion de genes como
GPD1 (glicerol fosfato deshidrogenasa), C771 (catalasa T citosolica) o ENAL
(bomba de sodio y litio de la membrana plasmatica) los cuales son diana de
Msn2/Msn4, Hotlp y Skolp respectivamente. Hay evidencias de que Hoglp no
ejerce su acciéon Unicamente a través de la activaciébn de factores de
transcripcion mediante fosforilacién sino que Hoglp también puede unirse al
promotor de algunos genes facilitando la entrada de la maquinaria de
transcripcion (Alepuz y col., 2003; de Nadal y col., 2004; Proft y Struhl 2002).

3.2.2.2. Laruta de la calcineurina: toxicidad del sodio

La adicién de NaCl en el medio de cultivo de la levadura, no sélo produce un
estrés osmdético por el incremento de la diferencia del potencial osmético de la
membrana, sino que ademaés tiene un efecto nocivo por la toxicidad de los
iones. La acumulacién de iones Na* y CI" en concentraciones de 50-100mM en
el citoplasma, tiene efectos negativos sobre muchos sistemas enzimaticos
(Serrano y col., 1997). Mientras que el potasio entra en la célula a través de
canales especificos de baja afinidad, Trklp y Trk2p (Ko y col., 1990; Ko y
Gaber, 1991), el sodio carece de transportadores propios para su entrada en la
célula y aparentemente entra en esta a través de los sistemas de transporte de
potasio, cuya capacidad de discriminacién entre ambos iones es limitada
(Ramos y col., 1990). En presencia de altas concentraciones de Na*, y a fin de
evitar su entrada, el sistema de baja afinidad Trk1,2p se convierte en un
sistema de alta afinidad de potasio, para aumentar la capacidad de
discriminacién entre ambos iones (Ramos y col., 1994). Paralelamente se
induce un sistema de bombeo para expulsar el sodio intracelular. El principal
sistema de detoxificacion es la ATPasa de tipo P codificada por el gen
ENA1/PMR2, |a cual es capaz de bombear cationes Na* y Li* al exterior celular
(Haro y col., 1991). El control de la expresion de ENAI estd regulado por
distintos mecanismos y su transcripcion estd, bajo condiciones normales de

crecimiento, reprimida por la unién de inhibidores a su promotor.
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calmodulina

il 4

T [Ca2+] ‘ calcineurina

Figura 3. Representacion esquemdtica de la ruta de la calcineurina

La expresion de ENAI esta reprimida en presencia de glucosa en el medio. En
estas condiciones los represores Migl-2p estan unidos junto con el complejo
corepresor Ssnép-Tuplp a las secuencias llamadas URSyc1.ena: del promotor de
ENA1 impidiendo su transcripcion (Alepuz y col., 1997; Proft y Serrano, 1999).
Este control esta mediado por la proteina quinasa Snflp y es totalmente
independiente de la ruta HOG y de la ruta de la calcineurina (Alepuz y col.,
1997).
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En respuesta a estrés osmotico o estrés salino moderado, la expresion de
ENAI es activada por la ruta HOG que actia a través del represor
transcripcional Skolp (Proft y Serrano, 1999; Marquez y col., 1998; Pascual-
Ahuir y col., 2001). Este también se une, junto con el complejo corepresor
Ssn6p-Tupl, a secuencias especificas del promotor de ENAZ llamadas URScge.
Enal Y €N este caso es la proteina quinasa Hoglp la encargada de fosforilar a
Skolp permitiendo su liberacién del promotor y por tanto la transcripcion de
ENA1 (Proft y Serrano, 1999; Pascual-Ahuir y col., 2001).

Cuando las células son sometidas a un estrés salino severo, adicionalmente a
la ruta HOG, se activa la ruta de la calcineurina, siendo ésta responsable de la
induccién especifica por sodio de ENAI (Marquez y Serrano, 1996; Proft y
Serrano, 1999). La regulacion de la transcripcion de ENAZ en condiciones de
estrés salino también ha sido relacionada con la ruta TOR (de Target Of
Rapamycin) a través de los factores de transcripcion GIn3p y Gatlp (Crespo y
col., 2001).

La calcineurina se activa como respuesta a un aumento en el contenido
intracelular de Ca**, via calmodulina (Nakamura y col., 1993; Mendoza y col.,
1994), el receptor méas importante de este cation. La calcineurina es una
proteina fosfatasa del tipo 2B que actla sobre residuos de serina y treonina,
cuya funcién es dependiente de Ca?" y calmodulina. La calcineurina esta
ampliamente conservada de mamiferos a otros eucariotas. En levadura, esta
implicada en distintos procesos como son la sintesis de compuestos de la pared
celular (Garrett-Engele y col., 1995), el control del ciclo celular (Mizunuma y
col., 1998) y es esencial para la tolerancia a estrés i6nico (Rusnak y Mertz,
2000).

El andlisis global de la expresion génica de células de levadura en condiciones
de estrés ionico con Ca®* y Na*, muestra que hay 163 genes regulados por la

ruta de la calcineurina (Yoshimoto y col., 2002). Los productos de estos genes

28



Introduccioén

participan en una amplia variedad de procesos celulares, como el equilibrio de
concentraciones de iones, la sintesis de la pared celular, el metabolismo de
lipidos y esteroles o el transporte de vesiculas (Yoshimoto y col., 2002). La
calcineurina no es una proteina esencial en S. cerevisiae excepto bajo
determinadas condiciones de estrés. Levaduras deficientes en calcineurina
crecen pobremente en presencia de altas concentraciones de iones como Mn?",
Na*, Li* e OH (Nakamura y col., 1993; Mendoza y col., 1994; Farcasanu y col.,
1995; Pozos y col., 1996). La calcineurina se requiere para la activacion
transcripcional de varias bombas de iones en la célula como ENAI. Ademas
controla la transcripcion de PMC1 (bomba de Ca?* vacuolar) y de PMR1 (bomba
de Mn?" y Ca®* del aparato de Golgi). Es una proteina oligomérica formada por
una subunidad catalitica A, codificada por dos genes funcionalmente
redundantes (CNAZy CNA2) y una subunidad reguladora, codificada por CNB1
(Cyerty col., 1991; Cyert y Thorner, 1992; Kuno y col., 1991; Liu y col., 1991).

La calcineurina en S. cerevisiae, controla también la transcripcion de FKS2, el
cual se induce por la adicion de Ca** al medio siendo esta induccién
dependiente de calcineurina. FKSZ2 codifica para la subunidad catalitica de la
beta-1,3-glucano sintasa, la cual sintetiza beta-1,3-glucano, componente
principal de la pared celular de la levadura (Mazur y col., 1995). Fue en el
promotor de FKSZ donde se identific6 la secuencia CDRE (calcineurin
dependent response element) (Stathopoulos y Cyert, 1997). Esta secuencia
consta de 24 pb y es necesaria y suficiente para la transcripcion dependiente de
calcineurina de FSKZ (Stathopoulos y Cyert, 1997). Otras secuencias, conocidas
como UASgya han sido identificadas en el promotor de ENAI como
responsables de la induccion de la transcripcion dependiente de calcineurina
(Mendizabal y col.,, 2001). A todas estas secuencias se une un factor
transcripcional conocido como Crzlp (Tcnlp). Este fue aislado e identificado por
su capacidad de activar la transcripcion dependiente de calcineurina de FKS2
por su unién a la secuencia CDRE. Crzlp es sustrato de la calcineurina

(Stathopoulos y Cyert, 1997). Esta defosforila a Crzlp como respuesta al
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aumento de la concentracién de Ca** que se da en el citoplasma bajo distintas
situaciones. Una vez desfosforilado, Crzlp cambia su localizacién celular
pasando del citoplasma al nicleo (Statophoulos-Gerontides y col., 1999), y alli
se une a los promotores de diversos genes como ENAI, PMRI1, PMCI o FKS2
para activar su transcripcion. Estudios recientes de expresion génica muestran
que Crzlp es el mayor y probablemente el Unico factor transcripcional
dependiente de calcineurina de la levadura /n vivo (Yoshimoto y col., 2002).
También se ha descrito que Crzlp es fosforilado, y por tanto inactivado, por
Hrr25p, una caseina quinasa | (Kafadar y col., 2003) ademas de por la PKA (de
Protein Kinase A) (Kafadar y Cyert, 2004).

3.3.-ESTRATEGIAS PARA LA MEJORA DE LA
OSMOTOLERANCIA EN LEVADURAS DE PANADERIA

Numerosos esfuerzos se han dirigido a la obtencién de cepas de levadura de
S. cerevisiae con un mejor comportamiento en masas dulces. Un aspecto
importante en estas masas es el nivel de actividad invertasa que presentan las
cepas de panaderia. Contrariamente a lo que se podria pensar, cepas con una
elevada actividad invertasa (levaduras de fermentacién “rapida” en masas
convencionales), exhiben una produccion baja de CO, en masas dulces. Este
fendmeno se ha relacionado con una situacion de bloqueo metabdlico motivado
por una entrada masiva de azUcares en la célula y su posterior fosforilacién, lo
gue implica una depleccion en los niveles de ATP de la célula (Thevelein y
Hohmann, 1995). A esto hay que afiadir el aumento de la presién osmética que
se produce como consecuencia de la hidrélisis extracelular de la sacarosa del
medio, sometiendo a la levadura a un estrés osmdtico. Por tanto,
independientemente de los niveles de invertasa, también juega un papel
importante la osmotolerancia intrinseca mostrada por distintas cepas (Oda y
Ouchi, 1990). Por esta razon se han seleccionado cepas con baja actividad
invertasa (cepas de fermentacion “lenta”) para su utilizacion en masas dulces

(Clement y Loiez, 1983). Estas cepas son adecuadas para la elaboracion de
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masas con contenidos en sacarosa en torno al 8-10%. Sin embargo, para la
fermentacion de masas con contenidos mayores de azlcar (20-30%), donde la
presion osmotica es mucho mas elevada, las levaduras necesitan mostrar

tolerancia a estrés osmotico.

Un contenido elevado en glicerol en la célula, esta directamente relacionado
con la osmotolerancia y la capacidad fermentativa en masas dulces (Myers y
Attfield, 1999; Attfield y Kletsas, 2000). Se ha demostrado que células pre-
estresadas antes del proceso de panificacion acumulan glicerol, lo que aumenta
su osmotolerancia (Hirasawa y Yokoigawa, 2001). Del mismo modo una
incubacion de las levaduras previa al proceso de panificacion en soluciones de
glicerol, también aumenta el contenido de éste y por tanto la osmotolerancia de
la cepa (Myers y col., 1997). Sin embargo, estos procesos son laboriosos y a
menudo costosos, por tanto son dificiles de aplicar a nivel industrial. Todo esto
hace que las estrategias utilizadas se basen en la mejora genética de la propia

levadura y no en su procesamiento.

Uno de los frentes abordados para conseguir aumentar la osmotolerancia de
cepas industriales, se ha basado en la posible ingenierizacion del metabolismo
del glicerol en Saccharomyces cerevisiae, mediante un aumento de su
producciébn y una mejor retencion del mismo. Sin embargo, estas
aproximaciones han resultado infructuosas. La expresidon constitutiva en
ausencia de estrés de una proteina Hoglp hiperactiva, reduce la tasa de
crecimiento y favorece la agregacion de células y la floculacion en condiciones
optimas de crecimiento (Bell y col., 2001). La activacion de la ruta de MAP-
quinasas, bien por la sobreexpresién de las quinasas que participan en la
cascada de fosforilacion o por el encendido permanente de éstas por disrupcion

del sensor Sinlp, resulté letal para la célula (Maeda y col., 1994).

La sobreexpresion de GPDI apenas aumenta el contenido de glicerol

intracelular (Albertyn y col., 1994). La disrupcion de FSPI o de éste en
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combinacion con la sobreexpresion GPDI (Luyten y col., 1995; Philips y
Herskowitz, 1997; Tao y col., 1999), tiene un efecto negativo en el crecimiento
de la levadura (Remize y col.,, 2001). Por otro lado, la expresién de una
proteina Fpslp con el extremo C-terminal truncado, permite a la célula
acumular mas glicerol en condiciones de estrés osmético, pero éste hecho es
letal para la célula en condiciones de crecimiento isotonico (Tamas y col.,
1999). Por tanto la alteracién de la sintesis y/o acumulacién de glicerol en
levadura tiene claros efectos dafiinos sobre su crecimiento. En este sentido
cabe recordar que el metabolismo del glicerol juega un papel importante en

varios aspectos celulares, ademas del de la osmoproteccion.

Osmolitos compatibles diferentes al glicerol, como azucares, alcoholes o
aminoacidos han sido aislados de microorganismos halotolerantes (da Costa y
col., 1998). El estudio de la acumulacion de estos metabolitos podria ser
interesante; sin embargo hay que tener en cuenta que su acumulacion puede
tener un umbral maximo y que no siempre dicha acumulacién se correlaciona

con un aumento en la osmotolerancia (Apse y Blumwald, 2002).

La acumulacién de determinadas proteinas en la membrana plasmatica,
protegen a esta de la desecacién que tiene lugar cuando la célula estd en un
medio hipersalino. Una de éstas proteinas es Hspl2, cuya sobreexpresion
confiere proteccion frente a la desecacion y a estrés producido por la presencia
de etanol en el medio (Sales y col., 2000). Por ultimo, genes implicados en
procesos de expulsién de Na* intracelular, asi como de su compartimentacion
en vacuolas, son firmes candidatos para su manipulacién genética con el fin de

obtener levaduras mas osmotolerantes (Benito y col., 1997).

32



Introduccioén

4.- ESTRES POR CONGELACION

4.1 MASAS CONGELADAS

Durante las Ultimas décadas, la produccion de masas congeladas para
panaderia y especialmente para bolleria, ha experimentado un notable
incremento. El mercado de las masas congeladas en Espafia se inicid en los
afos 90 principalmente en la Comunidad Valenciana y Catalufia. El desarrollo
de supermercados, centros comerciales y de ocio impulsaron la creacion de los
denominados “puntos calientes” en los que es posible encontrar pan y bolleria
recién horneados. Este fenébmeno ha favorecido el desarrollo de la industria de
las masas congeladas. Este tipo de industria supone una modificacién de los
sistemas de fabricacion y venta del producto. Son muchas las ventajas
asociadas al uso comercial de masas congeladas. Por una parte permite una
flexibilidad de horario para el panadero ya que puede almacenar el producto y
hornearlo al momento. Con respecto al consumidor, le permite tener disponible
a cualquier hora productos recién hechos. Sin embargo, el desarrollo de una
tecnologia que permita la fabricacion de un producto de calidad similar al
obtenido con masas frescas, se ha visto limitado por la sensibilidad al proceso
de congelacidn-descongelacién de las cepas de levadura de S. cerevisiae
(Attfield, 1997; Randez-Gil y col., 1999) y a la reduccion de su capacidad
fermentativa en masas congeladas (Gelinas y col., 1993; Hatano y col., 1996)
ademas de por la alteracion fisica que sufre la red de gluten. Si las masas son
azucaradas, el problema es todavia mayor, ya que se suma el efecto negativo
que supone la adicién de azucares al medio con el consiguiente aumento de la
presion osmética exterior. La resistencia a la congelacion es una caracteristica
esencial de aquellas levaduras que se pretenden usar tanto en masas
congeladas como en masas congeladas y ademas azucaradas. La pérdida de
viabilidad de las células sometidas a procesos de congelacién-descongelacion se

atribuye a la deshidratacion celular provocada por un aumento del estrés
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osmotico. La congelaciéon del agua del medio da lugar a un aumento de la
concentracién de los electrolitos disueltos en ella antes de la congelacion.
(Hatano y col., 1996; Myers y Attfield, 1999). Por otro lado el almacenamiento
en congelacion da lugar a la formacion y crecimiento de cristales de hielo, los
cuales provocan dafios celulares por rotura de membranas con la consecuente
pérdida de la organizacion subcelular (Grout y col., 1990). La obtencion de
cepas de levadura de panaderia resistentes a estrés osmotico y a estrés por
congelacién supondria grandes ventajas para la industria de bolleria congelada
ya que conllevaria un ahorro econémico como consecuencia de la disminucién
de la dosis de levadura, asi como la comodidad afiadida inherente al uso de una

misma cepa para distintos procesos.

4.2 ESTRATEGIAS PARA AUMENTAR LA CRIORESISTENCIA

EN S. cerevisiae

La obtencibn de cepas de levadura de panaderia de S. cerevisiae mas
crioresistentes se ha realizado hasta la fecha mediante seleccion tras ciclos
sucesivos de congelacién-descongelacion (Oda y Tonomura, 1993; Almeida y
Pais, 1996a), por hibridacion (Nakagawa y Ouchi, 1994; Codén y col., 2003) o
mediante mutacion (Takagi y col., 1997; van Dijck y col., 2000; Teunissen y
col., 2002). El estudio de las caracteristicas de estas cepas ha permitido
correlacionar la crioresistencia con algunos factores celulares como son la
acumulacién de trehalosa o la composicion en acidos grasos poliinsaturados de
la membrana plasmatica. Actualmente se estan desarrollando distintas
estrategias para construir nuevas cepas crioresistentes basadas en la disrupcion
0 sobreexpresion de genes implicados en las rutas de sintesis y/o degradacién
de éstos compuestos (Kim y col., 1996; Shima y col., 1999; lzawa y col., 2004;
Sakamoto y Murata 2002; Rodriguez-Vargas, 2003). La sobreexpresion en S.
cerevisiae de aquaporinas, proteinas implicadas en la entrada y salida de agua,
(Tanghe y col., 2002), asi como de proteinas anticongelantes de peces también

se ha utilizado como estrategia para obtener cepas de levadura mas resistentes
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a la congelacién. (Panadero J, Randez-Gil F, Prieto JA, resultados no

publicados).

5. LEVADURAS NO CONVENCIONALES. Torulaspora

delbrueckii

La capacidad de fermentar una masa panaria no es exclusiva de S. cerevisiae,
otras especies de levadura son capaces de producir gas y dotar de volumen a
una masa panaria. Levaduras osmotolerantes pertenecientes a los géneros
Zygosaccharomyces, Pichia o Torulaspora son frecuentemente encontradas en
masa agrias utilizadas para la elaboracion de panes tradicionales (Almeida y
Pais, 1996a). La levadura 7orulaspora delbrueckii (sin. Saccharomyces rosei) se
encuentra frecuentemente en bebidas alcohdlicas, zumos de fruta y alimentos
con alto contenido en azlcares (Esteve-Zarzoso y col., 2001), asi como en
aislados de masas espontaneas (Almeida y Pais, 1996a). Esta especie es
empleada habitualmente en paises como Japoén, para la fermentacion panaria.
Cepas de 7. delbrueckii aisladas del suelo, grano o masas panarias han sido
también seleccionadas por su elevada resistencia a estrés por congelacién
(Hahn y Kawai, 1990). No obstante, en la mayoria de los casos, las cepas
estudiadas no combinan de forma simultanea crioresistencia y produccién de
CO, Sin embargo, dos cepas de este organismo, PYCC5321 y PYCC5323,
aisladas de masas de centeno y maiz han sido caracterizadas por su elevada
viabilidad y capacidad fermentativa en masas congeladas (Almeida y Pais,
1996b). Filogenéticamente 7. delbrueckii se clasifica como un taxén diferente
de S. cerevisiae por sus diferencias en la formacion de ascas (Vaughan-Martini
y Martin, 1996). Estudios de cariotipado, mediante electroforesis de campo
pulsante, muestran que 7. delbrueckii presenta 6 cromosomas de tamafos
comprendidos entre 800-1600 Kb (Oda y Tonomura, 1995). De morfologia oval

a globular su tamafio es menor que el de S. cerevisiae. Pese a estas diferencias
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ambas especies presentan una alta homologia en la secuencia de sus genes

(James y col.,, 1996; Oda y col., 1997; Belloch y col., 2000).
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Justificacion y Objetivos

Los hébitos de la poblacion estan cambiando y con ellos las exigencias del
consumidor. En el campo de la panaderia esto se ha traducido en la demanda
de mayor variedad de productos asi como de productos “listos para su uso”.
Esto ha supuesto que la produccién de masas congeladas para panaderia y
sobre todo para bolleria, haya experimentado un fuerte crecimiento en los
ultimos afios. Sin embargo este desarrollo se ha visto limitado, en parte, por la
inexistencia en el mercado de cepas de levadura tolerantes a la congelacion y a
las altas concentraciones de azUcares presentes en las masas para bolleria.

La solucién a este problema puede venir desde dos frentes bien diferentes.
Por un lado, la construccion mediante técnicas de ingenieria genética de cepas
de panaderia con mayor tolerancia a congelacién y estrés osmético. Esto
requiere tener un conocimiento previo de las bases moleculares que regulan
ambos fendmenos, por no hablar de los problemas que implicaria en la
actualidad, debido a las reticencias sociales que plantea el uso de los
organismos modificados genéticamente. Pese a todos los esfuerzos dirigidos a
aumentar la osmotolerancia y crioresistencia de las cepas de panaderia, no
existen en el mercado cepas que relnan simultaneamente estas caracteristicas
y a la vez sean capaces de mantener su capacidad para producir el CO,

requerido durante la fermentacion.

La otra solucion seria la utilizacion de levaduras con caracteristicas
intrinsecas de crioresistencia y osmotolerancia. Estas levaduras deberian
exhibir ademas de una buena capacidad fermentativa, una elevada velocidad
de crecimiento en medios industriales de melaza y un alto rendimiento en
biomasa. Cepas de levadura de 7. delbrueckii fueron aisladas de masas
caseras de centeno y maiz (Almeida y Pais, 1996a) y han sido caracterizadas
por su elevada viabilidad y capacidad fermentativa en masas congeladas
(Almeida y Pais, 1996b). No obstante, no se ha determinado la tolerancia a la
congelacién de éstas cepas propagadas en condiciones industriales. Otros
aspectos interesantes de ser esclarecidos son su osmotolerancia y

comportamiento en masas azucaradas, tanto frescas como congeladas.
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Durante los Ultimos afios, las técnicas de ingenieria genética han permitido
la construccion de cepas de panaderia de S. cerevisiae con nuevas
caracteristicas deseables en la elaboracion de masas panarias y en concreto,
cepas que producen proteinas o enzimas que afectan positivamente a la
reologia y vida media del producto final (Randez-Gil y col., 2003). Dado la
posible aplicacién industrial de 7. delbrueckii, es importante conocer su
capacidad de producir proteinas heterdlogas. Sin embargo, el uso de técnicas
de ADN-recombinante en este microorganismo es limitado, ya que se carece
de las herramientas moleculares necesarias. Ademas, la mayoria de cepas de
T. delbrueckii son protétrofas. En consecuencia, su transformacion mediante
complementacién de marcadores auxoétrofos, el método méas comin en S.
cerevisiae, no puede ser empleado. En este escenario, la obtencion de cepas
auxotrofas de 7. delbrueckii se convierte en un objetivo prioritario.

Nuestro interés por 7. delbrueckii va mas alla de su utilizacion como
levadura de panaderia en procesos industriales. Su elevada tolerancia a la
congelacibn y el hecho de que son levaduras que se encuentran
frecuentemente en alimentos y bebidas con altas concentraciones de azlcares
(Esteve-Zarzoso y col., 2001), nos lleva a proponer a esta especie como
modelo de estudio de tolerancia a estrés en levadura de panaderia. 7.
delbrueckii y S. cerevisiae presentan una alta homologia en la secuencia de
sus genes (James y col., 1996; Oda y col., 1997; Belloch y col., 2000). Esto, y
dada la disponibilidad del genoma completo de S. cerevisiae, nos facilita el uso
en el laboratorio de 7. delbrueckii como organismo modelo.

La identificacion de genes implicados en la tolerancia a altas presiones
osméticas nos puede servir para esclarecer las bases moleculares de este
fenotipo.

Con todo lo expuesto los objetivos planteados en este trabajo son:

1.- Caracterizar las cepas de 7. delbrueckii PYCC5321 y PYCC5323 para su
posible utilizacion industrial en la elaboracion de masas dulces congeladas y

estudiar sus fenotipos de crioresistencia y osmotolerancia.
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2.- Desarrollar herramientas moleculares de aplicacion en la levadura
Torulaspora delbrueckii. Obtener una libreria gendmica de 7. delbrueckii que
nos permita aislar y caracterizar genes que codifican para marcadores
auxotroficos y construir cepas de esta levadura interrumpidas para estos

marcadores de seleccion.

3.- Estudiar el posible empleo de 7. delbrueckii para la expresion de genes

heterdlogos.

4.-Aislamiento y caracterizacion del HOGI de 7. delbrueckii PYCC5321 y

estudio de su implicacion en la respuesta a estrés osmotico en esta levadura.

5.-Aislamiento, secuenciacion y caracterizacion de genes de 7. delbrueckii

PYCC5321 que confieren una mayor osmotolerancia a cepas de S. cerevisiae.
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Abstract

The response of Saccharomyces cerevisiae and freeze-tolerant Torulaspora delbrueckii strains to osmotic stress
and their CO, production capacity in sweet and frozen-sweet dough has been examined. T. delbrueckii strains,
IGC5321 and IGC5323 showed higher leavening ability than Saccharomyces, specially after exposure to
hyperosmotic stress of bread dough containing 20% sucrose and 2% salt added. In addition, Torulaspora and
especially T. delbrueckii 1GC5321 exhibited no loss of CO, production capacity during freeze-thaw stress.
Overall, these results appeared to indicate that Torulaspora cells are more tolerant than Saccharomyces to osmotic
stress of bread dough. This trait correlated with a low invertase activity, a slow rate of trehalose mobilisation and
the ability to respond rapidly to osmotic stress. Growth behaviour on high osmotic synthetic media was also
examined. Cells of the IGC5321 strain showed intrinsic osmotolerance and ion toxicity resistance. However, 7.
delbrueckii 1GC5323 exhibited a clear phenotype of osmosensitivity. Hence, this characteristic may not be
essential or the only determinant for leavening ability in salted high-sugar dough.

Introduction 1997). This situation gets worse in frozen-sweet
dough, because the water activity is reduced by the
The ability of the baker’s yeast Saccharomyces cere- freezing and thawing processes. In addition, freezing
visiae to cope with different stress conditions is a key and frozen storage of dough has a negative influence
factor in many commercial applications. One of the on baking performance due to freeze cell injury
most extreme challenges for yeast is the high osmotic (Gélinas et al. 1993; Hatano et al. 1996; Neyreneuf
pressure encountered in sweet dough (Attfield 1997; and Van Der Plat 1991). To overcome these problems,
Randez-Gil et al. 1999). These bakery products con- it is common for bakers to add extra yeast to sweet
tain up to 30% added sucrose or glucose/fructose and frozen-sweet dough. However, this practice in-
syrup as a sweetener agent, often combined with fat, creases process cost, and affects negatively the taste
powder milk and salt (Sultan 1990), which reduces and texture of the product. Consequently, the develop-
the water activity of the dough. ment of yeast strains with better leavening capability
Exposure of yeast to hyperosmotic stress results in for sweet and frozen-sweet dough production has a
rapid cell dehydration that limits growth and gas- great economic interest.
production capacity (Blomberg and Adler 1992; An important trait that influences the baking per-
Hohmann 1997; Varela and Mager 1996). As a conse- formance of yeast in sweet dough is the level of
quence, the proofing time increases and the final invertase activity (Evans 1990). This enzyme cata-
volume of the baked product is reduced (Myers et al. lyses the hydrolysis of sucrose into glucose and
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fructose, increasing osmotic pressure. Therefore, bak-
er’s yeast strains with low invertase activity have been
selected for sweet dough applications. These strains
are suitable to elaborate dough containing low con-
centrations of sucrose (< 8-10%). However, these
strains do not show intrinsic osmotolerance and at
higher sugar contents the osmotic pressure inhibits
their activity (Myers et al. 1997).

On the other hand, the addition of salt (around 2%,
flour basis) to sweet dough may also cause further
effects on baking performance which are different
from those of osmotic stress. Indeed, accumulation of
sodium and chloride in the cytosol of yeast cells has
harmful effects for most of the enzyme systems
(Serrano 1996). These toxic effects are observed at
intracellular concentrations of Na® and CI~ of 50—
100 mM, which is much lower than the levels re-
quired for ionic strength effects (Serrano et al. 1997).
Such ionic contents are easily achieved because the
low water activity in sweet dough enhances the effec-
tive concentration of both ions. Consequently an
industrial baker’s yeast, which is well adapted to
sweet dough processes, should be osmotolerant and
salt toxicity resistant. However, in spite of the efforts,
none of the baker’s yeast strains reported so far
combines the desirable technological properties.

Dough leavening abilities have been reported for
yeasts other than S. cerevisiae. Yeasts such as Issat-
chenkia orientalis, Pichia membranaefaciens and
Torulaspora delbrueckii were the most abundant non-
Saccharomyces species present in home-made corn
and rye bread dough (Almeida and Pais 1996a).
Freeze-tolerant strains of T. delbrueckii (Almeida and
Pais 1996b; Hahn and Kawai 1990; Sasaki and
Oshima 1987), T. pretoriensis (Oda and Tonomura
1993) and Kluyveromyces thermotolerans (Hino et al.
1987) have also been isolated and characterised as
suitable for frozen dough. However, most of the
selected freeze-tolerant strains have not been evalu-
ated extensively for other properties of interest in
baking, or do not fulfil the most important requisites
on commercial baker’s yeast.

In this work, we have investigated the response of
two freeze-tolerant T. delbrueckii strains to salt and
osmotic stress and their leavening ability in sweet and
frozen-sweet dough in comparison with commercial
baker’s yeast strains of Saccharomyces. In addition,
we have analysed the effect of various cellular factors
on stress behaviour and fermentation characteristics
of these strains.
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Materials and methods
Strains and culture media

T. delbrueckii yeast strains IGC5321 and IGC5323
(Almeida and Pais 1996b) were used throughout this
work. The commercial baker’s yeast named Cinta
Roja (Burns Philp) and Plus Vital (Lesaffre) were
used as controls. Biomass from yeast was prepared by
culturing cells in a liquid molasses medium according
to an industrial recipe: 116.6 g of beet molasses (49%
sucrose), 1.5 g of ammonium sulphate, 0.15 g of
orthophosphoric acid, and 20 g of biotin per litre;
adjusted to a final pH 5.0. Cultures were incubated
and cells collected as described previously (Randez-
Gil et al. 1995). The yeast cake was kept at 4°C for
later use. Storage time was no longer than 24 h. Yeast
cells were also cultured in defined media, YNB
(0.67% yeast nitrogen base without amino acids
[DIFCO] plus 2% glucose) or YPD (1% yeast extract,
2% peptone, 2% glucose). Cells were grown routinely
in 250 ml or 1000 ml Erlenmeyer flasks at 30 °C on an
orbital shaker (200 rpm).

For stress experiments on solid media, yeast cells
were grown to exponential phase (ODg,, of 0.3-0.5)
in YPD, harvested, diluted, and plated on YPD agar
containing NaCl (1.4 M), KCI (1.4 M) or LiCl (0.4
M). Yeast growth was also assayed on YP agar
medium containing 20% sucrose (YPS) in the ab-
sence of NaCl or in the presence of 0.7 M NaCl.
Plates were incubated at 30 °C for 2—4 days.

Enzyme determinations

Maltase activity was determined in crude extracts as
described by Okada and Halvorson (1964) using p-
nitrophenyl-a-D-glucopyranoside (pNPG) as sub-
strate. To prepare yeast extracts, cells were resuspend-
ed in 0.3 ml of cold homogenisation buffer (0.1 M
potassium phosphate buffer, pH 6.5) and transferred
into a tube containing 1.0 g of glass beads (acid
washed, 0.4-mm diameter). The mixture was vortexed
for three periods of 1 min, centrifuged at 12,000 X g
(4 °C) for 10 min, and the clear supernatant was used
for further analysis. Total protein was determined by
the method of Bradford (1976) using the commercial
BioRad protein assay kit and rabbit IgG as standard.
One unit (U) of specific activity is defined as the
amount of enzyme that produces 1 nmol of pNPG/
min/mg of protein under the assay conditions.



Invertase was assayed as described by Niederacher
and Entian (1987), and is expressed as nmols of
glucose released from sucrose/min/mg of protein.

Glycerol and trehalose determination

To determine glycerol content under salt-stress con-
ditions, cells were grown in YNB medium (DO, of
1.0) and then transferred to 1.4 M NaCl containing
medium. At different times, cells were collected by
filtration and washed twice with 5 ml of chilled 1.4 M
NaCl. The filter was transferred quickly to a cold tube
containing 1 ml of distilled water, and the yeast
suspension was boiled for 10 min, cooled on ice, and
centrifuged at 15,300 X g for 10 min (4 °C). Finally,
the supernatant was collected and used for further
analysis. Glycerol was determined colorimetrically
with a commercial kit (Boehringer), following the
manufacturer’s instructions.

For the trehalose assay, cells were harvested,
washed three times in cold TBS buffer, and suspended
in 0.5 M Tris-HCI (pH 7.5) buffer. The yeast suspen-
sion was boiled for 10 min, cooled on ice, centrifuged
at 15,300 X g for 10 min (4 °C), and the supernatant
collected for further assay. Trehalose was determined
colorimetrically by measuring the glucose generated
by hydrolysis with commercial trehalase. Briefly, the
reaction mixture contained 5 pl of trehalase (1.4 units
per mg of protein, SIGMA) and 50 pl of crude
extract, in 200 pl of 25 mM sodium acetate buffer, pH
5.5. The mixture was incubated at 37 °C overnight,
afterwards 100 pl were withdrawn for glucose de-
termination.

Mobilisation of trehalose in stationary-phase
molasses-grown yeast (OD,, of 24—-26) was induced
by transfer of cells to YPD medium. Cultures were
incubated by shaking (200 rpm) at 30 °C. Samples
were taken and analysed for trehalose content at 25
and 180 min after the transfer.

Table 1. Growth rate (n) and final biomass concentration of
different baker’s yeast grown in molasses

Strain Growth rate* Final biomass™*
(') (g/D)
T. delbrueckii IGC5321 0.32 = 0.01 235 £ 28
T. delbrueckii IGC5323 0.29 + 0.01 251 £ 1.5
Plus Vital 0.41 = 0.01 279 £23
Cinta Roja 0.38 + 0.01 24.1 = 2.1

*Values are given as means and standard deviations of three

independent experiments.
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Dough preparation and gas production
measurements

A commercial wheat bread flour (moisture, 16%; W,
1135 X 107 J [Alveograph]; P/L, 0.26 [Alveog-
raph]) was used throughout this work. Bread dough
was prepared using the formula: flour (100%), yeast
(2.8%), salt (2%) and tap water (47.4%). Sweet
dough contained sucrose also, 8% or 20% (flour
basis). Ingredients were mixed for 8 min in a MAHOT
LABO 25 mixer (VMI France), and the resulting
dough was divided into 315-g pieces. One piece as a
control dough was analysed immediately for gassing
power. The rest of the pieces were moulded by hand
to 0.5-cm thickness, placed in aluminium salves, and
wrapped in plastic bags. Dough was quickly frozen at
—80 °C for 1 h and stored at —20 °C for 3 h (0’ time)
or up to 60 days. After each storage stage, the frozen
dough was left to thaw at 30 °C for 30 min before
gassing power was measured. CO, production was
recorded in the Chopin rheofermentometer (Chopin,
France) at 28.5 °C for 3 h. The increase of specific loaf
volume during fermentation was measured in a cali-
brated vessel (Afora) using 100 g-pieces of hand-
balled bread dough. Technological parameters were
assayed in duplicate for each yeast tested. Yeast
biomass for each experiment was obtained from dif-
ferent propagation batches.

Results and discussion

Dough-leavening activity and growth
characteristics

The most important requisites in the commercial
production of baker’s yeast are rapid growth and high
biomass yield (Randez-Gil et al. 1999). Therefore, we
analysed these characteristics in two T. delbrueckii
strains, previously isolated from home-made bread
dough (Almeida and Pais 1996a), and reported as
freeze-tolerant (Almeida and Pais 1996b). We used
molasses as culture medium, the most common sub-
strate in the baker’s yeast industry, and two commer-
cial strains from S. cerevisiae, Cinta Roja and Plus
Vital, as controls. Culture of T. delbrueckii on molas-
ses medium showed lower growth rate values than
those observed for Saccharomyces strains, although
the final biomass did not differ among the four strains
assayed (Table 1).
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We determined the gas-production capacity of the
yeast strains in lean and sweet-dough. Table 2 shows
that CO, production in lean dough, was slightly
higher in T. delbrueckii strains than in Cinta Roja, a
baker’s yeast commercialised for unsugared bread
dough applications. As expected, the differences were
more pronounced when the dough-leavening activity
of the Torulaspora cells was compared with that
observed for the Plus Vital strain (Table 2). This strain
shows a poor ability to ferment maltose, but performs
properly in low-sucrose bread dough. In consonance
with this, the CO, production in bread-dough elabo-
rated with this strain increased by the addition of 8%
sucrose, whereas that of the Cinta Roja strain di-
minished (Table 2). The best results were again for
both Torulaspora strains, and especially for IGC5321.
Furthermore, yeast exposure to hyperosmotic stress of
bread dough containing 20% sucrose resulted in a
dramatic drop of the fermentative capacity of the
commercial strains (Table 2). Under the same con-
ditions, the T. delbrueckii strains displayed a decrease
of CO, production of about 30% relative to that found
in lean-dough. We further compare these data with
those of 20%-sucrose dough elaborated with commer-
cial compressed yeast biomass. Growth under indus-
trial dynamic fed-batch conditions provide broad
stress tolerance and high fermentative capacity. De-
spite this, CO, production for the Cinta Roja strain
was still lower, 196 = 15 ml per g of cells (d.w.), than
observed for batch-grown Torulaspora cells (Table
2), and only dough yeasted with Plus Vital rendered
values in a similar range, 658 * 42. Therefore, both
Torulaspora strains are suitable for the production of
both lean and sweet-dough and display higher leaven-
ing ability than commercial strains of Saccharomyces,
when grown under these laboratory conditions.

Maltase and invertase activities

The yeast-gassing rate depends on the dough formula-
tion, on specific fermentation parameters and espe-
cially on intrinsic characteristics of baker’s yeast.
Therefore, we tried to analyse the implications of
several cellular factors in the baking performance of
the baker’s yeast. One important trait that determines
the fermentation activity of S. cerevisiae in lean and
low-sucrose bread dough is the level of maltase and
invertase activity. In sweet bread dough, it is believed
that the level of invertase correlates inversely with
CO, production (Myers et al. 1997). A good dough-
leavening activity in lean dough has been correlated
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Table 2. Gas production capacity of different baker’s yeast strains
in lean and sweet dough

ml of CO,/g of cells (d.w.)"

Lean dough Sweet dough
Strain 8% 20%
sucrose sucrose
T. delbrueckii 1IGC5321 811 = 24 840 £ 25 529 =25
T. delbrueckii 1IGC5323 780 = 19 76515 52532
Plus Vital 585 = 29 699 =14 158 =20
Cinta Roja 719 = 12 529 =42 nd’

“CO, production in lean and sweet dough was recorded in the
rheofermentometer. Bread dough containing the yeast strains under
study was prepared as described in the Materials and Methods
section. Values are given as means and standard deviations of three
independent experiments. "n.d. non detected.

with a high potential maltose-fermentation rate
(Beudeker et al. 1990; Oliver 1991). As shown in
Figure 1A, T. delbrueckii 1GC5321 exhibited a low
maltase activity (< 100 U mg ™" of protein), whereas
the commercial control strain employed in lean dough
production, Cinta Roja, showed the highest maltose-
degradation rate (> 300 U mg~' of protein) (Figure
1A). These results did not correlate with the fermenta-
tive activities in lean dough shown above (see Table
2). Therefore, a correlation between maltase activity
and CO, production in lean dough appears to be
unclear; at least for the baker’s yeast strains analysed.
This was not the case for the invertase activity (Figure
IB). Indeed, T. delbrueckii strains gave a similar
ranking of invertase levels to that found for Pus Vital.
In contrast, Cinta Roja, which showed an impaired
leavening ability in sugared bread dough (Table 2),
displayed the highest invertase activity (Figure 1B).

Salt addition. Effect on leavening ability

The data shown above indicated an unexpected poor
behaviour of strain Plus Vital in high-sugar bread
dough. Since these experiments were performed with
bread dough elaborated with the addition of salt, we
investigated in greater depth the effects of this com-
pound in yeast gassing capacity. We measured the
increase of specific loaf volume in 20% sucrose bread
dough with or without salt added for the Plus Vital and
T. delbrueckii strains. This test allows a fermentation
capacity assay for longer periods than those recorded
(3h) in the rheofermentometer. As shown in Figure
2A, all strains analysed showed a similar leavening
ability in high-sugar dough lacking salt. As expected,
the rate of loaf volume increase was clearly reduced,
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Figure 1. Maltase and invertase levels in different baker’s yeast
strains. Samples from T. delbrueckii IGC5321 and IGC5323, Plus
Vital and Cinta Roja cells cultured in molasses medium (OD,, of
24-26) were processed for maltase (A) and invertase (B) activity
analysis. Preparation of crude extracts and biochemical assays were
performed as described in the Materials and Methods section.
Values are given as means and standard deviations of three in-
dependent experiments.

when 2% salt was added (Figure 2B). However, this
effect was more pronounced for dough yeasted with
the T. delbrueckii 1G5323, and specially with the Plus
Vital strain, which presented a longer lag phase and a
reduced maximal loaf volume as compared with the 7.
delbrueckii 1IGC5321 strain (Figure 2B).

Growth under osmotic and salt stress conditions

We further examined the effects of osmotic and salt
stress on different synthetic media. Sodium chloride
generates two different stress conditions to S. cere-
visiae cells: osmotic stress and sodium toxicity (Ser-
rano et al. 1997). Thus, NaCl is much more toxic than
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equivalent concentrations of KCI. This is also the case
for the ion lithium, its threshold for toxicity is even
lower (Dichtl et al. 1997). As shown in Figure 2C,
growth of Plus Vital cells on YPD medium was
impaired in the presence of high osmotic concen-
trations of KCI (1.4 M) and almost abolished at 0.4 M
LiCl or 1.4 M NaCl. Similar results were observed in
YP media containing 20% sucrose plus 0.7 M NaCl
(Figure 2C). T. delbrueckii 1IGC5323 showed a clear
phenotype of osmosensitivity. Indeed, this strain
failed to grow in all media tested. However, cells of 7.
delbrueckii 1GC5321 continued growing in high-os-
motic environments, even when exposed to ion toxici-
ty from NaCl or LiCl (Figure 2C). Hence, the T.
delbrueckii 1GC5321 strain shows intrinsic os-
motolerance and ion toxicity resistance. Nevertheless,
the results with the IGC5323 strain suggest that this
characteristic may not be the essential or the only
determinant for leavening ability in salted high-sugar
dough.

Glycerol production

A general osmoregulatory mechanism in different
micro-organisms is the synthesis and accumulation of
one or more compatible solutes (Blomberg and Adler
1992). Between them, polyols are widely distributed
in fungi, being glycerol and arabinitol, the most
common polyols for non-tolerant and osmotolerant
yeasts, respectively (Blomberg and Adler 1992). Pre-
liminary analysis by gas chromatography and high
performance anion-exchange of the pattern of polyol
production by T. delbrueckii strains, indicated that
glycerol was the main osmoregulator in salt-stressed
cells. Smaller amounts of arabinitol, galactitol and
methyl-galactictol were also found, but no additional
polyol was detected (data not shown). According to
this, we analysed more deeply the intracellular levels
of glycerol after a shift to NaCl-containing medium.
Cells of Saccharomyces displayed a relatively high
glycerol content, around 4 mg per g of cells, under
non-stress conditions (Figure 3). This should be at-
tributed to the fact that glycerol production in S.
cerevisiae has a role in redox control during fermenta-
tive growth (Ansell et al. 1997). On the contrary,
Torulaspora cells showed low glycerol levels before
osmotic shock, suggesting that polyol production in
this organism could have no additional functions to
those of osmotic adjustment. A similar situation has
been previously proposed for the osmotolerant yeast
Zygosaccharomyces rouxii (Shen et al. 1999).
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Figure 2. Effects of osmotic and salt stress on dough leavening ability and growth behaviour of baker’s yeast strains. Increase of specific loaf
volume in 20% sucrose bread dough without (A) or with (B) 2% salt added. Symbols for the 7. delbrueckii IGC5321 (circles), IGC5323
(squares) and Plus Vital (triangles) strains. Bread dough was prepared as described in the Materials and Methods section. Values are given as
means of three independent experiments. Growth on different synthetic media (C). Cells grown to exponential phase (OD,, of 0.3-0.5) in
YPD medium were spotted in a 1:10 dilution series onto YPS (20% sucrose) or YPD containing NaCl, KCI or LiCl. Plates were incubated at 30

°C for 2—4 days.

Despite of these initial differences, the intracellular
glycerol content in Torulaspora cells exhibited a
sharp increase upon a shift to high-osmotic medium
reaching values higher than those observed for the
Saccharomyces strains after 3 h (Figure 3). Thus, the
estimated rate of glycerol production during the first
three hours of osmotic shock, a time that fits well with
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the period of CO, measurements in high-sugar dough
(Table 2 and Figure 2B), was clearly higher for
Torulaspora strains, 60—80 against 20-30 g glycerol
per min and g of cells (d.w.) for Saccharomyces.
These results suggest that Torulaspora responds more
rapidly than Saccharomyces to high osmotic
pressures. The kinetics of glycerol production at
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Figure 3. Intracellular glycerol content in yeast strains during
culture in salt-stress medium. Yeast cells from 7. delbrueckii
1GC5321 (circles), IGC5323 (squares) — and S. cerevisiae, Plus
Vital (triangles) and Cinta Roja (diamonds) — were cultured in YNB
medium (ODy,, of 1.0) and then transferred to 1.4 M NaCl-
containing medium. Samples were taken at the indicated times and
analysed for glycerol content in cells. Biochemical assays were
performed as described in the Materials and Methods section. A
representative experiment is shown. Independent experiments re-
vealed identical kinetics of metabolic values.

longer times also suggest that Torulaspora cells were
conditioned earlier than Saccharomyces to tolerate
high NaCl concentrations. Indeed, the maximum gly-
cerol level in cells of T. delbrueckii 1GC5323 and
IGC5321 was observed just after 3 and 6 h of osmotic
stress, respectively, and later, the amount of intracel-
lular glycerol started to decrease. Conversely, hy-
peraccumulation of glycerol was maintained longer in
strains of Saccharomyces. Thus, the maximum gly-
cerol content, 25-35 mg per g of cells, was only
reached after 20—24 h of salt stress (data not shown).
As a consequence, the total production of glycerol
was considerably greater in Saccharomyces cells.
This was clearly demonstrated by analysis of the
glycerol accumulated in the supernatant of long-term
cultures. After 120 hours of exposure to salt-stress,
the levels of glycerol in the culture supernatant ranged
from 80 to 90 mg per g of cells (d.w.) for Torulaspora
strains, whereas values of 280 and 550 were detected
for Plus Vital and Cinta Roja. Overall, these results
indicated that during water stress, baker’s yeast
strains of S. cerevisiae deviated an increased amount
of energy into maintenance glycerol production. This
could be an additional factor determining the differ-
ences in osmotolerance between Saccharomyces and
Torulaspora. Thus, it has been proposed that the high
osmotolerance of yeast species, like Debaryomyces
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hansenii, might be a mere consequence of a reduced
catabolic energy expenditures during growth in salt
medium (Gustafsson and Larsson 1990). It has been
reported also that Z. rouxii achieves glycerol accumu-
lation by increasing the proportion retained within the
cell and not by inducing glycerol production (Van Zyl
and Prior 1990).

Freezing and frozen storage resistance

Frozen resistance is an essential property of a yeast
strain if it is to be suitable for use in frozen and
frozen-sweet dough. Loss of leavening activity of
yeast cells upon freezing and thawing has been mainly
attributed to desiccation and electrolyte release giving
to hyperosmotic stress (Hatano et al. 1996; Myers and
Attfield 1999). In addition, frozen storage allows ice
crystals to be grown, which results in cellular damage
by fracture of the cell membrane and destruction of
sub-cellular organisation (Grout et al. 1990). There-
fore, we analysed both effects by measuring the CO,
production capacity of the selected yeast strains after
freezing at — 20 °C for 3 h (0’ time in the graphic), or
during frozen dough storage. Experiments testing the
effect of freezing and thawing of dough showed a
marked decrease of fermentative capacity (around
40%), of either lean or sweet-dough elaborated with
the commercial strains (Figure 4, see 0’ time). This
effect was less pronounced for dough made with 7.
delbrueckii strain IGC5321, whose leavening ability
appeared to be unaltered. Similar behaviour was
observed for the IGC5323 strain (data not shown).
These results were in good concordance with the
apparent tolerance of Torulaspora strains to osmotic
stress of high-sugar dough (Table 2 and Figure 2B).

As expected, effects of frozen storage were more
pronounced in sweet dough, although similar for the
strains tested (Figure 4B). Only in lean dough,
Torulaspora cells appeared to have a better perform-
ance than Saccharomyces. Therefore, our results con-
firm previous reports about the freeze-tolerant pheno-
type of the Torulaspora strains IGC5321 and
IGC5323 (Almeida and Pais 1996b) and extend this
property to frozen-sweet dough. This phenotype ap-
pears to correlate mainly with the ability of these
strains to prevent damage by osmotic effects during
freezing and thawing of bread dough.

Trehalose content and mobilisation

The results reported above suggested that the freeze-
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Figure 4. Effect of freezing and frozen storage on CO, production
by baker’s yeast strains. Lean- (A) and 8% sucrose sweet-dough (B)
made with 7. delbrueckii IGC5321 (circles), Cinta Roja (diamonds)
or Plus Vital (triangles) was frozen at — 80 °C for 1 h and stored at
— 20 °C for 3 h (0’) or up to 60 days. After each storage stage the
CO, production level was tested in the rheofermentometer. Results
are expressed as the percentage of CO, production relative to
unfrozen control dough. Values are given as means and standard
deviations of three independent experiments.

tolerant phenotype of T. delbrueckii could be mainly
correlated with their ability to cope with water stress.
We also showed in this work, that Torulaspora cells
displayed a higher rate of glycerol production than
Saccharomyces. However, yeast cells have not
enough time at freezing rates applied in frozen dough
preparation to produce significant levels of glycerol
(Myers and Attfield 1999). Therefore, we focused our
attention on another compatible osmolyte, trehalose,
which is a widely established determinant in stress
tolerance of Saccharomyces (Singer and Lindquist
1998), including osmotic shock (Hounsa et al. 1998;
Sano et al. 1999). In baker’s yeast strains, trehalose is
believed to be particularly critical for the preservation
of yeast viability in frozen dough (Hino et al. 1990;
Meric et al. 1995; Shima et al. 1999). Because of this,
culture conditions for yeast propagation have been
optimised to promote hyperaccumulation of trehalose
(Beudeker et al. 1990). However, mixing of yeast
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cells with nutrients during dough preparation triggers
rapid mobilisation of trehalose by hydrolysis and loss
of performance in frozen dough (Shima et al. 1999;
Van Dijck et al. 1995). According to this, we de-
termined the level of trehalose in stationary-phase
baker’s yeast cells grown in molasses and the effects
on the trehalose content after a cell shift to a glucose-
containing medium. As depicted in Figure 5, trehalose
levels of 2.5 to 4.5% of the dry weight, were found for
the baker’s yeast under study, with the highest differ-
ences among Torulaspora strains IGC5321 and
IGC5323. These values were consistent with previ-
ously reported data for cells of S. cerevisiae grown in
batch culture (Van Dijck et al. 1995). As expected, the
amount of trehalose accumulated began to decrease
rapidly when cells were transferred to a YPD medium.
However, the rate of trehalose mobilisation differed
clearly between Saccharomyces and Torulaspora
strains. In Cinta Roja and Plus Vital cells, the trehal-
ose level dropped to less than 0.6% after 25 min,
whereas no residual trehalose was detected after 3 h of
the transfer (Figure 5). On the contrary, the content of
trehalose accumulated in cells of T. delbrueckii re-
mained quite high after the onset of fermentation.
Moreover, significant amounts of the disaccharide,
more than 1% of the dry weight, were still detected
for both strains of Torulaspora after 3 h of a shift to
YPD (Figure 5). These results are in good agreement
with the previous report of Almeida and Pais (1996b)
showing that strains IGC5321 and IGC5323 are not

L

% Trehalose

0 25 180

Time (min)

Figure 5. Trehalose content and mobilisation after the transfer to
YPD medium of stationary-phase molasses-grown yeast cells.
Samples of the T. delbrueckii IGC5321 (white bars) T. delbrueckii
IGC5323 (grey bars), Plus Vital (dotted bars) and Cinta Roja (black
bars), were taken at the indicated times and analysed for trehalose
content as described in the Materials and Methods section. Values
are given as means and standard deviations of three independent
experiments.



affected by fermentation before freezing. Yokoigawa
et al. (1995) have also shown that freeze tolerant 7.
delbrueckii strains exhibit lower trehalase activity
than sensitive strains. Therefore, our results suggest
that the stability of yeast cells of T. delbrueckii after
the initial freezing and thawing of bread dough can be
correlated with a slow rate of trehalose mobilisation
during fermentation.

Conclusions

The results shown in this work further confirm that 7.
delbrueckii strains IGC5321 and IGC5323 fulfil the
most important requisites of modern baking, rapid
growth and high biomass coupled with a high-dough
leavening activity in lean and frozen dough. More-
over, our results extend these properties to sweet and
frozen sweet dough. These traits respond to the de-
mands of baker’s yeast producers and consumers of
strains with improved osmotolerance and cryoresist-
ance. Moreover, the application of these strains would
have additional economic advantages since a single
strain can be used for most or all baking applications
with the highest performance, including those con-
taining salt. Additional work is needed to confirm the
results reported here at the industrial level, in par-
ticular in cells grown under dynamic fed-batch con-
ditions, which determine the fermentative power and
the stress behaviour of S. cerevisiae in downstream
and baking applications. Preliminary experiments in
our laboratory indicate that the use of Torulaspora
strains do not modify bread quality parameters, like
crumb texture, colour or flavour. These studies should
be extended to other commercially important charac-
teristics in order to ensure the acceptance of baker’s
yeast strains of Torulaspora by producers and con-
sumers.

But the importance of 7. delbrueckii strains goes
beyond this. As we show in this work, the fermenta-
tive potential of this yeast in sweet and frozen dough
correlates with low invertase activity, a slow rate of
trehalose mobilisation and the ability to adapt rapidly
to high osmotic pressures environments. Moreover,
strain IGC5321 shows a clear phenotype of os-
motolerance and Na ™ toxicity resistance in synthetic
media. Therefore, these strains could be a good model
to identify co-ordinately expressed genes under those
physiological conditions encountered in bread dough
and to understand how the regulation of stress path-
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ways can be applied to the improvement of industrial
yeast strains.
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A DNA fragment containing the URA3 gene from Torulaspora delbrueckii was isolated
by complementation cloning in Saccharomyces cerevisiae. DNA sequence analysis
revealed the presence of an ORF of 795 bp, encoding a 264 amino acid protein,
which shares a high similarity to the Saccharomycetaceae Ura3 proteins. Furthermore,
the cloned ORF fully complemented the ura3 mutation of S. cerevisiae, confirming
that it encodes for the TdUra3 protein. The GeneBank Accession No. for TdURA3
is AF518402. Copyright © 2002 John Wiley & Sons, Ltd.
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Introduction

Applicability to bread-making by the frozen-dough
method is now a desirable property for a baker’s
yeast strain (for review, see Randez-Gil et al.,
1999). For this purpose, yeast cells are required
to survive freezing and then, when warmed, to
produce CO; quickly to make dough rise. How-
ever, none of the commercial strains of Sac-
charomyces cerevisiae available so far combines
freeze—thaw resistance and high leavening abil-
ity. Consequently, a variety of non-conventional
yeasts isolated from expontaneous bread-dough
have been explored for such traits (Hino et al.,
1987; Oda and Tonomura, 1993; Almeida and
Pais, 1996a). Between them, the yeast Toru-
laspora delbrueckii (Sasaki and Oshima, 1987;
Hahn and Kawai, 1990) and in particular strain
IGC5321 (Almeida and Pais, 1996a) has been rec-
ognized as an attractive alternative for this pur-
pose (Almeida and Pais, 1996b). Moreover, this
strain has shown to exhibit osmotolerance and
Na toxicity resistance (Hernandez-Lopez MJ, Pri-
eto JA, Randez-Gil F, unpublished), two important

Copyright © 2002 John Wiley & Sons, Ltd.
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properties for sweet dough preparations (Randez-
Gil et al., 1999).

The potential biotechnological applications of 7.
delbrueckii strains in bread-making make this yeast
an interesting host for expressing foreign proteins,
such as enzymes, widely used in the industrial
process. The possibilities of this approach have
been extensively demonstrated for baker’s yeast
strains of S. cerevisiae (Randez-Gil et al., 1999).
Furthermore, this yeast could be used as a model to
improve our knowledge about osmotolerance and
cryoresistance in baker’s yeast.

The genetic engineering of industrial 7. del-
brueckii strains is limited by the lack of aux-
otrophic markers. This implies that manipulation
in these strains should involve the use almost
exclusively of dominant drug resistance markers.
However, the use of this selection system is ham-
pered by legal regulations concerning the com-
mercial exploitation of genetically modified organ-
isms (Linko ef al., 1997). In this study, we show
the isolation, cloning and preliminary characteri-
zation of the T. delbrueckii URA3 gene. To our
knowledge, this is the first report describing the
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complete sequence of a gene encoding an essential
biosynthetic enzyme of this freeze- and osmotoler-
ant yeast. These results should allow the construc-
tion of molecular tools for the manipulation of this
organism in fundamental and applied research.

Materials and methods

Strains and culture media

T. delbrueckii 1GC5321 (Almeida and Pais, 1996a)
and S. cerevisiae CEN.PK2-1A (MATa ura3-52
his3-A1 leu2-3,112 trpl-289 SUC3) yeast strains
were used throughout this work. Unless indicated,
the yeast cells were cultured at 30°C in defined
media, YPD (1% yeast extract, 2% peptone, 2%
glucose) or SD [0.67% yeast nitrogen base without
amino acids (DIFCO) plus 2% glucose] supple-
mented with the appropriate auxotrophic require-
ments. Escherichia coli DH5« host strain was
grown in Luria—Bertani (LB) medium (1% pep-
tone, 0.5% yeast extract, 0.5% NaCl) supplemented
with ampicillin (50 mg/l). Yeast cells were trans-
formed by the lithium acetate method (Ito et al.,
1983). E. coli was transformed by electroporation
following standard protocols (Dower, 1990).

Genomic DNA library and plasmids

The T. delbrueckii 1GC5321 genomic library was
constructed by partial digestion of genomic DNA
with Sau3Al and later ligation of DNA frag-
ments (4—10 Kb) into the BamHI-digested vec-
tor YEplac181 (Gietz and Sugino, 1988). Ampli-
fication was carried out in the E. coli DH5«
strain. Plasmid YEpTdURA-1, carrying the orig-
inal insert containing the URA3 gene from 7. del-
brueckii (TAURA3), was isolated from the genomic
library by complementation screening (see Results
and discussion). A PCR reaction to amplify the
TdURA3 gene flanked by DNA sequences of the
TdURA3 promoter and terminator was performed
using the primers PR85 and PR86 (Table 1) and
plasmid YEpTdURA-1 as template. The fragment
was digested with EcoRI-HindIII and inserted into
the YEplac181 plasmid cleaved with the same set
of enzymes, resulting in plasmid YEpTdURA-2.

DNA manipulations and sequencing

Standard DNA manipulations were carried out as
described by Sambrook er al. (1989). Genomic

Copyright © 2002 John Wiley & Sons, Ltd.
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Table I. Oligonucleotides used in this study

Primer Sequence 5 to 3’ Comments
PRIO CCGACATTATAGTACTGAAGC Sequencing
PRI GTGAATACACCCAAGGTACTG Sequencing
PRI6 GCAGGCAGAAAATCAAGC Sequencing
PRI7 TGCGCAATTCTGTAGACA Sequencing
PRI8 TCACTGGGTTGAAACAAG Sequencing
PRI9 TCTCTGAGGTATGAACAG Sequencing
PR85 GCAAGCTTAAGGTCAAACAA YEpTdURA-2
plasmid
construction
PR86 GCTGGAATTCATATCTCTG YEpTdURA-2
plasmid

construction

DNA from 7. delbrueckii cells was prepared
as described by Sherman eral. (1986). DNA
sequencing was performed in both strands by
the dideoxy-chain termination procedure (Sanger
et al., 1977). Analysis of sequence data was car-
ried out using DNAMAN sequence analysis soft-
ware (Lynnon BioSoft). Similarity searches were
performed at the Swiss Institute of Bioinformat-
ics using BLAST software (Altschul et al., 1997).
Search of Ura3p domains was carried out by scan-
ning the sequence against protein profile databases,
PROSITE and Pfam. Multiple sequence alignment
was done using the ClustalW program (Thomp-
son et al., 1994). For phylogenetic inference, we
used the neighbour-joining method (Saitou and Nei,
1987). The neighbour-joining tree was performed
using the computer program MEGA, version 1.0
(Kumar et al., 1993). The sequence obtained for
the TdURA3 gene has been submitted to GeneBank
under Accession No. AF518402.

Results and discussion

Cloning of the TdURA3 gene

The T. delbrueckii URA3 gene was isolated from
a genomic library constructed into the vector
YEplac181 (LEU2) by complementation screen-
ing in S. cerevisiae ura3-52 strain. Out of about
20000 Leu™ transformants, only six were able to
grow in the absence of leucine and uracil. Plasmid
DNA was rescued from all of them, amplified in
E. coli and tested again by retransformation in S.
cerevisiae. The Ura™ prototrophic phenotype was
confirmed for one plasmid, termed YEpTdURA3-1,
which was selected for further characterization.

62 Yeast 2002; 19: 14311435
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Figure I. Schematic representation and restriction map of the DNA contained in plasmids YEpTdURA-| and YEpTdURA-2.
The arrows outside the drawing indicate the positions of the primers used to amplify by PCR the TdURA3 ORF subcloned
in plasmid YEpTdURA-2. Numbers indicate distances from the restriction site at the left of each drawing. Only relevant
restriction sites are indicated. Fragment sizes are not to scale

Restriction analysis revealed that this contained
a DNA insert of approximately 4.7 kb (Figure 1)
that hybridized by Southern blot with a probe of
the S. cerevisiae URA3 gene (data not shown).
DNA sequence analysis of the left side of the insert
revealed the presence of an open reading frame
(ORF) of 795 bp showing significant similarity
to other reported URA3 genes. Furthermore, a
PCR fragment containing the whole ORF was
subcloned and the resulting plasmid, YEpTdURA3-
2 (Figure 1), introduced into S. cerevisiae. As a
result, YEpTdURA3-2 complemented the Ura~™
phenotype of the CEN.PK2-1A strain, confirming
that the ORF encodes for the TdURA3 gene.

Characterization of the TdURA3 gene

Nucleotides and deduced amino acid sequences of
the TdURA3 gene, including 109 pb upstream from
the ATG codon and 266 pb of the 3'-UTR, are
shown in Figure 2. No evident consensus sequence
known to be transcriptional start or termination
(Guo and Sherman, 1995) was found, although
some in-frame stop codons are present after the
TAA codon at 793. Out of this, the only relevant
feature from the flanking sequences of TdURA3
was the presence of A at positions —1 and —3 with
respect to the initiation codon. This suggests a high
expression of the TdURA3 gene. Indeed, this char-
acteristic is common among highly expressed genes
from S. cerevisiae and in general of eukaryotic

Copyright © 2002 John Wiley & Sons, Ltd.
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genes (Kozak, 1987). In agreement with this, a
codon bias index of 0.397 was calculated for the
TdURA3 gene, a similar value to that found for the
S. cerevisiae gene (0.388).

The deduced 264 amino acid protein of TdURA3
showed the typical structure of a member of
the orotidine-5'-phosphate decarboxylase family
(OMPdecase), with four strongly conserved
domains, 1-4 (see Figure 2), and a lysine residue
in the region 2 (position 93) as the active site
(Kimsey and Kaiser, 1992).

As expected, comparison of the TdUra3p
sequence with those of other previously reported
members of this family revealed a high sim-
ilarity to the Saccharomycetaceae Ura3 pro-
teins, with overall identity values ranking from
84% (Kluyveromyces lactis) to 75% (Pachysolen
tannophilus). 83% identity is found among the
T. delbrueckii and S. cerevisiae proteins. Nev-
ertheless, similarity was also high to proteins
from less related yeast species, like Candida
utilis (78% overall identity), confirming that all
yeast OMPdecases, except that from Schizosaccha-
romyces pombe (54% vs. the TdUra3p) are closely
related (Yang et al., 1994).

The similarity of the TdUra3p to other Ura3 pro-
teins was further revealed by analysis of the phy-
logenetic relationship between yeast Ura3p homo-
logues (Figure 3). The dendrogram constructed by
the neighbour-joining method (Saitou and Nei,
1987) from the amino acid sequences of 11

Yeast 2002; 19: 1431—-1435.
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TCTAAAGGTCAAACAAGAACTTTATTTTCTCCAAGTCATCGCTAGAC GTTTCAT. CAGGCAG TCAAGCTATATATTTCGCTTC

AGTACTATAATGTCGGTTGCTACTTATCAAGAGAGGGCTGCAAAGCATCCAAGTCCTGTGGCTTCAAAACTTTTGAATTTGATGCATGAAAAGAAGACCA
M s VvATYQEURA AAI KU HZPSUPVASKILTLNTILMHETEIZKI KTN

ATCTATGTGCTTCATTAGATGTGAATACCACCGAAGAATTGCTTAAATTAGTCGATACTCTAGGTCCTTACATCTGTTTGTTGAAAACACACATCGATAT
L ¢ A SLDVNTTEETLTL KT LVDTILGU®P Y I CL L K TH I DI

CATTTCTGATTTTTCCATTGATGGTACTGTGAAGCCTTTGAAAGAATTGGCCAAAAAGCACAACTTTATGATCTTTGAGGACAGGAAATTCGCCGATATC
I s b F § I DG TV K P L K ELAIKIKUHNV FMTIFED®RIKF A D I

GGTAACACTGTCAAGCTACAGTATTCTTCAGGTGTCTACAGAATTGCCGAGTGGGCTGATATTACAAACGCCCATGGTGTCACTGGTGCTGGGATCGTCA
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CTAATCATGACACCAGGTGTTGGCCTAGACG. GGGCGATGCGCTGGGTCAACAGTACAGAACTGTCGATGAAGTTGTCTCTACGGGGTCAGACATCA
L I M TP GV GLDU DI KGDA ATLTGI QOQYRTVDEV VS

TCATTGTCGGCAGAGGACTTTTCGCC TCCAAGAGTAGAAGGCGAACGTTACCGTARAGCCGGCTGGGAAGCATACGAGAAGAGATGCCA
I VGR GLFAZ KGRIDZ PR RTVYVEGETRTYURI KA AGWEA ATYEZ KT RCDQ

GTAAGATGTAGCTTCTTTATACTGTTCATACCTCAGAGATATAAATTCCATTACCCGGCGGATTGCTCTTTATTTGAATGAAAAATTTCAAGTAGCACAA
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Figure 2. DNA and deduced protein sequences corresponding to the TdURA3 gene. The characteristic two As immediately
in front of the initial ATG codon are indicated in bold. The four conserved domains defined for all the members of the
OMPdecase protein family (Kimsey and Kaiser, 1992), | (position 45—65), 2 (position 74—101), 3 (position 196—204) and
4 (position 227-238) are underlined. The lysine residue (K93) is essential for the catalytic function. The stop codon is

marked by *
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Figure 3. Tree representation of the relationship between
TdUra3p and 10 yeast Ura3p homologues, constructed by
the neighbour-joining method. The numbers on the nodes
correspond to the percentages with which a cluster appears
in a bootstrap test based on 1000 pseudoreplicates

Ura3p from Saccharomycetaceae spp. indicated
that 7. delbrueckii is grouped in a taxon inde-
pendent from that of S. cerevisiae, although they
are genealogically closely related, as has been
previously reported by sequence comparisons of
conserved rRNA genes (Belloch eral., 2000),
185—-28S rRNA spacer regions (James et al., 1996;
Oda et al., 1997) and electrophoretic karyotyping
(Oda and Tonomura, 1995). Furthermore, the

Copyright © 2002 John Wiley & Sons, Ltd.

two Kluyveromyces spp. analysed were clearly
resolved and appeared as a sister group of the
S. cerevisiae group. This proximity has been also
inferred from the phylogenetic analysis of the
genus Kluyveromyces, based on the sequence anal-
ysis of mitochondrial COII and nuclear 26S rRNA
genes (Belloch et al., 2000).

The data presented here demonstrated that the
URA3 genes in T. delbrueckii and S. cerevisiae
are closely related and functionally interchange-
able. The URA3 gene has been widely used as
auxotrophic marker for transformation by plasmids
and for gene disruptions in S. cerevisiae. There-
fore, the availability of the complete sequence of
TdURA3 opens the possibility for the development
of basic studies in this freeze- and osmotolerant
organism. Moreover, this information can be used
to design URA3-targeted cassettes for the integra-
tion of exogenous genes in the yeast genome.
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Abstract

Recently, the industrial and academic interest in the yeast Torulaspora delbrueckii has increased notably due to its high
resistance to several stresses. This characteristic has made of this organism a very attractive model to study the molecular basis
of the stress response in yeast. However, very little is known about the physiology and genetics of this yeast, and the tools for its
manipulation have not been developed. Here, we have generated Ura™ strains of the baker’s yeast 7. delbrueckii IGC5323 by
either 5-FOA-aided selection or transformation with a PCR-based disruption cassette, natMX4, which confers nourseothricin
resistance. Furthermore, the mutant and disruptant strains were used as recipient of a plasmid containing the x/nB cDNA from
Aspergillus nidulans. Our results indicate that Torulaspora transformants produce active recombinant protein at a similar level

to that found for Saccharomyces.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Torulaspora delbrueckii; Baker’s yeast; URA3; natMX4; 5-FOA; Heterologous expression

1. Introduction

The yeast Torulaspora delbrueckii is frequently
found in alcoholic beverages, fruit juices and high-
sugar-containing foods (Esteve-Zarzoso et al., 2001),
often being considered as a spoilage yeast (Schuller et
al., 2001). Phylogenetically, 7. delbrueckii is grouped
in an independent taxon to that of Saccharomyces
cerevisiae, although they are genetically closely relat-
ed, as it has been previously reported by sequence
comparisons (James et al., 1996; Oda et al., 1997;

* Corresponding author. Tel.: +34-963900022;
fax: +34-963636301.
E-mail address: randez@iata.csic.es (F. Randez-Gil).

Belloch et al., 2000). Unlike Saccharomyces, T. del-
brueckii strains exhibit an exceptional resistance to
different stress conditions, which made of this yeast a
potential model to explore and understand the mech-
anisms underlying stress resistance in yeast.

From a practical point of view, the ability of
Torulaspora cells to cope with several stresses has
led to their utilisation in some biotechnological pro-
cesses. In the wine-making industry, 7. delbrueckii
strains are utilised in re-fermentation steps due to its
high ethanol tolerance and its ability to ferment at low
temperatures. 7. delbrueckii has been also isolated as
one of the most abundant non-Saccharomyces species
found in home-made corn and rye bread dough (Hahn
and Kawai, 1990; Almeida and Pais, 1996a) and two

0168-1605/03/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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strains, IGC5321 and IGC5323, have been character-
ised as freeze—thaw tolerant (Almeida and Pais,
1996b). These strains were further examined by our
group in order to establish its fermentative potential in
sweet and frozen sweet dough. Leavening activity of 7.
delbrueckii IGC5321 and IGC5323 upon freeze—thaw
appeared to be unaltered in comparison with the
decrease of fermentative capacity (40%) in S. cerevi-
siae baker’s yeast (Hernandez-Lopez et al., 2003).
This result could be explained, at least in part, by the
slow rate of trehalose mobilisation found in these
strains and their ability to respond rapidly to osmotic
stress. Yokoigawa et al. (1995) have also shown that
freeze tolerant 7. delbrueckii strains exhibit lower
trehalase activity than sensitive strains. As expected,
effects of frozen storage were deleterious for all the
strain tested, being less pronounced in 7. delbrueckii
(Hernandez-Lopez et al., 2003). In addition, 7. del-
brueckii strains showed Na' toxicity resistance and a
good leavening activity in all the formulations tested,
lean, regular and sweet dough (Randez-Gil et al.,
2002). Thus, the application of these strains in bread
making would have additional advantages, since a
single strain can be used for most or all baking
applications with the highest performance.

During last years, the genetic engineering techni-
ques have led to the possibility of constructing new
strains of baker’s yeast of S. cerevisiae with improved
traits or able to produce proteins that can modify
bread flavour, dough rheology or shelf-life (for a
review, see Randez-Gil et al., 1999). Various labora-
tories have also reported the obtention of recombinant
wine yeasts that express heterologous enzymes with
positive effects on the colour and aroma of the wines
obtained (for a review, see Querol and Ramon, 1996).

Like Saccharomyces, the biotechnological applica-
tions of Torulaspora strains render them an interesting
host to express foreign proteins that can improve the
specific industrial processes in which they are in-
volved. However, the use of the recombinant DNA
technology in this organism is limited by the lack of
genetics and molecular tools. Moreover, most of the 7.
delbrueckii strains are prototrophic. Therefore, selec-
tion of transformants by complementation of auxotro-
phic mutations, the most common approach in S.
cerevisiae, cannot be employed.

Recently, we have shown the isolation, cloning and
preliminary characterisation of 7. delbrueckii URA3
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gene, TdURA3 (Hernandez-Lopez et al., 2002). This
gene encodes for the orotidine-5’ -phosphate decar-
boxylase, an essential enzyme in the biosynthesis
pathway of uracil, which has been widely used as
selection marker in yeast. Here, we describe the
construction of Ura™ T. delbrueckii strains and its
application as potential host for the production of
heterologous enzymes. These mutant strains should
allow to extend our knowledge on the physiology and
molecular biology of T. delbrueckii.

2. Materials and methods
2.1. Strains and culture media

T. delbrueckii IGC5323 (Almeida and Pais, 1996b)
and S. cerevisiae HS13 (ura3, Lesaffre International,
France) yeast strains were used in transformation
experiments. T. delbrueckii 1GC5323 derivatives
FRY111 (ura3) and FRY112 (ura3:matMX4) were
constructed during this work, as described below.
Unless indicated, yeast cells were cultured at 30 °C
in defined media, YPD (1% yeast extract, 2% pep-
tone, 2% glucose) or YNB (0.17% yeast nitrogen base
without amino acids [DIFCO] plus 0.5% ammonium
sulphate and 2% glucose) supplemented with the
appropriate auxotrophic requirements (Sherman et
al., 1986). Yeast transformants, containing the nour-
seothricin resistance module (natMX4), were selected
on YPD-agar plates supplemented with 50 pg/ml of
nourseothricin (clonNAT, WERNER Bioagents, Ger-
many). ura3 mutants were selected by platting an
unmutagenized population of cells on YNB-agar
plates supplemented with uracil (10 mg/l), proline (1
mg/ml) and S-fluoroorotic acid, 5-FOA (1 mg/ml)
(McCusker and Davis, 1991). Production of recombi-
nant xylanase was detected in solid medium by the
formation of haloes in YNB-plates containing the
coloured xylane substrate azo-xylan (birchwood,
0.1%). For the assays in liquid medium, yeast cells
were cultivated in Sugar Nutrient medium, SN (0.25%
yeast extract, 1.5% glucose, 4.5% maltose, 0.2%
magnesium sulphate, 0.08% potassium chloride,
0.47% ammonium phosphate, 4 ppm thiamine, 4
ppm pyridoxine, 40 ppm nicotinic acid, 0.15 M citrate
buffer pH=35.5). Escherichia coli DH5« host strain
was grown in Luria Bertani (LB) medium (1% pep-
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tone, 0.5% yeast extract, 0.5% NaCl) supplemented
with ampicillin (50 mg/l). Antibiotics, amino acids
and 5-FOA were filter-sterilised and added to auto-
claved medium.

2.2. Plasmids and disruption cassette

Construction of the TdURA3 disruption cassette
containing the nourseothricin-resistance natMX4
module was performed by PCR using the pAG25
plasmid (Goldstein and McCusker, 1999) as template
and two specific synthetic oligonucleotides, PR12 and
PR13 (Table 1), which contain 18 and 19 bases,
respectively, homologous to the pFA6-natMX4 MCS
(Goldstein and McCusker, 1999), flanked by short
homology regions to the 7dURA3 gene (Hernandez-
Lopez et al., 2002). Because of the high GC content of
the nourseothricin acetyltransferase-encoding gene
natl from Streptomyces noursei (Krugel et al.,
1993), the PCR-reaction mixture contained 5%
DMSO, as previously described (Goldstein and
McCusker, 1999). The YEplac195 vector (Gietz and
Sugino, 1988) carrying the URA3 gene of S. cerevi-
siae was used to complement the Ura™ phenotype in
the FRY111 and FRY 112 strains of 7. delbrueckii. The
plasmid YEp195ACT-X24 used to obtain xylanase-
producing yeast cells was generated by digestion with
Sacl/HindIll of the plasmid YEpACT-X24 (Monfort
et al., 1997), and later ligation of the released frag-
ment, which contains the x/nB ¢cDNA from A. nidu-
lans (Perez-Gonzalez et al., 1996) under the control of
the promoter of the ACT! gene from Saccharomyces
into the YEplac195 plasmid (Gietz and Sugino, 1988).

2.3. Transformation

Yeast transformation was carried out as described by
Ito et al. (1983), using 1 pg of plasmid. In order to
obtain disrupted transformants, we used linear DNA
fragments (1-5 pg) generated by PCR. Cultures trans-
formed with the natM X4 cassette were grown for 4 h in
YPD at 30 °C before platting on selective medium. E.
coli was transformed by electroporation, as previously
described (Dower, 1990).

2.4. DNA manipulations

Standard DNA manipulations were done, as de-
scribed by Sambrook et al. (1989). Genomic DNA
from 7. delbrueckii cells was prepared, as described
by Sherman et al. (1986). Verification of correct
URA3 replacement in 7. delbrueckii was carried out
by PCR and Southern blot analysis. A PCR-amplified
fragment (primers PR85 and PR86, Table 1) contain-
ing the whole sequence of 7dURA3 was used to probe
the corresponding genomic DNA. Probes were la-
belled with the DIG-High Prime Kit (Boehringer
Mannheim) following the manufacturer’s instructions.
DIG-labelled DNA was detected using anti-digoxige-
nin antibody conjugated to alkaline phosphatase
(Boehringer Mannheim) and the chemiluminescent
substrate CPD-Star (Roche).

2.5. Enzyme determinations

Xylanase activity was measured in the culture
supernatant of SN-grown cells according to the meth-

Table 1
Oligonucleotides used in this study
Primer Sequence 5 to 3’ Comments
PR12 TGTCGGTTGCTACTTATCAAGAGAGG Disruption cassette construction
GCTGCAAAGCATCCAAGTCCGTAC
GCTGCAGGTCGAC
PR13 ATCTTACTGGCATCTCTTCTCGTATG Disruption cassette construction
CTTCCCAGCCGGCTTTATCGATGAA
TTCGAGCTCG
PR16 GCAGGCAGAAAATCAAGC Verity correct targeting of the natMX4 module
PR19 TCTCTGAGGTATGAACAG Verify correct targeting of the natMX4 module
PR75 AGTTAAGTGCGCAGAAAG Verify correct targeting of the natMX4 module
PR85 GCAAGCTTAAGGTCAAACAA Probe, Southern
PR86 GCTGGAATTCATATCTCTG Probe, Southern
PR198 CACGTCAAGACTGTCAAG Verity correct targeting of the natMX4 module
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odology described by Bailey et al. (1992), except that
oat spelt xylan was used as substrate at pH 5.5. One unit
of activity is defined as the amount of enzyme that is
able to release 1 pmol of xylose per min at 50 °C under
the assay conditions.

3. Results and discussion

3.1. Obtention of T. delbrueckii spontaneous URA3
mutants

URA3-based selectable marker systems have spe-
cific advantages. Thus, it is possible to easily select for
Ura™ strains on media containing the drug 5-FOA, 5-
fluoroorotic acid (McCusker and Davis, 1991). This
compound is metabolised by the URA3 or URAS gene
products to a harmful toxic in a variety of eukaryotic
and procaryotic cells (Boeke et al., 1984). 5-FOA-
aided selection allows also the repeated use of URA3-
based disruption vectors, after the “pop-out” or in vivo
excision (Alani et al., 1987). Finally, the 5-FOA-based
selection system of Ura™ strains is particularly useful
because the resulting strain is considered as a food-
safe-grade.

Previous papers have shown that uracil-auxotro-
phic mutants derived from wild-type strains of 7.
pretoriensis (Oda and Tonomura, 1995) and 7. del-
brueckii (Watanabe et al., 1996) can be selected using
the 5-FOA method. Therefore, we tested this selection
system in cells of the freeze- and osmotolerant strain
IGC5323. This strain has been proposed as a potential
model organism for basic and applied research on
stress (Hernandez-Lopez et al., 2002). Moreover, its
use on frozen-high-sugar-dough bread making has
been recently patented (Randez-Gil et al., 2002).
Accordingly, Ura™ mutants were selected by spread-
ing an unmutagenized population of IGC5323 cells on
5-FOA-containing medium and later replica plating
onto the same medium. All of the 5-FOA-resistant
colonies analysed were unable to grow in uracil-
lacking media. Twenty of these Ura™ mutants were
further tested by their defectiveness in the URA3 gene.
A recent report has demonstrated that the URA3 genes
in 7. delbrueckii and S. cerevisiae are closely related
and functionally interchangeable (Hernandez-Lopez et
al., 2002). In consonance with this, five of the
Ura~ mutants were transformed to Ura® with the
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YEplac195 plasmid (Gietz and Sugino, 1988), which
contains the URA3 gene from S. cerevisiae. A positive
mutant referred as FRY 111 strain was further exam-
ined by Southern blot.

As it is depicted in Fig. 1, hybridisation using a
TdURA3 fragment as a probe showed the presence in
the wild-type IGC5323 of three bands, that were not

DIG-probe
d »
| L
TdURA3 ————p
ATG TAA
Scal(0.01) EcoRV(0.28) EcoRI(1.0)
Clal(0.18)
EcoRV(0.18)
§ & »
3 l:? ~ ~
g § £ &
Size T (Y Ls. [g'
(Kb)
ol
45 — -
33 — - e
0g — o

Fig. 1. Southern blot analysis of Ura™ strains. Genomic DNA from
strains IGC5323, FRY 111 (ura3) and FRY 112 (ura3:matMX4) of
T. delbrueckii and HS13 of S. cerevisiae were digested with EcoRI
and the released fragments were separated by electrophoresis in 1%
agarose, transferred to Nylon membrane and hybridised with a
TdURA3 PCR-generated probe labelled with digoxigenin (DIG). A
schematic representation of the wild-type URA3 locus is shown. The
black box indicates the fragment, which is replaced by the natMX4
module in the FRY112 strain. The numbers in parenthesis indicate
distances (in Kb) from the restriction site to the ATG. Only the main
restriction sites are shown. The sequences flanking the TdURA3
gene, except 109 and 266 bp at the 5'- and 3'-side (Hernandez-
Lopez et al., 2002), are unknown.
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present in the negative control, a baker’s yeast strain of
S. cerevisiae. Moreover, the FRY 111 strain displayed
the same profile of bands that the IGC5323 strain,
indicating that the Ura™ phenotype was not the conse-
quence of a genomic rearrangement at the URA3 locus.
Similar results were obtained by PCR (data not shown).

3.2. Construction of a URA3-targeted disruption
cassette

The development of molecular and genetic tools
is essential to gain knowledge on the basis of the
high stress resistance of 7. delbrueckii strains. Phe-
notypes observed with directed gene alterations, a
common practice in many organisms, have proven to
be an important source of information for functional
analyses. In S. cerevisiae, one-step gene disruptions
based in the use of heterologous G418 resistance
modules, kanMX3 and kanMX4 (Wach et al., 1994),
have been successfully employed for whole genome
analysis http://sequence-www.stanford.edu/group/
yeast_deletion_project). Recently, a new dominant
disruption cassette containing the nourseothricin
(clonNAT) resistance cassette natMX4 has been
shown to be phenotypically neutral and suited for
creating mutated S. cerevisiae strains (Goldstein and
McCusker, 1999).

According to this, we tested the power of natMX4-
based modules as a tool for gene disruptions in 7.
delbrueckii. For this, we constructed a PCR-generated
fragment containing the natMX4 module flanked by
45 and 42 bp homologous to the 5'-and 3'-site of
TdURA3, positions +2/+46 and +798/+757 from
the start codon, respectively. This linear fragment was
used (2 pg) to transform the industrial 7. delbrueckii
1GC5323, and transformants were selected on YPD-
clonNAT (50 pg/ml) plates. At this concentration, the
growth of the parental strain was prevented (data not
shown). Transformation efficiency was lower (2-5
transformants per pg of DNA) than previously
reported for laboratory (Wach et al., 1994; Goldstein
and McCusker, 1999) or industrial (Puig et al., 1998)
strains of S. cerevisiae transformed with PCR-target-
ing disruption cassettes. Like in this yeast, a back-
ground of abortive transformants was observed, and in
consequence, the clonNAT-resistance phenotype of
the colonies was confirmed by streaking out and
regrowth on clonNAT-containing plates.

Detection of the correct disruption of TdURA3 was
done by either Southern bot analysis or diagnostic
PCR. As it can be seen in Fig. 1, the integration
appeared to occur in the URA3 locus, since in the
resulting strain, referred as FRY 112 (ura3::natMX4),
the more intense band observed in the wild-type sample
was lost. Since this strain was Ura ™, the presence of two
weak extra bands corresponding with lower molecular
size fragments in both wild-type and mutant cells (Fig.
1) should be associated to unspecific hybridisation of
the probe. Indeed, this was confirmed by PCR, using
primers designed to bind outside of the replaced URA43
sequence (Primer PR16 and PR19, Table 1) and within
the marker module (PR75 and PR198, Table 1). A
schematic representation of this type of analysis is
depicted in Fig. 2. As it is shown, the disruptant strain
showed the pattern of fragments expected for the
presence of a ura3:matMX4 allele, whereas the wild-
type band was only visible for the IGC5323 strain.
Overall, these results appear to indicate that URA3 is
present in a single copy in the genome of this industrial
strain. In consonance with this, analysis by flow
cytometry indicated that 7. delbrueckii 1IGC5323 dis-
plays approximately haploid DNA content (data not
shown).

3.3. Expression of heterologous genes in URA™ T.
delbrueckii strains

An important point in the potential biotechnological
application of Torulaspora is the possibility of'its use as
a recipient of foreign genes. Therefore, we tested the
utility of 7. delbrueckii 1GC5323-derivative Ura™
strains, FRY111 and FRY112, by transforming cells
with the YEpl195ACT-X24 plasmid (URA3) which
contains the x/nB cDNA under the control of the
promoter of the ACTI gene from Saccharomyces.
The x/nB cDNA encodes for the xylanase X24 from
Aspergillus nidulans (Perez-Gonzalez et al., 1996), an
enzyme which shows positive effects on bread quality
parameters (Monfort et al., 1996, 1997). As a control
strain, we used the S. cerevisiae baker’s yeast strain
HS13 (ura3). Transformants, selected by its ability to
grow in the absence of uracil and to produce haloes of
hydrolysis on xylane-plates, were further analysed in
liquid medium. As it is shown in Fig. 3, transformants
cells of the FRY112 strain were able to express and
export active recombinant xylanase to the culture
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ATG < PR198 TAA<4 PR19
B C
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Fig. 2. PCR verification of URA3 disruption. (A) Schematic diagram of strategy for diagnostic PCR of URA3 loci, wild-type (URA3) and mutant
(ura3:matMX4) where a gene fragment (black box) has been replaced by the natMX4 module. Fragment sizes are not to scale. (B) Combination
of primers used to detect the correct integration of the disruption cassette and expected size for the PCR products. (C) Analysis of cells of the wild-
type (wt) and FRY 112 strain. PCR-amplified fragments were separated by electrophoresis in 1% agarose and visualised with ethidium bromide.
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Fig. 3. Production of xylanase by transformants of 7. delbrueckii
FRY112 (O) and S. cerevisiae HS13 (O). Cells were grown on
molasses plates, collected and resuspended in SN medium [7.5 mg of
cells (d.w.) per ml]. At different times, the levels of xylanase were
measured in the culture supernatant as described in the Materials and
methods section. Cells harbouring YEp195ACT-X24 (open sym-
bols) or YEplac195 (closed symbols).
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supernatant. The enzyme production rate was lower for
Torulaspora than for Saccharomyces, although at the
end of the period analysed (8 h), the level of extracel-
lular activity was similar for both strains, around 4000
Ulg of cells (d.w.). Similar results were observed for
transformants of the mutant FRY111 strain (data not
shown).

4. Concluding remarks

The aim of this work was to obtain genetic and
molecular tools for industrial 7. delbrueckii strains and
to demonstrate the possibilities of its use as host of
heterologous genes. As described in this report, clas-
sical and modern techniques, widely used to obtain
auxotrophic mutants of S. cerevisiae, can be success-
fully employed in Torulaspora strains. A PCR-target-
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ing disruption cassette allowed the knock-out of
TdURA3. Since, several dominant drug resistance
markers, each with a unique resistance phenotype are
now available (Goldstein and McCusker, 1999), this
result opens the possibility to construct multiple muta-
tions in Torulaspora strains and to conduct functional
studies in this putative model organism. Of special
interest was to know that Ura™ mutants of baker’s yeast
of Torulaspora could be useful for the generation of
recombinant strains. At this respect, it would be im-
portant to investigate if the auxotrophic marker modify
the baking traits of the parental strain and to construct
food-safe-grade cassettes for the stable integration of
foreign genes according to current regulations.
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Summary
T. delbrueckii has emerged during
the most

the

evolution as one of

osmotolerant yeasts. However,
molecular mechanisms underlying this
unusual stress resistance are poorly
understood. In this study, we have
characterised the functional role of the
(HOG)

kinase

high-osmolarity glycerol
mitogen-activated
(MAPK) pathway
osmotic and other stress responses in
T. delbrueckii. We show that T.
delbrueckii Hoglp
TdHogl, is
transfer of cells to NaCl- or sorbitol-

protein
in mediating the

homologous,
phosphorylated after
containing medium. However, TdHoglp
plays a minor role in tolerance to
moderate osmotic stress conditions, a

81

trait mainly related with the osmotic
balance. In consonance with this, lack
of TdHoglp only produced a weak
defect in the timing of the osmostress-
and GPD1 mRNA
TdhoglIA mutants
display

induced glycerol
overaccumulation.
also failed to aberrant
morphology changes in response to
osmotic stress. Furthermore, our data
indicate that the 7. delbrueckii HOG
pathway has evolved to respond to
specific environmental conditions and
to play a pivotal role in the stress-cross

protection mechanism.

Introduction

The ability of Saccharomyces cerevisiae to
withstand increasing osmotic pressures is
critical for its survival in natural habitats and
an essential trait in many biotechnological
processes. Variation in ambient osmolarity is
a constant phenomenon occurring in almost
all steps from yeast biomass production to
downstream applications, in which cells have
to grow and perform optimal fermentation

under hostile conditions (Randez-Gil et al,
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2003). the of this

industrial microorganism is based upon its

However, success
capacity to transform rapidly carbohydrates
into ethanol and CO,, and not on its unusual
resistance to environmental stresses. Yeasts
than S. like

Debaryomyces

other cerevisiae,
Zygosaccharomyces  rouxi,
hansenii or Torulaspora delbrueckii, display
resistance to adverse

much  higher

conditions, and in particular to osmotic
stress. This characteristic made of these
yeasts a potential model to explore and
understand the mechanisms underlying

osmotic tolerance in eukaryotic cells.
However, little is know about the molecular
basis of this phenotype and, in most cases,
the characterisation of signalling pathways,
transcription factors and gene targets in
these non-Saccharomyces species remains
elusive.

Stress responses have been extensively
investigated in S. cerevisiae. Yeast cells
exposed to an osmostressing environment
show a particular transcription profile. Thus,
over 250-400 genes covering a wide variety
of physiological functions, are up-regulated
after different conditions of osmotic shock
(Gasch et al, 2000; Rep et al, 2000;
Causton et al., 2001). Stimulated expression
of these genes appears to be mainly
dependent on three well characterised
molecular signalling pathways, the cAMP-
activated PKA (for Protein Kinase A) pathway
(Thevelein and de Winde, 1999), the HOG
(for High Osmolarity Glycerol) pathway
(Westfall et al, 2004), one of the five MAP
(for
(MAPK) pathways known in S. cerevisiae

(Gustin et al, 1998) the

Mitogen Activated Protein) kinase

and
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calcineurin/Crz1p  pathway, which is
specifically required for adaptation to high
salt (Rusnak and Mertz, 2000).

The HOG pathway consists of two
discrete signalling branches composed by a
putative osmosensor coupled to a MAPKs
cascade, any of which can lead to the
phosphorylation and activation of the core
MAPK Hoglp, the ortholog to mammalian
p38 and fission yeast Stylp SAPK (for Stress
Activated Protein Kinase) (Gacto et al,
2003). Osmostress-induced phosphorylation
of Hoglp triggers its nuclear accumulation
(Ferrigno et al., 1998; Reiser et al, 1999)
and the later induction of many osmostress-
responsive  genes 2000;
O’Rourke and Herskowitz, 2004), between
them GPDI (Rep et al, 1999), the main

gene for the production of the compatible

(Rep et al,

osmolyte glycerol in S. cerevisiae (Albertyn
1994). Although the correlation
Hoglp

et al,

between activation, enhanced
glycerol production and osmotic resistance is
well established in S. cerevisiae, it is unclear
if the MAPK pathway plays a similar role in
other yeasts, particularly in highly
osmotolerant species.

MAP kinases homologous to S. cerevisiae
Hoglp, have been identified in different
yeast species, like S. pombe (Millar et al.,
1995), Candida albicans (San Jose et al.,
1996), Z. rouxii (Iwaki et al, 1999) and D.
hansenii (Bansal and Mondal, 2000), and
between

Aspergillus nidulans (Han and Prade, 2002),

multicellular  fungi, others
Neurospora crassa (Zhang et al., 2002) and
the

neoformans (Bahn et al, 2005). Although

human pathogen Crytoccoccus

only a few of them have been studied in



detail, it appears that Hog1p orthologs share
conserved and distinct roles in response to a
variety of environmental cues. Whereas
inactivation of the MAPK in S. cerevisiae has
dramatic  effects on growth under
hyperosmotic conditions, AogZ null mutants
from Z rouxii could grow as well as the
parental strain in the presence of 2 M NaCl
(Iwaki et al, 1999). Disruption of HOGI-
homologus MAPKs from C. neoformans
(Bahn et al., 2005) or A. nidulans (Kawasaki
et al, 2002) also results in weak or no
growth defects, respectively, in the presence
of high osmolyte concentrations. Moreover,
the HOG-pathway appears to have evolved
in some species to respond to additional
extracellular stimuli and execute different
cellular roles in a niche-depending manner.
Examples include cell-to-cell signalling and
virulence in C. albicans (Alonso-Monge et al.,
1999; Smith et a/, 2004) or C. neoformans
(Bahn et al, 2005), fungicide resistance in
2002) or

in S cerevisiae

N. cassa (Zhang et al,

methylglyoxal tolerance
(Aguilera et al, 2005). If this niche-specific
evolution also apply to highly osmotolerant
species and its significance in the adaptation
high

environments remains unclear.

of eukaryotic cells to osmotic

In this study, we have isolated the
Hoglp homologous of the yeast T.
delbrueckii, a facultative fermentative specie
characterised by its exceptional resistance to
osmotic stress (Kurtzman, 1998; Hernandez-
Lopez et al, 2003). Our aim in this work was
to investigate the functional role of the HOG
pathway in the stress response of 7.
delbrueckii and determine if this signalling

route has evolved to allow this yeast to
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proliferate in high osmolarity environments.
that

accumulation, the key feature for osmotic

Surprisingly, we found glycerol
tolerance, is mainly controlled by regulatory
mechanisms other than the HOG pathway.
On the contrary, the 7. delbrueckii HOG
pathway has undergone a functional
specialization, being used as central module
of the stress cross-protection mechanism in

this yeast.

Results

Cloning and molecular characterisation of T.
delbrueckii HOG1 gene

A T. delbrueckii genomic library (Hernandez-
Lopez et al 2002) was screened via
complementation of a S. cerevisiae hogih
than 1,000

transformants, only five were able to restore

mutant. From more
growth of the osmosensitive strain on 0.5 M
NaCl. Plasmidic DNAs were rescue from all of
them, amplified in £. colj and compared on
the basis of their restriction map, which
revealed three different patterns (data not
shown). Analysis by Southern blot of these
plasmids allowed identifying one, pMJH28,
hybridised
conditions with a probe of the S. cerevisiae
HOG1 gene (data not DNA
sequencing of the fragment revealed the

which under  heterologous

shown).

presence of a 1,284-bp-length uninterrupted
open reading frame encoding a putative
427-amino acids protein, TdHoglp. This
peptide showed 94 and 88% overall identity
with Z. rouxii ZrHog2 and ZrHogl proteins,
respectively, 88% with S. cerevisiae Hoglp
and 85% with D. hanseniiDHoglp. TdHoglp
also displayed a high degree of identity with
other members of the Hog1/Spc/p38 MAPK
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subfamily, like N. crassa Os-2 (83%), C
albicans CaHoglp (78%), A. nidulans HogA
(76%), C. neoformans Hoglp (76%) and
mammalian p38 (47%).

Protein domain analysis using the
PROSITE software at the Expert Protein
Analysis (available at
http://www.expasy.org), that
TdHoglp contains a typical catalytic protein

System  server

showed

kinase domain (positions 23-302), also
present in other Hoglp and p38 MAPK
homologues. Within this region we identified
ATP-binding
(positions 29-53) and a consensus Ser/Thr

a protein kinase region
protein kinase active site (positions 140-
152). In addition, the 7. delbrueckii Hogl
protein contains a TGY dual phosphorylation
174-176),
characteristic of hyperosmolarity-activated
MAP kinases (Cano and Mahadevan, 1995),
a CD (for

(Tanoue et al, 2000) and an alanine rich

signature (amino acids

Common Docking) domain

region at the C-terminus, positions 302 to
316 and 364 to 383, respectively, also found
in S. cerevisiae Hoglp.

To further confirm the identity of the
TdHOG! gene product, we cloned the entire
open reading frame (GenBank accession
DQ020519), 132 bp
upstream from the ATG and 125 bp of the
3-UTR, into the yeast multicopy expression
YEplac195, and the
construct YEpTdHOG1, was transformed into

number including

vector resulting
S. cerevisiae W303-1A hogIA strain and
examined for salt tolerance. Mutant cells
transformed with the empty plasmid were
used as control. As it is shown in Figure 1A,
overexpression of 7dHOGI complemented

the osmosensitivity phenotype of the S.
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cerevisiae hogIA mutant strain on 1 M NacCl.
We also analysed if the replacement of the
Hoglp MAPK by its counterpart TdHoglp
could improve the intrinsic salt-sensitivity of
S. cerevisiae. Since the HOGI gene is
present in single copy in the S. cerevisiae
genome, cells of the AogIA mutant strain
transformed  with
YCpHOG1 and YCpTdHOG1,
carrying the genes from S. cerevisiae and T.

were centromeric

plasmids,

delbrueckii, respectively, and transformants

were tested under severe salt-stress

conditions. On SD liquid  medium

supplemented with 1.5 M NaCl, either
YCpHOG1 or YCpTdHOG1 transformants
showed a lag phase of about 15 h. After this
time, growth was resumed in both cases,
displaying almost parallel growth curves and
reaching by 60 h a similar ODggo (Fig. 1B).
Hence, structural and functional evidences
indicate that TdHoglp is a member of the
Hog1/p38-MAPK protein family able to
complement the osmosensitive phenotype of
a hogIA mutant. However, low-copy number
expression of 7dHOG! in S. cerevisiae does
not confer enhanced salt-tolerance.
TdHoglp is phosphorylated upon osmotic
stress

We examined the effect of a shift to NaCl-
containing medium on the phosphorylation
state of TdHoglp in cells of the wild-type
strain PYCC5321. Fig. 2A shows the results
of a Western blot analysis of protein extracts
analyzed with anti-phospho p38 antibody,
which recognizes the dual-phosphorylated
form of several p38/Hog1p-homologues, and
polyclonal anti-Hoglp, an antibody raised
against the carboxy terminus of S. cerevisiae

Hoglp, as a loading control. TdHoglp was



clearly activated when YPD-grown cells
(DOgoo = 1.0) were subjected to mild NaCl-
stress conditions (0.5 M). The kinetics of
phosphorylation was similar to that
previously reported for S. cerevisiae cells
exposed to similar NaCl concentrations (Van
2000). Indeed, the

phosphorylation level reached a maximum

Wuytswinkel et al.,
within 1-5 min of exposure to 0.5 M NaCl
and decreased markedly after 10 min (Fig.
2A).
sensitive to the presence of external sorbitol
(Fig. 2B). Thus, both NaCl and sorbitol
trigger the activation of the HOG pathway.

As expected, TdHoglp was also
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The phosphorylation pattern of TdHoglp
was also analysed in samples of the T.
delbrueckii PYCC5323 wild-type strain. Both
PYCC5321 and PYCC5323 were isolated in a
broad survey of bread dough microbiota
(Almeida and Pais, 1996). Remarkably, cells
of this strain were unable to induce the
overphosphorylation of TdHog1p in response
to NaCl exposure (Fig. 2A). Similar results
were obtained when the activation was
tested using sorbitol (data not shown). This
defect is likely caused by a missfunction of
any HOG-pathway element upstream the
MAPK, since TdHogl proteins from both

0 20 40 60
Time (h)

Fig. 1. Expression of TdHOG1 complements the osmosensitive phenotype

of a hoglA mutant, but does not confer enhanced salt-tolerance in S.

cerevisiae. A: Mid-exponential grown cultures of W303-1A hogIA mutant cells
transformed with the empty plasmid YEplac195 or YEpTdHOG1 were adjusted to
ODgyo = 0.3, diluted (1-10) and spotted (3 pl) onto SD plates lacking (control) or

containing 1 M NaCl (final concentration). Plates were inspected after 2-4 days at
30°C. B: YCpHOG1 (o) and YCpTdHOG1 (e) transformants of the S. cerevisiae

hogIA mutant strain were grown on SD liquid medium, collected, transferred

(initial ODggp = 0.05) to the same medium containing 1.5 M NaCl, and the ODgy

was measured at regular intervals. A representative experiment is shown.

Independent experiments revealed identical kinetics of growth.
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NaCl
—_—

PYCC5321 _
Time(min) 0 1 5 10 20 60

PYCC5323

P-TdHog1p - w
TdHoglp  wer waw ww w9 w NaCl
PYCC5321
P-TdHog1p
TdHog1p -— e W Wy —
PYCC5323
B Sorbitol
Sorbitol (M) 0 05 1.0 15
P-TdHog1p — W
TdHog1p —
PYCC5321

Fig. 2. TdHoglp phosphorylation and growth of 7. delbrueckii strains
under osmotic stress conditions. A: cells of the 7. delbrueckii PYCC5321 and
PYCC5323 wild-type strains were grown in YPD at 30°C until early-exponential
phase (ODgoo = 0.4-0.6) and then transferred to NaCl-containing medium (0.5 M).
At the indicated times, cells were harvested, processed and the crude protein
extracts analysed by Western blot. Non-stressed cells (time 0) were used as
control. Total protein extracts were analyzed by SDS-PAGE and blotting with anti-
phospho-p38 antibody (P-TdHog1p). The membrane was then re-blotted with anti-
Hoglp antibody as loading control (TdHoglp). B: Western blot analysis of YPD-
grown cells of the 7. delbrueckii PYCC5321 strain transferred to YPD-sorbitol at
0.5, 1.0 or 1.5 M final concentration. After 5 min, cells were harvested and
analysed for P-TdHoglp levels as described above. C: wild-type strains were
analysed for growth on YPD (control) or YPD supplemented with 1.0 M sorbitol or
0.5 M NaCl. Plates were inspected after 2-4 days at 30°C. Representative

experiments are shown.
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strains, PYCC5321 and PYCC5323, share
100% identity (data not shown). Moreover,
non-phosphorylated TdHoglp was easily
detected in protein extracts of the PYCC5323
strain by using polyclonal anti-Hoglp (Fig.
2A, loading control).

W303-1A

Capitulo 3

Effect of TdHOG1 on growth under NaCl and
sorbitol stress

The above result prompted us to investigate
the growth of both strains PYCC5321 and
PYCC5323 under osmotic stress conditions.
As shown in Fig. 2C,
PYCC5321 were more resistant to 0.5 M

cells of strain

PYCC5321

Control

NaCl

Sorbitol

1é 00

Fig. 3. The HOG-pathway has a minor role in the osmotolerance

phenotype of 7. delbrueckii. Growth of wild-type and hogiA mutant strains of
S. cerevisiae W303-1A and 7. delbrueckii PYCC5321 (7dhogl1A) was examined on
solid YPD (control) or YPD containing 1.0 M sorbitol or 0.5 M NaCl. YPD-pregrown

cells were diluted, spotted and incubated as described in Fig. 1. A representative

experiment is shown.
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NaCl-stress than those of the PYCC5323
strain. When 0.5 M NaCl was replaced by 1.0
M sorbitol, which both give approximately
the same water activity, around 0.98 (Rep et

A

300 §

200 1

100 -

al, 1999), strain PYCC5323 showed again a
growth defect as compared with strain
PYCC5321. However, the phenotypes in
either NaCl or sorbitol were by far much less

NaCl
L
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o1 w= = = B
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Fig. 4. Glycerol production and GPD1 induction in wild-type and 7dhog1A
mutant cells of 7. delbrueckii. A: total glycerol levels after a hyperosmotic
shock in cultures of the 7. delbrueckii strains, PYCC5321 (black bars), 7dhogih
mutant (PYCC5321 background, grey bars) and PYCC5323 (white bars). Cells were
grown in YPD to mid-exponential phase (ODggo = 1.5), collected and transferred to
the same medium containing 1.0 M NaCl or 1.0 M sorbitol. At the indicated times,
aliquots of the cell culture were withdrawn and analysed for glycerol content as
described in the Experimental Procedures section. Data represent the mean value
of at least three independent experiments. Errors were calculated by using the
formula: (1.96 x SD) / Vn, where n is the number of measurements. dw, dry
weight. B: YPD-grown cells of the PYCC5321 wild-type (m) and 7dhogiA mutant
(o) strain were transferred to 1.0 M NaCl-containing medium. Samples were taken
at the indicated times and analysed by Northern blot as described in the
Experimental Procedures section. Filters were probed for GPDI mRNA. The graph
in panel B represents quantification of the mRNA levels of GPDJ, relative to those
of ACT1.
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pronounced than those previously reported
for S. cerevisiae hogiA mutant strains
(Albertyn et al., 1994; see also Fig. 3).

In order to confirm the functional role of
the 7. delbrueckii
constructed a 7dhogiA mutant of the strain
PYCC5321 and cells were tested for their

HOG pathway, we

ability to grow on YPD plates supplemented
with 0.5 M NaCl or 1.0 M sorbitol. In
contrast to the dramatic osmosensitivity of
the S. cerevisiae hogIA mutant, lack of the
MAPK had scarce effects on the growth of 7.
delbrueckii cells under osmotic stress (Fig.
3). Hence, a shift to higher osmolarity
triggers the activation of the 7. delbrueckii
HOG pathway. However, this event appears
to have a marginal role in the adaptation of
this yeast to osmotic stress.

Osmostress-induced glycerol
overaccumulation and GPD1 expression

In S. cerevisiae, hyperosmotic shock triggers
the Hog1p-dependent
induction of GPD1, the gene for the cytosolic
glycerol-3-phosphate dehydrogenase, which

transcriptional

in turn enhances the intracellular content of
glycerol (Albertyn et al, 1994), the only
compatible osmolyte known in this yeast
and Adler, 1992). Unlike
Saccharomyces, T. delbrueckii is able to

(Blomberg

produce small amounts of arabinitol,
galactitol and methyl-galactictol in response
to osmotic stress, although glycerol is by far
the main osmoregulator (Hernandez-Lopez
et al., 2003). Consequently, we analysed the
in YPD-

cultures of wild-type and 7dhogiA mutant

kinetics of glycerol production

strains subjected to osmotic stress. As can
be seen, lack of the MAPK slightly delayed
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the accumulation of total glycerol in
response to 1.0 M sorbitol (Fig. 4A). Similar
results were obtained at 0.5 M NaCl (data
not shown) or even at higher salt
concentrations, 1.0 M (Fig. 4A). However,
after 3 h of incubation at either 1.0 M NaCl
or 1.0 M sorbitol, the glycerol content in the
culture of the 7dhogiA mutant enhanced to
about 76 and 81% of the wild-type level,
(Fig. 4A). Under

the glycerol content of S.

respectively similar
conditions,
cerevisiae hogIA mutant cells has been
reported to be about 14% of the wild-type
with NaCl and 37% with sucrose (Albertyn et
al., 1994). We did the same experiment with
the 7. delbrueckii strain PYCC5323. Except
for a certain delay in the osmotic response
to sorbitol (see 1 h samples, Fig. 4A), the
glycerol levels observed in cultures of this
strain were exactly the same as those in the
PYCC5321 wild-type strain.

We then examined by Northern blot
analysis the expression profile of GPDI! in
NaCl-stressed cells of the wild-type and
TdhogiA mutant strain. Since the gene
encoding for glycerol-3-phosphate
dehydrogenase of 7. delbrueckii has not
been cloned, total RNA samples were
hybridised with a probe of the S. cerevisiae
GPD1 gene under heterologous conditions.
Previous work in our laboratory has shown
that this
quantification of this mRNA (G. Hernandez,

F. Randez-Gil, J.A. Prieto and F. Estruch,

approach allows a reliable

unpublished results). As  expected,
expression of GPDI was induced in cells of
the wild-type exposed to 1.0 M NaCl, with an
approximately 10-fold induction within 60

min (Fig. 4B). The absence of TdHoglp
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altered the osmostress-induced expression
of GPDI1. However, the effects were less
important as compared with those reported
in the S. cerevisiae hogIA strain (Rep et al.,
1999). Although the maximal induction was
shifted to later time points, the mutant was
able to accumulate a GPDI mRNA level
about 60% of the wild-type (Fig. 4B). In
addition, lack of the MAPK did not affect the
GPD1 expression in non-stressed control
cells. Similar results were observed in cells
exposed to 1.0 M sorbitol (data not shown).
Therefore, the 7. delbrueckii HOG-pathway
is involved in the full induction of GPDI in

response to osmostress. However this effect

S. cerevisiae

is small and has an irrelevant contribution in

the overaccumulation of glycerol.

Osmostress induced morphology changes in
hog14 mutants

Exposure of wild-type S. cerevisiae cells to
osmotic stress has no effect on their
morphology. In contrast, a hogiA mutant
display under the same conditions,
morphological alterations (shmoo-like cells)
characteristics of pheromone treated cells
(Brewster et al, 1993). Fig. 5 shows the
budded morphology of wild-type cells of the
S. cerevisiae W303-1A strain exposed to 1.0
M sorbitol or 1.0 M NaCl, in contrast to the

T. delbrueckii

W303-1A hog1A PYCC5323

PYCC5321 hog1A

Control

Sorbitol

NaCl

Fig. 5. Effect of TdHoglp on the osmostress-induced morphology
changes of 7. delbrueckii. Wild-type strains of S. cerevisiae (W303-1A) and 7.
delbrueckii (PYCC5321, PYCC5323), and corresponding Aog1A mutants, hogIA and
Tdhogih (PYCC5321 background) were pre-grown in YPD medium, collected and
then transferred (initial ODggo = 0.05) to the same medium (control) or YPD plus
1.0 M NaCl or 1.0 M sorbitol. Microphotographs were taken in an optical

microscope after 16 h of culture. A representative cluster of cells is shown.
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shmoos formed in the S. cerevisiae hogiA
mutant. However, wild-type and 7dhogiA
mutant strains of 7. delbrueckii displayed a
normal morphology in both the presence
and absence of 1.0 M sorbitol. Only
exposure to 1.0 M NaCl resulted in a clear
morphological response, although shmoo-
like cells were not observed (Fig. 5).
Instead, cells showed a clear inability to
separate normally. Thus the response
appeared to be dependent of the chemical
used. However, when cells were exposed to
2.0 M sorbitol, the result was exactly the
same (data not shown). We then examined
the morphology of cells of the PYCC5323

Capitulo 3

strain under the same conditions. As can be
seen, lack of TdHoglp phosphorylation
produced the same phenotype as that
observed in the 7dhogiA mutant strain (Fig.
5). Again, blocking in cell separation was
only evident at the highest osmolalities, 1.0
M NaCl (Fig. 5) or 2.0 M sorbitol (data not

shown).

The functional role of T. delbrueckii Hogip
in response to several stresses

Additional functions to that of osmostress
protection have been identified for HOG
homologous pathways of vyeast species,

including S. cerevisiae, C. albicans and S.

N N N N
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Control Citric acid Control MG Control
ME (pH = 3.5) SD YPD

Fig. 6. TdHog1p is required in response to diverse stresses. Exponentially

growing cells of the 7. delbrueckii strains, wild-type PYCC5321 and corresponding

TdhogiA mutant, were spotted onto ME, SD or YPD plates containing 200 mM

citric acid, 20 mM methylglyoxal (MG) and 4 mM H,0,, respectively. Control plates

lacking the compounds cited above were tested in parallel. Growth at high

temperature was inspected onto YPD plates incubated at 34°C. For the rest, plates

were incubated at 30°C for 2-4 days. A representative experiment is shown.
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pombe. Based on this, we analysed the
requirement of the TdHogl protein in the
response of 7. delbrueckii to diverse stimuli,
like oxidative stress, high temperature, citric
acid and methylglyoxal (Fig. 6). Clearly, the
MAPK was essential for tolerance to
methylglyoxal and citric acid. However, it
appeared to be dispensable for growth at
340C (Fig. 6). This
functional profile is in good consonance with

high temperature,

that previously reported for S. cerevisiae
(Winkler et al, 2002; Lawrence et al., 2004;
Aguilera et al, 2005) and C. albicans
(Alonso-Monge et al, 2003; Smith et al,
2004) Hogl proteins. However, we also
noted that the 7. delbrueckii MAPK was not
required for the response to oxidative stress
(4 mM H,0,). This is in sharp contrast with
the situation in other yeasts (Gacto et af.,
2003; 2003;
Haghnazari and Heyer, 2004). Hence, the 7.

Alonso-Monge et al,

delbrueckii HOG pathway appears to be

required under specific environmental

conditions.

Stress cross-protection in T. delbrueckii

S. cerevisiae cells exposed to non-lethal
doses of one stress develop tolerance to
higher doses of the same stress, as well as
to unrelated stresses, phenomena described
as induced tolerance and cross-protection,
respectively (Lewis et al, 1995; Estruch,
2000). It is commonly accepted that yeasts,
other than Saccharomyces, display induced
tolerance. However, the existence of cross-
protection mechanisms is not always evident
and it has frequently been the object of
controversy (Enjalbert et al, 2003). The
function of a general

stress response
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pathway as responsible of this phenomenon
in non-Saccharomyces yeasts is also unclear.
Thus, recent evidences indicate that stress
cross-protection in C. albicans depends
specifically on the HOG-pathway (Smith et
al., 2004). Therefore we were interested to
investigate this phenomenon in the
osmotolerant yeast 7. delbrueckii.

The results of plate growth presented in
Fig. 7A demonstrate that 7. delbrueckii is
unable to grow at 37°C (control). Therefore,
we choose this growth inhibitory condition to
test if the presence of sorbitol in the culture
medium would provide stress cross-
protection to 7. delbrueckii cells. As shown
in Fig. 7A, formation of colonies of the wild-
type strain PYCC5321 was not detected after
4 days at 0.5 M sorbitol and 37°C. However,
this phenotype was suppressed when cells
were challenged to 1.0 or 1.5 M sorbitol
(Fig. 7A). Nevertheless, we rationalised that
this phenomenon might not imply a previous
adaptation of the cells by osmotic stress.
Reduction of water activity by sorbitol or
salts is indeed an effective way to reduce
thermal death, as it has been demonstrated
for osmotolerant yeasts as D. hansenii
(Almagro et al, 2000). Consequently, we
investigated the implication of TdHoglp in
this phenomenon. As can be seen, the
afforded by high

concentrations of sorbitol was retained in

thermal  protection
the 7dhogIA strain. Nevertheless, growth of
mutant cells was clearly impaired at 37°C as
compared with the wild-type, whereas at
300C, the differences were less pronounced,
in particular at 1.0 M sorbitol (Fig. 7A).
Hence, adaptation to thermal stress appears

to be dependent upon TdHog1p. Presumably



37°C

growth at high temperature is also improved
by water activity reduction mechanisms,
being more pronounced at high osmolyte
concentrations.

To investigate more in deep the role of
TdHoglp in the above findings, YPD-grown
cells were exposed for 3 h to 1.5 M sorbitol
at 30°C, and then transferred to 37°C-

0.5M 1.0M

Sorbitol

Control

&
(@]
©
&
4
@]
)]
@

Capitulo 3

prewarm YPD fresh medium lacking sorbitol
(Fig. 7B). As can be seen, pretreatment of
wild-type cells with an osmotic stress
provided higher growth ability at 37°C.
However, this effect was lost in 7dhogiA
cells (Fig. 7B). Hence, cross-protection exists
in Torulaspora, being mediated by the HOG-
pathway.

2.0 wt
1.5
1.0

0.5

ODSOO

20 1 7dhogia
1.5
1.0

0.5

0 100 200 300

Time (min)

Fig. 7. The HOG-pathway mediates stress cross-protection in 7. delbrueckii. A: YPD-

grown cells of 7. delbrueckii PYCC5321 wild-type and 7dhogIA mutant strains were spotted onto

YPD plates (control) and YPD plates containing 0.5, 1.0 or 1.5 M sorbitol. Plates were incubated at

30 or 37°C for 2-4 days. B: Exponentially YPD-growing cells of the wild-type (squares) and

TdhogiA mutant (circles) were either unstressed (open symbols) or exposed to 1.5 M sorbitol

(closed symbols) at 30°C. After 3 h, cells were washed, shifted to 37°C-prewarmed YPD medium

lacking sorbitol and the ODgo was measured at regular intervals. A representative experiment is

shown. Independent experiments revealed identical kinetics of growth.
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Discussion
7. delbrueckii and S.
cerevisiae are closely related, as it has been

Phylogenetically,

previously demonstrated by sequence
(Belloch et al, 2000;
Hernandez-Lopez et a/, 2002). Despite this
T. delbrueckii is

able to survive and proliferate at high

comparisons

genealogical relationship,

osmolyte concentrations, a property not
shared by S. cerevisiae (Hernandez-Lopez et
al., 2003). As a result, this non-conventional
yeast is frequently found in distinct habitats
than S. cerevisiae, between them cane
molasses, syrups, honey and high-sugar-
containing foods (Kurtzman, 1998). Hence, it
would be expected they differ in the
regulatory mechanisms and molecular
targets that allow for adaptability to high
osmolarity environments.

These differences were first evidenced in
our analysis of the functional response of
the 7. delbrueckii HOG pathway to osmotic
stress. Although the MAPK TdHoglp was
rapidly phosphorylated after transfer to NaCl
or sorbitol-containing media, this fact was
not essential for growth of 7. delbrueckii
cells under moderate-stress conditions, 0.5
M NaCl or 1.0 M sorbitol. Only when severe
stress conditions were tested, for example
1.5 M NaCl (data the

requirement of a functional HOG pathway

not shown),
was evident. This result is in complete
agreement with previous observations in Z
rouxii hogIA mutant cells, which show NaCl-
sensitivity only at concentrations above 2.0
M (Iwaki 1999). Therefore, we
predicted that this fact could
distinct role of the HOG pathway in the

et al,
reflect a

osmoadaptation mechanism employed by 7.
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delbrueckii and S. cerevisiae. Consistent with
this, neither the osmostress-induced glycerol
accumulation nor the expression of GPD1
was strongly affected by the lack of TdHog1.
Similar results were observed in T.
delbrueckii cells displaying an insensitive
HOG pathway. This is in sharp contrast with
the situation in S. cerevisiae, where Hog1p is
the main of these
(Albertyn et al, 1994; Rep et al, 1999).
that

production and GPDI mRNA levels were

regulator responses

Nevertheless, we noted glycerol
upregulated upon osmotic shock. Therefore,
a sudden change in the water activity of the
environment is perceived by 7. delbrueckii
as a stressful condition. Yet 7. delbrueckii,
as S. cerevisiae, must be often exposed to
significant osmolarity fluctuations in natural
habitats. The adaptation to these changes
requires therefore of a strict regulatory
system that allows adaptability avoiding a
continuous stimulation of the response.
Glycerol production is by far one of the most
energy-requiring processes (van Dijken and
Scheffers, 1986). Hence, both yeasts appear
to follow a similar strategy in response to
osmotic stress. However, they have diverged
in the regulatory mechanisms that control
glycerol accumulation.

The differential specialization of Hoglp
functions in S. cerevisiae and T. delbrueckii,
was further evidenced by analysis of the
osmostress-induced morphological changes
in the T7dhogIA strain.

induces an aberrant morphology

High osmolarity
in S
cerevisiae hogIA mutants that resembles
that of cells exposed to pheromones,
shmoos or pear-shaped cells (Brewster and
1994). This

Gustin, phenomenon is



consequence of the inappropriate activation
of the pheromone pathway, a MAPK cascade
that prepares cells for mating (Leberer et a/.,
1997), which shares components with the
HOG pathway, such as Ste20p, Ste50p and
Stellp (Gustin et al, 1998).

demonstrated, shmoos were not formed by

As we

Tdhogi1A mutant cells exposed to sorbitol or
NaCl. These data suggest that a cross-talk
between the HOG and pheromone response
MAPK pathways does not exist in 7.
delbrueckii or that is independent of
TdHoglp. Indeed, previous studies in S.
cerevisiae indicate that Hoglp prevents
cross-talk  between  these  pathways
(O'Rourke 1998).

Nevertheless, further work is required to

and Herskowitz,
identify upstream elements of the 7.
delbrueckii HOG pathway and clarify the
activation mechanisms operating in this
yeast.

Regarding the morphological effects of
osmotic stress, we noted however that
TdhogiA mutant cells remain attached after
budding at high osmolyte concentrations,
1.0 M NaCl or 2.0 M sorbitol, a phenotype
that was missing in the wild-type strain. This
apparent cell division defect resulted in large
branched aggregates, similar to those
observed for chitinase-minus S. cerevisiae
with  random budding pattern
(Kuranda and Robins, 1991). This phenotype

has also been reported in hogIA mutant

strains

cells of C. albicans subjected to 1.0 M NaCl,

suggesting a link between cell wall
metabolism and the activity of CaHoglp in
this pathogenic yeast (Alonso-Monge et af.,
1999). Such a relationship has been also

suggested in S. cerevisiae, since components
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of the HOG pathway appear to be involved
in cell wall maintenance (Alonso-Monge et
al, 2001). At the light of our results this
connexion appears to be extended to the 7.
delbrueckifHOG pathway.

Another aspect of relevance addressed
in our work is the functional role of TdHog1p
under stress conditions other than high
osmolarity. Interestingly, TdHoglp has no
apparent function at supraoptimal
temperatures or at high levels of H,0,. The
lack of TdHog1p activity at high temperature
can account for the earlier observation that
S. cerevisiae Hoglp is not essential for
growth at 37°C (Winkler et al, 2002).
Recently, Smith et al (2004) also showed
that C albicans Hoglp is not activated by
temperature upshifts. However, the finding
that TdHog1p is not required in response to
oxidative stress was quite unexpected.
Previous reports have demonstrated that the
HOG-pathway provides protection against
this stressful condition in S. cerevisiae
(Haghnazari and Heyer, 2004), as well as in
other yeasts and fungi species, like C
albicans (Alonso-Monge et al, 2003), S.
2001) and C

neoformans (Bahn et al, 2005). Although

pombe (Buck et al,

we have no obvious explanation for this
result, it could reflect a larger ability of this
yeast to cope with high levels of reactive
oxygen species. Consistent with this, we
found that 7. delbrueckii was able to grow at
high relative levels of H,0, (4 mM) as
compared with other yeasts and in particular
with S. cerevisiae. Thus, the T. delbrueckii
HOG pathway appears to have evolved not
to respond to oxidative stress.
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Our work also leads to the observation of
stress cross-protection in 7. delbruecki,
suggesting the existence in this yeast of a
general stress response (Estruch, 2000). In
S. cerevisiae the general stress response is
mediated by a common pathway, the cAMP-
protein kinase A (PKA) pathway (Thevelein
and de Winde, 1999), which controls the
activity and nuclear localization of the
transcriptional MSNZ2| MSN4
(Martinez-Pastor et al., 1996). In addition, S,

cerevisiae uses strategies of co-induction of

factors

defence mechanisms. Instead of a common

pathway, different stresses control a
common set of genes via different signalling
pathways and transcription factors (Gasch et
al, 2000; Causton et al, 2001).

example, osmotic shock induces in a Hoglp-

For

dependent manner, the rapid and strong
expression of HSP104, the most important
chaperone providing thermotolerance in
budding yeast (Lindquist and Kim, 1996).
This appeared to be indeed the strategy
Far of the
classical concept of general stress response,

employed by 7. delbrueckii.

we observed that growth of 7. delbrueckii at
37°C, inhibits the
proliferation of this yeast, was dependent on
the activity of TdHoglp coupled with the
thermal

a temperature that

protection provided by sorbitol.
Furthermore, we find that pre-treatment
with sorbitol provides a growth advantage at
370C for wild-type cells, but not for 7dhogIA
mutant cells. Therefore, stress-cross
protection exists in 7. delbrueckii, but this is
mediated by TdHog1p. Similarly, Smith et a/.
(2004)

cross-protection in C. albicans, a result that

reported Hoglp-dependent stress

fits well with the lack of functional role of

96

homologues of S. cerevisiae MSN2/ MSN4 in
this yeast (Nicholls et al., 2004).

Overall the results presented in this
study make emphasis in the divergence of a
classical stress signalling pathway between
different yeasts. Our current knowledge
indicates that the HOG pathway has evolved
in different yeasts in a niche-specific manner
(Smith et a/, 2004; Bahn et al., 2005). We
also have demonstrated that changes in the
Hoglp-GPDI relationships have occurred
during the evolutionary divergence of S.
cerevisiae and T. delbrueckii. While it is easy
to image different mechanisms through
which gene expression regulation evolves
(Gasch et al, 2004), it is much difficult to
understand how this events determine the
adaptability  of
environments.

yeasts to changing

Experimental procedures

Yeast strains and culture conditions

7. delbrueckii PYCC5321
PYCC5323 (Almeida and Pais, 1996) and S.
cerevisiae wild type W303-1A (MATo leuz-
3112 ura3-1 trp1-1 his3-1,/15 ade2-1 canli-
100 GAL SUC2 mald) (Thomas
Rothstein, 1989) were used throughout this
work. S. cerevisiae hogIA and T. delbrueckii

strains and

and

Tdhog1A mutant strains were constructed as
described below. The £. coli strain DH10B
was used as host for plasmid construction.
Yeast cells were cultured at 30°C in defined
media, YPD (1% yeast extract, 2% peptone,
2% glucose) or SD (0.67% yeast nitrogen
base without amino acids [DIFCO] plus 2%
glucose) supplemented with the appropriate
auxotrophic requirements (Sherman et al.,
1986). Citric acid sensitivity was monitored
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Table 1. Oligonucleotides used in this study

Primer Sequence 5" to 3° Comments
FR3 ACCACTAACGAGGAATTC S. cerevisiae HOG1 probe, Southern blot
FR4 TAGTGGAAACATAGCCTG S. cerevisiae HOG1 probe, Southern blot
FR5 GTAACGAGTAGAAACATAAC Diagnostic PCR (TdhoglA strain), Sequencing
FR6 GTAAAACGACGGCCAGT Sequencing primer
FR7 TACGCTGAAATTTGTGACTTC Sequencing primer
FR25 ATCACGATCCTACTGACGAAC Sequencing primer
FR26 TCTTGGCCAAGAGGACGT Diagnostic PCR, Tdhog1A strain
FR58 AGTGAGTGAGTCTAGAAGACACTG Disruption cassette construction, Diagnostic
PCR (Tdhog1A strain), YEpTdHOG! and
YCpTdHOGI plasmid construction
FR59 TGGCCTGGTAAAGCTTCATAAGTC Disruption cassette construction, Diagnostic
PCR (Tdhog1A strain), YEpTdHOG! and
YCpTdHOGI plasmid construction
FR75 AGTTAAGTGCGCAGAAAG Diagnostic PCR, Tdhog1A strain
FR76 GTCAAGGAGGGTATTCTGG Diagnostic PCR, Tdhog1A strain
FR272 AAGGGAAAACAGGGAAAACTAC hog1A strain construction
AACTATCGTATATAATAGCATAG
GCCACTAGTGGATCTG
FR273 AAGTAAGAATGAGTGGTTAGGG hog1A strain construction
ACATTAAAAAAACACGTTTACA
GCTGAAGCTTCGTACGC
FR282 CTCCAAGACTTTGCCCTG Diagnostic PCR, hog1A strain
FR119 GGCATGCTCTCTGGTTACCCTA YCpScHOG 1 plasmid construction
FR120 CCTCGAGCTCACTATATACGTAAATAC YCpScHOG 1 plasmid construction
FR390 GGTATGTTCTAGCGCTTG S. cerevisiae ACT1 probe, Northern blot
FR391 TCTGGGGCTCTGAATCTT S. cerevisiae ACT1 probe, Northern blot
FR392 TTGAATGCTGGTAGAAAG S. cerevisiae GPD1 probe, Northern blot
FR393 TGACCGAATCTGATGATC S. cerevisiae GPD1 probe, Northern blot

in malt extract (ME) medium as reported
2004). T. delbrueckii
transformants containing the nourseothricin

(Lawrence et al,

(natMX4) resistant module were selected on
YPD agar plates containing 10 mg/l of
nourseothricin (clonNAT, WERNE Bioagents,
Germany). Selection of G-418-resistant S.
cerevisiae transformants was carried out
onto YPD plates supplemented with 200
mg/| Geneticin® (G-418 sulphate, Gibco BRL,
Germany). £. coli was grown in Luria Bertani
(LB) medium (1% peptone, 0.5% yeast
extract, 0.5% NaCl) supplemented with
ampicillin (50 mg/l). Antibiotics were filter-

sterilised and added to autoclaved medium.
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Stress sensitivity tests

For stress experiments, cells were grown at
30°C to mid-exponential phase, collected
and transferred to fresh medium containing
NaCl or sorbitol at the indicated
concentration. Plate phenotype experiments
were made by diluting the cultures to ODggo
= 0.3 and streaking cells onto SD- or YPD-
agar solid media containing the stressor to
be tested. More-detailed sensitivity assays
were performed by spotting (3 nl) 10-fold
serial dilutions of the cell culture. Unless
indicated colony growth was inspected after

2-4 days of incubation at 30°C.
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Strain and plasmid construction

Plasmid pMJH28, carrying a DNA fragment
containing the HOGI gene
delbrueckii (TdHOGI) and flanking regions
around this gene, was isolated from a

from 7.

genomic library (Hernandez-Lopez et al,
2002) by complementation in S. cerevisiae
of the osmosensitivity phenotype of a AogIA
mutant strain (see Results). Multicopy and
centromeric plasmids containing the isolated
TdHOG1 gene were constructed by cloning a
1,541 bp PCR-fragment, which includes the
complete open reading frame plus 143 bp
upstream from the ATG and 140 bp of the
3'-UTR. Amplification was carried out under
standard  conditions, using  synthetic
oligonucleotides (Table 1) and plasmid
pMJH28 as template. The amplified fragment
was digested with Xbal/HindIIl, and ligated
into the vectors YEplac195 and YCplac33
(Gietz and Sugino, 1988) previously digested
with the same set of enzymes, resulting in

plasmids YEpTdHOG1 and YCpTdHOGI1,

respectively.
Construction of the 7dHOG1 disruption
cassette containing the nourseothricin-

resistance natMX4 module (Goldstein and
McCusker, 1999)
restriction. First, the PCR-amplified fragment
of 7dHOG1 obtained as described above,
was cloned into the pGEM®-T Easy vector

was performed by

(Promega)
TdHOGL1.
restriction endonucleases E£coRV and BamHI,

resulting in plasmid pGEM-

This was digested with the

and the released fragment was replaced by
the natMX4 module obtained from plasmid
pAG25 (Goldstein et al, 1999) by digestion
with the same enzymes. the
pGEM-TdHOG1-natMX4

Finally,

resulting plasmid,
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was treated with Xbal and Hindlll. This
digestion releases the disruption cassette,
which contains the natMX4 module flanked
by long fragments homologous to the
TdHOG1 gene.

The S. cerevisiae HOGI disruption
cassette was constructed by PCR, using the
short flanking homology technique, SF-PCR
(Wach et al, 1994). Briefly, we designed
two oligonucleotides containing at their 3'-
end a segment homologous to sequences
left and right of the /oxP-kanMX-loxP module
on plasmid pUG6 (Giildener et a/, 1996) and
a segment at the 5-end homologous to the
S. cerevisiae HOG1 gene (Table 1).

Detection of the correct gene disruption
of HOG1 and TdHOGI! were done by
diagnostic PCR, using whole yeast cells
(Huxley et al, 1990) from isolated colonies,
and oligonucleotides designed to bind
outside or inside of the replaced HOG! and
TdHOGI sequences and within the marker
modules (Table 1). Because of the high GC
content of the nourseothricin
acetyltransferase-encoding gene nat! from
Streptomyces noursei (Krugel et al., 1993),
the PCR-reaction mixture of the natMX4
module contained 5% DMSO, as previously
described (Goldstein and McCusker, 1999).
Verification was also carried out by western
blot analysis using polyclonal anti-Hogl as
described below.

Transformation of 7. delbrueckii and S.
cerevisige was performed by the lithium
acetate method (Ito et al, 1983). Cultures
transformed with the dominant marker were
grown for 4 h in YPD at 30°C before plating
medium. £ colf

on selective was



transformed by electroporation following the
manufacturer’s instructions (Eppendorf).

DNA manipulations

Southern blot analysis of 7dHOG! was
carried out using standard techniques,
except that hybridizations were carried out
at 37°C. Genomic DNA from 7. delbrueckii
cells was prepared as described by Sherman
et al. (1986). A PCR-amplified DNA fragment
containing a partial sequence of S. cerevisiae
HOG1 gene (+2 to +538) was used as
probe. PCR was carried out using specific
oligonucleotides (Table 1) and genomic DNA
as template. The probe was labelled with the
DIG-High Prime Kit (Boehringer Mannheim)
following the manufacturer’s instructions.
DIG-labelled DNA was detected using anti-
digoxigenin antibody conjugated to alkaline
phosphatase (Boehringer Mannheim) and
the chemiluminescent substrate CPD-Star
(Roche).

Total RNA from 7. delbrueckii cells was
prepared as described (Sherman et al,
1986). Equal amounts of RNA (30 pg) were
separated in 1% (w/v) agarose gels,
(2.5% v/v),
transferred to a Nylon membrane and
hybridised with a 3?P-labelled probe of S.
cerevisiae GPD1 gene (Aguilera et al., 2005).
of the &

cerevisiae ACT1 gene (+10 to +1,066) was

containing  formaldehyde

A PCR-amplified fragment

used as the loading control. Probes were
radiolabeled with the random primer kit
Ready to Go (Amersham Biosciences,
Chalfont-St Giles, England) and [a2P]dCTP
(Amersham Biosciences). After hybridization
overnight at 359C, the filters were rinsed
once with 50 ml of 2 x SSC, 0.1% SDS, and
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once with 50 ml of 0.2 x SSC, 0.1% SDS at
room temperature for 20 and 10 min,
respectively. Filters were exposed to a high-
resolution BAS-MP 2040S
(Fuji, Kyoto, Japan) for 24 h and scanned in
a Phosphorimager (Fuji, FLA-3000). Spot

intensities were quantified with the Image

imaging plate

Gauge software version 3.12 (Fuji). Values
of spot intensity were corrected with respect
to the AC71 mRNA level and represented as
the relative mRNA level. The highest relative
GPD1 mRNA for each sample analyzed was
set at 100.

TdHog1p phosphorylation assay

To prepare whole-cell extracts for TdHoglp
detection, 7. delbrueckii cells were harvested
by filtration, transferred to a tube containing
300 ul of SDS loading buffer (50 mM Tris—
HCl, pH 6.8, 100 mM dithiothreitol, 2%
(SDS), 0.1%
bromophenol blue, 20% glycerol) and boiled

sodium dodecyl sulfate
at 95°C for 10 min. Ten ul of each sample
was separated by SDS-PAGE and blotted
onto nitrocellulose membranes. Filters were
blocked with 5% BSA in TBST (10 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 0.5% Tween-
20).
Dual
TdHogl) was detected by an antibody
specific to phosphorylated p38 MAPK (Cat#
9215, Cell signaling, Beverly, MA). A rabbit

phosphorylated TdHoglp (P-

polyclonal antibody raised against a
recombinant protein corresponding to the
carboxy terminus (221-435) of S. cerevisiae
Hoglp was used as a loading control (Cat#
sc-9079, Santa Cruz Biotechnology, Santa
Cruz, CA). The antisera were applied at

1:1000 (phosphorylated Hoglp) and 1:6000
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(total Hoglp) dilutions according to the
manufacturer’s instructions. As secondary
antibody, horseradish peroxidase-conjugated
goat anti-rabbit (1:2000, Cat# 7074, Cell
Signaling), was used. Blots were developed
using the ECL Western blotting detection kit
from Amersham Biosciences. Films were
scanned in a HP scanjet 5370c (Hewlett-
Packard, Palo Alto, CA) and quantified with
the Image Gauge software version 3.12
(Fuji). Intensity values of P-TdHoglp were
corrected with respect to the total TdHoglp
level. The highest relative value for each
sample analyzed was set at 100.

Glycerol determination

To determine total glycerol content, aliquots
(1 ml) of the 7. delbrueckii cultures were
removed, placed in an Eppendorf tube and
boiled for 10 min. After cooling on ice, the
samples were centrifuged at 15,300 x g for
10 min (4 °C), and the supernatants assayed
for glycerol content. Glycerol was measured
colorimetrically with a commercial kit (Roche
Molecular

Biochemicals, Mannheim,

Germany), following the manufacturer’s
instructions. Values are expressed as ug of
glycerol per mg of yeast cells (dry weight).
Growth over the time course of the
experiment was estimated by measuring as
the ODggo (ODgoo = 1 equals 0.21 mg cells

dry weight/ml).

Sequencing and sequence analysis

DNA sequencing was performed in both
strands by the dideoxychain termination
procedure (Sanger et al, 1977). Analysis of
sequence data was carried out using the
DNAMAN software

sequence  analysis
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(Lynnon BioSoft). Similarity searches were
performed using the BLAST server at the
Munich
Sequences. Search of TdHog1lp domains was

Information centre for Protein
carried out by scanning the sequence
against protein profile databases, PROSITE
and Pfam. Multiple sequence alignment was
using the Clustalw
(Thompson et al., 1994).

done program

GenBank accession number

The nucleotide sequence for 7dHOGI has
been deposited in the GenBank database
(available at
http://www.ncbi.nlm.nih.gov/Genbank/index
:html)
DQ020519.

receiving the accession number
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SUMMARY
Recently, the academic interest in the
has

yeast Torulaspora delbrueckii

increased notably due to its high

resistance to several stresses,
including salt and osmotic resistance.
However, the molecular mechanisms
underlying these unusual properties
understood. In
the high
mediated by

conserved

are poorly
Sacharomycces cerevisiae,
salt response is
calcineurin, a
Ca*?/calmoduline-modulated  protein
that the
transcriptional factor Crzlp. Here, we
cloned the 7. delbrueckii TdCRZ1 gene,

which encodes a putative zinc finger

phosphatase regulate

transcription factor homologous to

Crz1p. Consistent with this,
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overexpression of TdCRZ1 enhanced
the salt tolerance of S. cerevisiae wild-
type the
sensitivity phenotype of cnbIA and

cells and suppressed
crzIA mutants to monovalent and

divalent cations. However, T.

delbrueckii cells lacking TdCrzlp
showed distinct phenotypes to those
previously observed in S. cerevisiae
Quite

Tdcrzi-null cells were insensitive to

crzIA mutants. remarkable,

high Na* and more Li*-tolerant than
wild-type
agreement, TdCrz1p was not required

cells. In complete
for the salt-induced transcriptional
the TdENA1 gene,
encoding a putative P-type ATPase

activation of

homologous to the main S. cerevisiae
Na*-pump ENAL
delbrueckii cells were insensitive to the

Furthermore, T.

immunosuppressant FK506 either in
the presence or absence of NaCl. Only
on high Ca?>*/Mn>* media, signaling
through the calcineurin/Crzl pathway
appeared to be essential. Hence, T.
delbrueckii and S. cerevisiae differ in
the regulatory circuits and mechanisms
that drive the adaptive response to salt
stress.
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INTRODUCCTION
Exposure of cells to saline stress implies
both a specific cation toxicity and osmotic
stress. Sodium and lithium ions are
particularly toxic to cells of most living
organisms due to their ability to inhibit
specific metabolic pathways. Therefore,
regulation of intracellular ion content is a
main issue in the cellular reprogramming of
almost all organisms subjected to salt stress
(4, 56).
The

conservation of stress pathways between

high degree of evolutionary

higher eukaryotes and Saccharomyces
cerevisiae and the genetic advantages of
budding yeast have made of this organism a
model system for studying stress responses
(24). Yeast genes involved in salt tolerance
identified by their ability in

protecting cells at increasing gene dosage or

have been

by the growth defects of yeast mutants at
Thus,
covered basic

elevated ion concentrations (51).

studies in yeast have
mechanisms of ion homeostasis and have
identified key genes in the maintenance of a
high K*/Na* ratio (47, 52). Protein kinases
and signaling pathways involved in the salt
response have been also identified and
(50).

we are far

characterised Despite of these

advances, to understand
completely the mechanisms, the nature of
signaling pathways and the function of gene
targets that allow cells to adapt to salt
stress. On top of this, there is evidence that
signaling pathways and stress responses
different

have evolved in organisms,

including vyeasts, in a niche-dependent
manner (8, 58). It is clear for example, that

S. cerevisiae is not the best model of salt-
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resistant microorganism. Non-conventional
like
Debaryomyces  hansenii  or

yeasts Zygosaccharomyces  rouxii,
Torulaspora
delbrueckii are by far more resistant to the
combined effect of ion toxicity and osmotic
stress (10, 32). Thus, the identification and
characterization of the cellular mechanisms
regulating salt tolerance in these non-
Saccharomyces species is of major interest.
In S. cerevisiae, toxic concentrations of
Na* and Li* promote their extrusion by
induction and activation of the specific ATP-
ENAI

expression is regulated by two different

driven ion pump Enalp (40).
signaling pathways, the HOG (for High
Osmolarity Glycerol) pathway (62), one of
the five MAP (for Mitogen Activated Protein)
kinase cascades known in S. cerevisiae (16)
and the calcineurin/Crz1lp pathway (19).
Calcineurin  is a  highly  conserved
Ca**/calmodulin-dependent Ser/Thr protein
phosphatase type 2B (30, 48). In its native
form, calcineurin is present as a heterodimer
containing a catalytic subunit, encoded by
the functionally redundant genes CVAZ and
CNAZ, complexed with a regulatory subunit,
the gene product of CNVB1. The phosphatase
activity of calcineurin is dispensable for
growth under standard conditions. However,
cnal cnal or cnbl mutants show decreased
tolerance to ions Na*/Li*, Mn*? and OH" (41,
43, 44). Calcineurin is also required for
escape from cell cycle arrest after exposure
to pheromone (20, 21) and plays an
important role in wall
structure (22, 25).

When cells are exposed to salt stress,

regulating cell

cytosolic Ca*? levels rise inducing its binding

to calmodulin. This interaction promotes a



conformational change of calmodulin,
allowing it to bind and activate calcineurin
(39) that in turn, dephosphorylates the
factor (41, 59).

Dephosphorylation of Crzlp causes its

transcriptional Crzlp
nuclear import (60), and binding to a
DNA (42), the
calcineurine-dependent response element,
CDRE (59), found in the promoter of most

consensus sequence

salt-responsive genes (65). In consonance
with  this,
hypersensitivity to a-factor, Mn** or Li* (41,
59).

mutant cells show opposite phenotypes

cells lacking Crzlp display

¢zl and calcineurin

Nevertheless,

under specific conditions, such as exposure

to ions Ca®** and OH (41, 42). This
observation strongly suggests that
calcineurin  regulates  additional  yeast

proteins (19). It is also possible that Crzip
might respond to signals other than those
driven by calmodulin-calcineurin. Whether
this signaling pathway plays a similar role in
other yeasts, particularly in highly
osmotolerant species remains unclear.
Recently, homologues to S. cerevisiae
been identified in

Crzlp have

Schizosaccharomyces pombe (34) and
Candida albicans (13). Proteins with some
degree of similarity to Crz1p have also been
Candida

lactis

and
the

Génolevures sequencing project (available at

found in glabrata

Kluyveromyces through

http://cbi.labri.fr/Genolevures/index.php).

From them, only the przz* gene from S,
pombe has been studied in detail (34). Like
Crzlp, Przip acts downstream calcineurin
and regulates Ca®* homeostasis. However,
przI null cells show distinct phenotypes as

those observed in S. cerevisiae crzl
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mutants, such as aberrant cell morphology
(34).
calcineurin and its target Przlp in fission

or hypersensitivity to CI Hence,
yeast appear to play functional roles not
shared by the S. cerevisiae pathway.

In this work we took advantage of the
salt-sensitive phenotype of the S. cerevisiae
strain CEN.PK2-1C, to identify genes from 7.
delbrueckii  that confer increased salt
tolerance. Using this strategy, we cloned the
TdENAI and TdCRZI genes, which encode
P-type
protein

respectively a putative Na*/Li*

ATPase and a zinc finger
homologous to S. cerevisiae Crzlp. As
7.  delbrueckii

TdCrz1lp showed some phenotypes similar to

expected, cells lacking
those reported for S. cerevisiae calcineurin
and c¢rzIA mutant strains. However, lack of
the transcriptional factor in 7. delbrueckii
resulted in enhanced resistance to Li*,
whereas no growth defects were observed
at high Na* concentrations. Furthermore, 7.
delbrueckii cells did not show the same
calcineurin dependency in response to saline
stress as that previously reported for S.
cerevisige. These results suggest that salt
stress in 7. delbrueckii is regulated in a
different uncovered

manner  trough

regulators and molecular circuits.

MATERIALS AND METHODS
Strains,
methods. 7. delbrueckii PYCC5321 wild-

type strain (1) and S. cerevisiae strains

culture media and general

(Table 1) were used throughout this work.
7. delbrueckii TdcrzIA  mutant
(MJHY211) was constructed as described
below. Cells were cultured at 30°C in
defined media, YPD (1% yeast extract, 2%

strain
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peptone, 2% glucose) or SD (0.5% yeast
nitrogen base without amino acids [DIFCO],
0.5%(NH4),S04, 2% glucose) supplemented
with the
requirements (53). £. coliwas grown in Luria
Bertani (LB) medium (1% peptone, 0.5%

appropriate auxotrophic

yeast extract, 0.5% NaCl) supplemented
with ampicillin (50 mg/I). Antibiotics were
filter-sterilised and added to autoclaved
medium. Transformation of yeasts was
performed by the lithium acetate method
(37). T. delbrueckii transformants containing
the (natMXx4)

module were grown for 4 h in YPD at 30°C

nourseothricin resistant
before plating on YPD agar plates containing
10 mg/I of nourseothricin (clonNAT, WERNE
Bioagents, Germany). £ cofi was
transformed by electroporation following the
manufacturer’s instructions (Eppendorf).

Stress sensitivity tests. For stress
experiments, cells were grown at 30°C to
mid-exponential phase, collected and
transferred to fresh medium containing the
stressor to be tested at the indicated
concentration. Plate phenotype experiments
were made by diluting the cultures to ODgg
= 0.3 and spotting (3 pl) 10-fold serial
dilutions onto SD- or YPD-agar solid media
containing NaCl, LiCl, MnCl, or CaCl,. FK506
(Fujisawa GmbH; 20 mg/ml in 90% ethanol-
10% Tween 20) was added at 1 ug/ml, final
concentration. Unless indicated colony
growth was inspected after 2-4 days of
incubation at 30°C.

Strain and plasmid construction.
Plasmids pMJH1 and pMJH14, carrying DNA
fragments containing the ENAI and CRZI
TdENAI and

TdCRZ1, respectively, and flanking regions

genes from 7. delbrueckii,
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around these genes, were isolated from a
genomic library (31) by complementation in
S. cerevisiae of the salt-sensitivity phenotype
of the CEN.PK2-1C.
YEpTdCRZ1, containing the isolated 7dCRZ1
gene, was constructed by cloning a 1,980-

strain Plasmid

bp-lentgh Scal/ £coRI fragment from plasmid
YEpMJH14, into the vector YEplac195 (26)
with  EcoRl/Smadl.
TdCRZ1 disruption
containing the

natMX4  module

previously  digested
Construction of the
nourseothricin-
(27)
performed by restriction. First, a 3'-side
fragment of 7dCRZ1I (+1,322 to +1,810)
was obtained by PCR using two specific
primers FR142 and FR141 (Table 2) and
plasmid YEpMJH14 as template. The PCR
product was cloned into the pGEM®-T Easy
(Promega), then by
restriction with Sall/EcoRl, and inserted into

the pBS plasmid (Stratagene) previously

cassette

resistance was

vector released

digested with the same set of enzymes. The
resulting plasmid pBSCRZ was treated with
BarmH1/ EcaRI and used to accommodate the
natMX4 module obtained from the BanHI-
and EcoRI-digested plasmid pAG25 (27),
creating plasmid pBSCRZ-natMX4. A PCR
fragment was amplified from the 5’ region of
TdCRZI (270 to  +448)
oligonucleotides, FR140 and FR139 (Table
2), and plasmid YEpMJH14 as template. The
PCR product was inserted into the pGEM®-T
Easy vector, released then with Aod and

using

Spel, and subcloned into plasmid pBSCRZ-
natMX4, obtaining plasmid pBSCRZ-natMX4-
CRZ. This was digested with £coRV releasing
the 7dCRZ1 disruption cassette,
contains the natMX4 module flanked by 718

which



Capitulo 3

TABLE 1. S. cerevisiae strains used in this study

Strain Relevant genotype Source or reference

CEN.PK2-1C MAT ¢ ura3-52 his3-A1 leu2-3,112 trp1-289 MAL 2-8° SUC2 Entian y Kétter, 1998

YPH499 MATa ura3-52 lys2-801 ade2-101 trp-A63 his3-A200 leu2-Al Sikorski and Hieter, 1989
DDI12 same as YPH499, except cnbl::hisG Cyert and Thorner, 1992
ASY472 same as YPH499, except crz1::loxP-kanMX-loxP Stathopoulos and Cyert, 1997
ASY475 same as DD12, except crzl::loxP-kanMX-loxP Stathopoulos and Cyert, 1997
ASYS832 same as YPH499, except ura3::TRP1-4x-CDRE-lacZ M. Cyert

ASY834 same as ASY472, except ura3::TRP1-4x-CDRE-lacZ M. Cyert

ASY835 same as ASY475, except ura3::TRP1-4x-CDRE-lacZ M. Cyert

TABLE 2. Oligonucleotides used in this study

Primer Sequence 5" to 3” Comments

FR55 ATGACCATGATTACGCCAA TdENAI and TdCRZ1 sequencing

FR77 GTAAAACGACGGCCAGT TdENAI and TdCRZ1 sequencing

FR94 AATCATCGGCAACCTTAG TdCRZ1 sequencing

FR103 GGCGACATGCTACGACTTC TdCRZ1 sequencing

FR136 GTGGTTAAATAGGACATCGC TdCRZ1 sequencing

FR90 TGCTACTGAAAAGACAAGG TdENA1 sequencing

FR96 GCTTACAGGCGAGGAATT TdENA1 sequencing

FR135 TGAGTCCTTGCCTATCGC TdENA1 sequencing

FR110 CCTCGTTCTGCTTTGACA TdENA1 sequencing

FR117 CAGGATATCAAGGGTAAGCT TdENA1 sequencing

FR376 AATGGTTCAGACGTCGC TdENA1 sequencing

FR377 CCAGCTGATCACTTCGG TdENA1 sequencing

FR101 CCTAAAGCCCAAACTATAACA TdCRZ1 sequencing, verify correct targeting of the natMX4
module

FR142 CGAAGTCGACAGCTCAATCA PCR amplification of 7dCRZ1-3"-side

FR141 TGAATTCGGGTAAGAAAAGG PCR amplification of 7dCRZ1-3"-side

FR140 CATTGAGCTCCTTGGAAGG PCR amplification of 7dCRZ1-5"-side

FR139 ATTCGGATCCTAAGTCACTC PCR amplification of 7dCRZ1-5"-side

FR126 TTCAGTGCCGAAGGGACTAC Verify correct targeting of the natMX4 module

FR76 GTCAAGGAGGGTATTCTGG Verify correct targeting of the natMX4 module

FR75 AGTTAAGTGCGCAGAAAG Verify correct targeting of the natMX4 module

FR96 GCTTACAGGCGAGGAATT TdENA probe for Northern

FR121 GCTGCACCAACAGACAAAG TdENA1 probe for Northern

FR390 GGTATGTTCTAGCGCTTG ACT1 probe for Northern

FR391 TCTGGGGCTCTGAATCTT ACT1 probe for Northern

113
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and 488 bp (5- and 3'’-side, respectively),
homologous to the 7dCRZ1 gene.

Detection of the correct gene disruption
of the TdCRZI gene was done by diagnostic
PCR using whole yeast cells (36) from
isolated  colonies and a set of
oligonucleotides designed to bind outside or
inside of the replaced 7dCRZ1 sequence,

and within the marker module (Table 2).

B-galactosidase assay. Exponentially
SD-growing cells (ODgyy = 0.6-0.8) were
collected, resuspended in YPD (pH=5.5) or
the same medium supplemented with 0.2 M
CaCl, and incubated at 30°C and 200 rpm
for 45 min. Then, aliquots of the yeast
suspension (15 units of ODgyp) were
harvested, washed with Z buffer (60 mM
Na;HPO,, 40 mM NaH,PO,, 10 mM KCl, 1 mM
MgSO0,), centrifuged at 3,000 x g for 2 min
(4°C), and the cell pellets were frozen at -
200C for further analysis. Cell extracts were
prepared as previously described (14). Total
protein was determined using the Bio-Rad
Bradford assay kit and bovine serum
The B-

galactosidase activity was determined at

albumin as standard protein.
room temperature using the substrate ONPG
(O nitrophenyl-p-D-galactopyranoside) as
previously described (46). One unit is
defined as the amount of enzyme that is
able to convert 1 nmol of ONPG per min
under the assay conditions.

Northern blot. Total RNA from T.
delbrueckii cells was prepared as described
(53). Equal amounts of RNA (10 pg) were
1%
formaldehyde

separated in (w/v) agarose gels,
(2.5% v/v),

transferred to a Nylon membrane and

containing
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hybridised with a 32P-labelled probe of
TdENAI (+90 to +1,003). A fragment of the
S. cerevisiae ACT! gene (+10 to +1,066)
was used as the loading control. Probes
were generated by PCR and radiolabeled
with the random primer kit Ready to Go
(Amersham Biosciences, Chalfont-St Giles,
[o32P]dCTP
Biosciences). Hybridisation was carried out

England) and (Amersham
under standard conditions (53), except for
the ACT1 probe. Briefly, after hybridization
overnight at 35°C, the filters were rinsed
once with 50 ml of 2 x SSC, 0.1% SDS, and
once with 50 ml of 0.2 x SSC, 0.1% SDS at
room temperature for 20 and 10 min,
respectively. Filters were exposed to a high-
resolution BAS-MP 2040S
(Fuji, Kyoto, Japan) for 24 h and scanned in
a Phosphorimager (Fuji, FLA-3000). Spot

intensities were quantified with the Image

imaging plate

Gauge software version 3.12 (Fuji). Values
of spot intensity were corrected with respect
to the ACTZ mRNA level and represented as
the relative mRNA level. The highest relative
TdENAI mRNA for each sample analyzed
was set at 100.

Sequencing and sequence analysis.
DNA sequencing was performed in both
strands by the dideoxychain termination
procedure (49). Analysis of sequence data
the DNAMAN

software

was carried out using

sequence  analysis (Lynnon
BioSoft). Similarity searches were performed
using the BLAST software (3) at the Munich
Information Center for Protein Information,
MIPS (http:/mips.gsf.de). Search of TdEnalp
and TdCrzlp domains was carried out by
scanning protein sequences in the ExPASy
Server

Molecular Biology



(http://www.expasy.ch) from the Swiss

Institute of Bioinformatics, SIB
(http://www.isb-sib.ch) against the PROSITE

database of protein families (54). Multiple

sequence alignment was done using the
MultAlin ~ software  (15) at  INRA
(http://prodes.toulouse.inra.fr).

GenBank accession numbers. The
nucleotide sequences for 7dCRZ1I and
TdENAI have been deposited in the
GenBank database (available at
http://www.ncbi.nIm.nih.gov/Genbank/index

.html) receiving the accession numbers
DQ097180 and DQ097181, respectively.

E1-E2_ATPase
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RESULTS

Isolation of 7. delbrueckii genes that
confer increased salt tolerance in S.
cerevisiae. We transformed cells of the S.
cerevisige CEN.PK2-1C strain with a high-
copy-number genomic library from T.
delbrueckii (31). This Saccharomyces strain
is very sensitive to saline stress and
therefore is a good recipient to detect genes
that could confer salt tolerance. After
transformation, 18 yeast colonies were
isolated, purified and confirmed on SD
medium plates containing 0.5 M NaCl, a salt
concentration that inhibits the growth of the
host strain. Plasmid-restriction analysis

established four plasmids

g S S— |

Cation_ATPase_N

Hydrolase Cation_ATPase_C

|:|SRR|

|||:|||||||U

41 90

CDD 392 484

A (&P RFACEL . . CDKRFTRPYNLKSHLRTHTNERP)

Crz1 D QEFTRPYNLKSHLRTHTNERP|
DY JaYECKRF TRAYNLKSHINTHTNIRP Zn-l

LS eZ W 1 CSSCGKAFARQHDRKRHEDLHTGKKR
[l 1 CSIICGKAFARQHDRKRHEDLHTGKKR P

Pl 51C S 1 ClSKEFARQHDJERHESIL HTGKE

TdCrz1

YVCGGHLKDGTAWGCGKKFARSDALGRHFKTESGRKC]
Crzl (AUEEEeKReKP| Re
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Fig. 1. Conserved protein domains in TdEnalp and TdCrzlp. A: schematic structure of

TdEnalp showing the conserved domains for

cation transporting ATPase, N-terminal

(Cation_ATPase_N) and C-terminal (Cation_ATPase_N), hydrolase, E1-E2 ATPase-associated region

(E1-E2_ATPase) and transmembrane segments (showed as vertical boxes). B: schematic

representation of TdCrzlp. Denoted are the serine-rich region (SRR), the calcineurin-docking

domine (CDD) domain and three putative C,H, type zinc finger motifs at the carboxyl terminal. C:

sequence alignment of the three zinc finger motifs from TdCrzl, Crzlp and Przlp. Residues

conserved in at least two sequences are boxed and highlighted.
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groups that were confirmed by dot blot
analysis (data not shown). Two of them
were studied in detail in this work. The first,
named YEpMJH1, identify a
3,273-bp length open reading frame (ORF)
(GenBank accession number DQ097181),

which encodes for a putative polypeptide

allowed to

with a high similarity with Ena proteins

isolated  from other  yeasts, like
Debaryomyces hansenii (55% identity),
Schwanniomyces occidentalis (56%),

Zygosaccharomyces rouxii (67%) or S.
cerevisiae (69%). These proteins belong to
the large P-type ATPases family, subfamily
IID, whose members perform active ion
transport across biological membranes (7,
9). In S. cerevisiae, three isophorms of Ena
proteins (encoded by ENAI, ENA2 and ENAS
genes) have been characterized. From them,
ENA1 encodes the main ATPase involved in
Na* extrusion, which function determines
tolerance to NaCl (28). Because of this
homology, we named the ORF identified in
plasmid YEpMIH1, TdENA1, the ENAI gene
from 7. delbrueckii. Consistent with this, the
putative protein TdEnal (Fig. 1A) contains
the typical ATPase o chains, implied in Na*
and K* transport,
hydrolisis (12), the E1-E2 ATPase domain
characteristic of the superfamily P-ATPases

responsible of ATP

(57), as well as one hydrolase and ten
transmembrane domains (Fig. 1A).

DNA sequencing of the second plasmid
analysed in this work YEpMJH14, revealed a
1,518-bp-length ORF (GenBank accession
number DQO097180) that encoded for a
protein of 506 amino acids with an overall
36% identity to S. cerevisiae Crz1p (41, 59).

Accordingly, the gene was designated
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TdCRZ1. As shown in Fig. 1B, the gene
product of 7dCRZI contains three C;H, type
zinc fingers motifs at the carboxyl terminal
highly homologous to those of Crzip and
Prz1p (Fig. 1C). Like S. cerevisiae Crz1p and
S. pombe Przlp, the protein from 7.
delbrueckii displayed a serine-rich region,
SRR (residues 41-90, Fig. 1B) essential for
protein dephosphorilation by calcineurine
(60). Inspection of the protein sequence also
showed the presence of a PVISVQ sequence,
similar to the calcineurin-docking domines,
CDD (Fig. 1B), defined in Crzip (11) and
human nuclear factors of activated T cells,
NFAT (5).

In order to confirm that the gene
in the plasmid YEpMJH14 was
responsible of the enhanced salt-resistance

present

of the S. cerevisiae CEN.PK2-1C strain, we
constructed the plasmid YEpTdCRZ1 by
subcloning a 1,980-pb fragment containing
the whole ORF plus 349-bp of the promoter
region and 107-bp corresponding to the 3'-
UTR into the plasmid YEplac195 (26). As
shown in Fig. 2, overexpression of 7dCRZ!
in the S. cerevisiae recipient strain produced
a moderate increase in Na* tolerance as
compared with the strain harboring an
empty plasmid. These effects were more
pronounced when Mn?** tolerance was
tested. Indeed, in SD medium, the CEN.PK2-
1C strain transformed with YEpTdCRZ1 grew
up to 20 mM MnCl,, whereas the control
strain only showed a residual growth (Fig.
2). Similar
transformants cells harboring the plasmid
pAMS354 (59) that allows a high-copy

number expression of the S. cerevisiae CRZ1

results were observed in

gene (Fig. 2). Hence, our results indicate
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that the plasmid YEpMJH14 contains indeed interested to determine if TdCrzip could
CRZ1 gene, the affect these calcineurin phenotypes. As
production of the

the 7. delbrueckii

homologous to the transcriptional factor shown in Fig. 3,

Crz1lp, whose overexpression in S. cerevisiae recombinant TdCrzlp increased Mn?*

confers enhanced tolerance to ions Na* and tolerance of a cnbIA mutant (DD12 strain)

Mn2*, to wild-type levels. Similar effects were
TdCRZ1 suppress the ion sensitivity of observed in the presence of 0.4 M LiCl or 1.0
S. cerevisiae cnbIA and crziIA mutants. M NaCl. Moreover, overexpression of
Overexpression of S. cerevisiae CRZ1 7dCRZ1 compensated the ion-sensitivity

produced by the lack of Crzlp (Fig. 3). Like

compensates the enhanced ion-sensitivity of
crzI-null cells

yeast calcineurin mutants, concretely to Na*, calcineurin mutants,

Li* and Mn** (41, 59). Therefore, we were

N
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Fig. 2. Overexpression of TdCRZ1 in S. cerevisiae confers enhanced tolerance to ions
Na* and Mn?*. Mid-exponential grown cultures of the S. cerevisiae CEN.PK2-1C strain transformed
with plasmids YEpTdCRZ1, pAMS354 (CRZ1) or the empty plasmids YEplac195 and YEplac181 were
adjusted to ODgy = 0.3, diluted (1-107) and spotted (3 ul) onto SD plates lacking (control) or
containing 1.0 M NaCl or 20 mM MnCl; (final concentration). Plates were inspected after 2-5 days at

300°C. A representative experiment is shown.
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Fig. 3. TdCrz1p restores growth of S. cerevisiae cnbIA and crzIA mutants in high salt
media. Mid-exponential grown cultures of the S. cerevisiae strains YPH499 (wild-type), DD12
(cnbIA) and ASY472 (crzIA) transformed with plasmids YEpTACRZ1 or YEplac195 (empty plasmid),
were examined for growth on solid-SD (control) or -SD containing 1.0 M NaCl, 2.5 mM MnCl, or 0.4
M LiCl. SD-pregrown cells were diluted, spotted and incubated as described in Fig. 2. A

representative experiment is shown.
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TABLE 3. Overexpression of 7dCRZI! allows the
calcineurin-dependent induction of a 4x-CDRE-/acZ gene
fusion in response to Ca%*

B-galactosidase activity? (Units/mg

protein)
Strain Control Ca**
ASY832 YEplac195 152.7 £ 43.2 1,336.6 £ 98.1
ASY834 YEplac195 0903 1.8+0.4
ASY834 YEpTdCRZ1 1113 £ 6.2 502.4 £ 24.8
ASY835 YEplac195 1.7+£0.2 42 +1.3
ASY835 YEpTdCRZ1 21+04 36.2 £ 6.5

“Data represent the mean value + standard error of three
independent experiments.

5 5 < < 5 <
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Control CacCl, pH=8.0 NaCl MnCl, LiCl

Fig. 4. Tdcrzl1A cells exhibit specific phenotypes in response to diverse ionic stresses.
Exponentially growing cultures of the 7. delbrueckii strains, PYCC5321 wild-type (wt) and
corresponding 7dcrzIA mutant (MJH211), were adjusted to ODeyp = 0.3, diluted (1-10%) and
spotted (3 ul) onto YPD agar medium (control, pH=5.5), YPD adjusted to pH=8.0 or YPD (pH=5.5)
supplemented with 2.0 M NaCl, 0.4 M CaCl,, 10 mM MnCl, or 0.6 M LiCl. Plates were incubated at
300C for 2-5 days. A representative experiment is shown.
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show retarded growth at elevated
concentrations of Li*/Na* and Mn?** cations
(41, 59).

We also tested whether the production
of TdCrz1lp could activate the expression of
a 4x-CDRE::/acZ reporter, which contains
four tandem copies of the 24-base pair
calcineurin-dependent  response element
(38). Multiple copies of the CDRE increase
the

activation of the reporter gene (59). Thus,

calcineurin-dependent  transcriptional
9-fold inductions were observed in wild-type
cells carrying an integrated copy of the
heterologous construct (ASY832 strain) after
45 min of exposure to 0.2 M CaCl, (Table 3).
Consistent with previous reports (59), CDRE-
driven expression was completely dependent
on the function of the calcineurin-Crzlp
pathway. Thus, no significant  p-
galactosidase activity could be detected in S.
cerevisiae cells lacking Crz1p (ASY834 strain)
or in the cnbIA czIA double mutant
(ASY835 strain) transformed with an empty
plasmid YEplac195 (Table 3). In contrast,
overproduction of TdCrzlp in a ¢zZ-null
background restored the CDRE-dependent
the
induction level of B-galactosidase activity in
high Ca** was lower, 5-fold, than that

observed in the wild-type. Nevertheless, the

transcriptional  activation, although

carzIA mutant transformed with the plasmid
pAMS354 that contains the S. cerevisiae
CRZ1 gene (59) also showed a
induction, around 3-fold (data not shown).

lower

As could be expected, overexpression of
TdCRZ1 in the strain lacking both Cnb1lp and
Crz1lp was unable to restore completely the
CDRE-mediated expression level observed in

the ¢zIA single mutant (Table 3). Hence,
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TdCrzlp is able to mediate the CDRE-driven

expression and appears to function
downstream of calcineurin in S. cerevisiae.
TdcrzIA shows conserved and
distinct phenotypes to those of S.
cerevisiae crzIA mutants. To clarify the
function of 7dCRZ! in T. delbrueckii, we
constructed a 7dcrzz-null mutant (MJH211
strain) and cells for

were analyzed

phenotypes previously reported in S.
cerevisige calcineurin and c¢rzIA mutants
(41, 44, 59, 64). On YPD plates containing
10 mM MnCl; or 0.4 M CaCl,, 7dcrzIA cells
displayed a clear growth defect (Fig. 4).
Unlike S. cerevisiae cnbiA mutants, cells
lacking TdCrz1p did not exhibit sensitivity to
high pH. These phenotypes are in perfect
agreement with those reported for czIA
(59). 7. delbrueckii
mutant cells were indifferent to the presence
of 2.0 M NaCl, and remarkably TdCrzlp-

deficiency increased Li*-tolerance (Fig. 4).

mutants However,

Either calcineurin or ¢7zIA mutant cells of S.
cerevisiae have been reported as sensitive to
high concentrations of monovalent cations
Na* and Li* (41, 44, 59).

The T.

pathway plays no role in Na* tolerance.

delbrueckii calcineurin-Crzlp

The above results led us to investigate the
implication of calcineurin in the phenotypes
exhibited by 7dcrziA cells. Since the T.
delbrueckii genes for the calcineurin catalytic
and regulatory subunits are unknown, the
selective deletion of these genes to assess
their biological function is not possible. As an
the
calcineurin was examined in wild-type and
MJH211 strains exposed to FK506. The
immunosuppressant drug FK506 is a potent

alternative, physiological role of



inhibitor of calcineurin (63) and have been
extensively used for molecular studies in
lower and higher eukaryotes (18, 29, 45). As
shown in Fig. 5, addition of FK506 had no
effects on growth of 7. delbrueckii wild-type
and T7dcrzIA mutant cells on YPD medium.
This is quite remarkable since FK506 is a
potent toxin that inhibits growth of different
fungi, including S. cerevisiae, under standard
growth conditions (6). The effectivenes of

fal
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the immunosuppressant drug was evidenced
in the presence of 0.4 M CaCl,, where no
growth could be detected (data not shown).
Even at half dosages of Ca** ions (0.2 M),
exposure of wild-type cells to FK506 had
dramatic inhibitory effects (Fig. 5). However,
this result also was surprising since S.
cerevisiae calcineurin mutants are more Ca**
tolerant than wild-type cells (64). Moreover,

we found that the growth defect of the

3
g
S
)
[ )
]

)

+ FK506

Fig. 5. The T. delbrueckii calcineurin-Crz1p pathway is only essential for Ca*-
tolerance. Exponentially growing cultures of the 7. delbrueckii PYCC5321 wild-type strain (wt)
and corresponding 7dcrzIA mutant (MJH211), were adjusted to ODggo = 0.3, diluted (1-103)
and spotted (3 pl) onto agar medium with or without FK506 in either YPD (control) and YPD

supplemented with 0.2 M CaCl,, 2.0 M NaCl or 0.6 M LiCl. Plates were incubated at 30°C for 2-

5 days. A representative experiment is shown
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TdcrzIA mutant strain was again more
pronounced than that observed in the wild-
type Ca**/FK506-containing
medium. Thus, our results indicate that Ca**
7. delbrueckii
functional calcineurin-Crz1lp pathway.

The addition of FK506 also had effects
on growth of cells exposed to Li* (Fig. 5).

strain  on

tolerance in requires a

Indeed, either wild-type or T7dcrzIA cells
were less tolerant to this ion in the presence
of FK506. Nevertheless, the effect on Li*-
sensitivity was weak as compared with that
observed for Ca®". Furthermore, the growth
difference between wild-type and mutant
cells noted in the absence of FK506 (Fig. 4
and 5), was still evident in the presence of
the immunosuppressant (Fig. 5). Thus, T.
delbrueckii calcineurin and TdCrz1lp appear
to function independently and have opposite
roles controlling Li*-tolerance.

We also characterized the properties of
wild-type and 7dcrzIA FK506-treated cells in
the presence of NaCl. Unlike S. cerevisiae,
neither the lack of TdCrz1p nor the exposure
to the immunosuppressant had effects in the
Na* tolerance of this organism (Fig. 5).
Hence, the 7. delbrueckii calcineurin-Crz1lp
pathway plays distinct and conserved roles
to those reported in S. cerevisiae and has
positive or negative effects in an ion-
depending manner.

TdCrzlp
induced transcriptional activation of
TdENAL. In S. cerevisiae, the adaptation to
salinity is primarily based on the Na*/Li*

is not required for salt-

extruding ATPase encoded by the gene
ENAL. Consequently, we were interested to
know the effect of 7dCRZ1 deletion on the
levels of TdENAZI mRNA in cells exposed to
NaCl or LiCl. Fig. 6 shows a Northern blot
analysis of total RNA from wild-type and
Tdcrz1 mutant cells probed with a 913-bp
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length fragment of T7dENAL. As expected,
expression of the P-type ATPase was
induced in response to either Na* or Li*,
suggesting a functional role of the T.
delbrueckii pump in cation homeostasis.
TdENA1 mRNA accumulation was induced
rapidly after the addition of 0.4 M LiCl. Then,
the TdENAI mRNA levels fall and shifted
back to high at the end of the period
assayed. When 1.4 M NaCl was used, the
response was delayed and only one peak at
60 min could be detected. However,
TdCrzlp was not required for the Na*- or
Li*-induced expression of 7dENA1 (Fig. 6).

DISCUSSION

In this study we report for the first time the
identification and characterisation of a
putative CH,

zinc finger transcriptional

factor from the osmotolerant yeast T.
delbrueckii, TdCrz1p, the homologous of S.
cerevisiae Crzlp (41, 59) and S. pombe
(34). The budding

transcriptional factor Crzlp mediates the

Przip yeast

Ca**/calcineurin-dependent  induction  of
genes in response to salt stress and is
required for survival under these conditions
(19). Similar to its yeasts homologues (11)
and mammalian NFATc transcription factors
),

exhibits

the primary structure of TdCrzlp
motives characteristics of
calcineurin-regulated proteins.
Overexpression of 7dCRZI in S. cerevisiae
wild-type cells led to improved growth on
NaCl or  MnCl.
production of TdCrzlp

suppress the growth defect at high Na*/Li*

media  containing

Furthermore,

or Mn?** of calcineurin and c¢rzIA mutants
the

dependent activation of a CDRE-containing

and  mediates calcinuerin/Ca**-
reporter gene. Hence, TdCrzlp appears to

be a calcineurin target and is able to



the

calcineurin-Crz1p pathway in S. cerevisiae

compensate lack of a functional
and provide tolerance to salt stress.

These results led us to think that
TdCrz1p and by extension calcineurin might
play a similar role to that of their S
cerevisiae counterparts in regulating the salt
stress response in 7. delbrueckii. Far of this
notion, our results demonstrate that this
signaling pathway has conserved and

distinct roles to those described for the S.

Capitulo 3

cerevisiae pathway. As shown, T7dcrzz-null
phenotypes differ of those associated to the
Crzlp-deficiency. 5. cerevisiae  cazIA
mutants are sensitive to extracellular Ca?*,
Mn** and monovalent cations Na* and Li*
(59). However, growth of 7dcrzIA cells was
only diminished upon exposure to divalent
cations. In S. cerevisiae, adaptation to Ca**
requires the calcineurin/Crz1p-dependent

induction of genes for vacuolar and

secretory Ca** pumps Pmclp and Pmrip

NaCl Licl
—_ _
Time(min) 0 15 30 45 60 90 0 15 30 45 60 90
S ToENAl |
i - N 1k 1]
sSewese® A -—-heee
v B8 = REERTER
MJH211
& ®BEe /Cu L E X BN N1
g 100 100
v 75 75
=
8 50 50
e
< 25 25
P
T o , ‘ ‘ , , 0] , ‘ , ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
Time (min)

Fig 6. The activity of TdCrzlp

is not required for the salt-induced

transcriptional activation of the 7dENA1 gene. YPD-grown cells of the T.
delbrueckii PYCC5321 strain (wt, m) and corresponding 7dcrz11IA mutant (MJH211, o)

were transferred to 1.4 M NaCl or 0.5 M LiCl containing medium. Samples were taken at

the indicated times and analysed by Northern blot as described in the Materials and

Methods section. Filters were probed for

TdENAI mRNA. The graphs represent

quantification of the mRNA levels of 7dENAI, relative to those of the 7. delbrueckii ACT1

gene. Results from a representative experiment are shown
123
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(17, 59). Mn** tolerance has also been
related to the function of Pmrlp, the Golgi-
localized Ca®* pump (41). A similar Przip-
dependent regulation of PMCI expression
has also been reported in S. pombe (34).
Thus,

S. cerevisiae cnbIA strains are resistant to

a common regulatory mechanism
Ca** (17), calcineurin mutants in fission
yeast display decreased Ca®* tolerance, a
phenotype shared with przi-null cells (34).
indicate that 7.
delbrueckii  wild-type cells treated with

Similarly, our results
FK506 are hypersensitive to Ca*. Hence,
unlike in S. cerevisiae, calcineurin activation
is required for Ca?*

delbrueckii. In addition, FK506-treated cells

tolerance in T.

of the T7dcrzIA strain exhibit a greater
degree of sensitivity to Ca®* than wild-type
cells. Hence, TdCrzlp must carry out
Ca?* that

independent of calcineurin signaling.

functions in tolerance are
The differences between S. cerevisiae
and T.

pathways were further evidenced by analysis

delbrueckii  calcineurin-Crz1p
of their respective phenotypes in response to
Na*/Li*. In

contrast with the situation in S. cerevisiae,

monovalent cations sharp
TdcrzIA mutants were insensitive to high
external NaCl. Growth of wild-type cells also
was unaffected by the combined exposure to
Na*/FK506.

phenotypes, TdCrzlp was not required to

In consonance with these

activate the NaCl-induced expression of
TdENAL the T.

calcineurin-Crz1p pathway has no apparent

Hence, delbrueckii
role in Na*-homeostasis. On the other hand,
7TdcrzI-null cells are more tolerant to high
levels of external Li* than the wild-type. This
fact suggests that Li* and Na* extrusion in 7.

124

involving Crzlp/Przlp homologues appears
Ca2+

yeasts. However, calcineurin-null cells of S.

to control homeostasis in different
cerevisiae and S. pombe show opposite
high
Whereas

phenotypes in  response  to
Ca*.

delbrueckii is regulated, at least in part, by

concentrations of

independent mechanisms. This is again in
in S
cerevisiae, where both ions are excluded
trough the
Na*/Li*-ATPase ENA1 (40). Moreover, the
enhanced Li*-tolerance observed in the
TdcrzIA strain indicates that TdCrzlp might
function as a repressor and not as an
of the

Therefore, the calcineurin-Crz1lp pathway

striking contrast to the situation

same  calcineurin-regulated

activator Li*-extrusion  system.
has evolved to execute different cellular
roles in 7. delbrueckii. Moreover, Na* and Li*
signals appear to be transduced by unknown
regulatory mechanisms and might activate
distinct gene targets.

In recent years, the biological roles of
calcineurin as a major player in Ca*-
dependent eukaryotic signal transduction
pathways has been evidenced (48). Some of
the most prominent research has been
devoted to decipher the function of the
calcineurin-Crz1p pathway in the adaptation
of the model yeast S. cerevisiae to salt
stress (19, 35). However, this signaling
pathway appears to have distinct functions
in other yeasts and fungi (33, 34, 45). On
top of this, stress responses and stress
response mechanisms appear to have
diverged between different yeasts in a
niche-dependent manner. A clear example of
this has been the specialization of the HOG

pathway toward virulence in pathogenic



fungus (2, 8, 58). Thus, the differences in
the biological functions of the calcineurin-
Crzlp pathway highlighted in our analysis
might reflect the high resistance to salt
stress of 7. delbrueckii compared with S.
cerevisiae.  Further experimentation is
required to confirm this possibility and to
clarify the regulatory mechanisms operating

in this salt-tolerant non-conventional yeast.
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El desarrollo de la industria de panaderia y bolleria congelada unido a la
sensibilidad al proceso de congelacion-descongelacion de las cepas de levadura
de S. cerevisiae (Attfield, 1997; Randez-Gil y col., 1999) y a la reduccién de su
capacidad fermentativa en este tipo de masas con el tiempo de
almacenamiento (Gelinas y col.,, 1993; Hatano y col.,, 1996), justifica la
blsqueda de nuevas cepas que combinen caracteristicas de crioresistencia y
osmotolerancia y cuyo uso suponga un beneficio econémico al industrial sin

detrimento de la calidad de los productos.

En el capitulo 1 de este trabajo se evalla la posible utilizacion de dos cepas
de 7. delbrueckii PYCC5321 y PYCC5323, para la elaboracion de masas
congeladas y azucaradas. El primer objetivo de este trabajo fue determinar su
capacidad para crecer, en los medios industriales utilizados para la propagacion
de levaduras y evaluar su capacidad fermentativa en masas. Se observd que
ambas cepas de 7. delbrueckii son capaces de crecer en medios de melaza, con
velocidades y rendimientos similares a los obtenidos para dos cepas control
utilizadas comercialmente en panaderia, Cinta Roja y Plus Vital. La comparacion
de la capacidad fermentativa de 7. delbrueckii PYCC5321 y PYCC5323 con las
cepas control de S. cerevisiae, mostré que ambas cepas producen niveles de
CO, en masas saladas similares e incluso superiores que la cepa Cinta Roja
(utilizada habitualmente para la elaboracidon de este tipo de masa). En el caso
de masas dulces, las dos cepas de 7. delbrueckii produjeron niveles de CO,
superiores a los obtenidos para la cepa Plus Vital (utilizada habitualmente para
la elaboracion de masas azucaradas). Esta mayor capacidad fermentativa es
evidente cuando la adicion de azlcar a la masa es muy elevada, del 20%. En
este caso, ambas cepas de 7. delbrueckii producen niveles de CO, tres veces

superiores al observado en la cepa Plus Vital.

Otro de los parametros que determina el potencial uso de una cepa de
levadura para la fermentacion de distintos tipos de masa, es el nivel de
actividad de enzimas como son la maltasa e invertasa. Como se ha comentado
en la introduccidn, una levadura candidata a ser utilizada para la elaboracion de
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una masa panaria debe presentar una actividad maltasa elevada; mientras que
en el caso de una masa azucarada, la levadura debe de tener niveles de
invertasa reducidos, para evitar la liberacion de grandes cantidades de glucosa
y fructosa a partir de la sacarosa afadida en la formulacion, lo cual genera un
aumento de la presion osmotica del medio. El andlisis del nivel de actividad
maltasa en las dos cepas de 7. delbrueckii de estudio, reveld que estos eran
menores que los detectados en las cepas comerciales de levadura de panaderia,
no correlacionandose este resultado con la capacidad fermentativa mostrada.
En el caso de la actividad invertasa, las dos cepas de 7. delbrueckii tienen una
actividad reducida, similar a la detectada en la cepa de Plus Vital. La inesperada
baja produccion de gas que mostraba la cepa Plus Vital en masas dulces, nos
llevo a analizar el posible efecto de la adicion de sal en estas formulaciones
como fuente, tanto de estrés osmdtico como idnico. Al evaluar la produccion de
gas en masas sin adicion de sal, las tres cepas (7. delbrueckii PYCC5321,
PYCC5323 y Plus Vital) presentan una capacidad fermentativa similar en masas
incluso conteniendo un 20% de azlcar. Como cabia esperar, la adicion de sal,
produce un descenso en la capacidad fermentativa, siendo éste efecto mas
pronunciado en la cepa Plus Vital, la cual presenta un periodo de latencia muy
superior y niveles de produccion maxima de CO, inferiores a los detectados en
las dos cepas de 7. delbrueckii, Con respecto a éstas, la cepa PYCC5321 mostrd

una cinética similar de produccién de gas en masas con o sin sal afadida.

A la vista de estos resultados, decidimos estudiar el fenotipo de
osmotolerancia y resistencia a distintos iones que presentaban las cuatro cepas
analizadas. Mientras que 7. delbrueckii PYCC5321 mostréd un claro fenotipo
tanto de osmotolerancia como de resistencia a la toxicidad del Na*, la cepa
PYCC5323 resultoé ser osmosensible, ya que es incapaz de crecer en presencia
de iones en el medio de ensayo. Este resultado indica que la elevada capacidad
fermentativa presentada por las dos cepas de 7. delbrueckii en masas con un
20% de azlcar y en presencia de sal, no se correlaciona con el fenotipo de

osmotolerancia observado en placa.
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La resistencia a la congelacion es una caracteristica esencial de aquellas
levaduras que se pretenden usar tanto en masas congeladas, como en masas
congeladas y ademds azucaradas. La congelacion del agua da lugar a un
aumento de la concentracion de los electrolitos que habia disueltos en ella
previamente a la congelacion (Hatano y col., 1996; Myers y Attfield, 1999); por
otro lado el almacenamiento de masas en congelacién, supone la formacién y
crecimiento de cristales de hielo, éstos provocan dafios celulares por rotura de
membranas con la consecuente pérdida de la organizacion subcelular (Grout y
col., 1990). Hemos analizado el efecto de estos dos fendmenos en la capacidad
de produccién de CO, de las cuatro cepas de estudio. En el caso de las dos
cepas comerciales de S. cerevisiae, tiene lugar un descenso significativo en su
capacidad fermentativa (40%), debido al hecho de congelar y descongelar la
masa. Este efecto es menos significativo en el caso de las masas elaboradas
con las cepas de 7. delbrueckii, especialmente en el caso de PYCC5321, cuya
capacidad fermentativa parece no verse alterada por el proceso de congelacion-
descongelacion. Cuando analizamos el efecto del almacenamiento en
congelacion, éste parece afectar de igual modo a las cuatro cepas, en todos los
casos se observa un descenso gradual en su capacidad fermentativa con el

tiempo de almacenamiento.

Por Ultimo en este trabajo se ha intentado correlacionar los fenotipos de
osmotolerancia y crioresistencia, con factores celulares descritos en la
bibliografia como implicados en éstos fendmenos. Concretamente se ha
analizado el contenido en glicerol y trehalosa, asi como la cinética de
movilizacion de esta Ultima por la presencia de azlcares fermentables en el
medio de cultivo. La comparacidon de la cinética de produccion de glicerol
intracelular en las cuatro cepas, cuando son sometidas estrés osmdtico,
muestra una diferencia clara entre 7. delbrueckiiy S. cerevisiae. Las primeras
alcanzan niveles maximos de glicerol intracelular a tiempos cortos, de 3 a 6
horas tras la adicion de sal al medio, frente a las 24 a 36 horas observadas en

S. cerevisiae. Ademas los valores maximos alcanzados son menores que en S,
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cerevisiae. Esta caracteristica se analiza con mas profundidad en el capitulo 3.
Con respecto a los niveles de trehalosa acumulados durante la propagacion de
la levadura en los medios de melazas, se observa que inicialmente, estos son
menores en el caso de 7. delbrueckii, aunque su movilizacion por parte de esta
levadura es mas lenta que en el caso de S. cerevisiae. Desde que la levadura es
mezclada con el resto de ingredientes durante el amasado, hasta que la masa
es congelada, transcurre un periodo de tiempo suficiente para que se produzca
la movilizacion de trehalosa. Por tanto el contenido real de ésta, antes de
congelar la masa, es superior en 7. delbrueckii que en S. cerevisiae. Este
hecho, junto a la elevada osmotolerancia presentada por las dos cepas de 7.
delbrueckii PYCC5321 y PYCC5323, podria explicar la mayor tolerancia de estas
a la congelacion, en el que se ha postulado que la trehalosa cumple un papel

importante como crioprotector.

En los Ultimos afios las técnicas de ingenieria genética han abierto la
posibilidad de construir nuevas cepas de levadura de panaderia con
caracteristicas mejoradas o capaces de producir proteinas que modifiquen el
aroma, la reologia de la masa o la vida media del pan (para una revision ver,
Randez-Gil y col., 1993). Un claro ejemplo ha sido la obtencién de cepas de
levadura recombinantes capaces de expresar enzimas heterdlogas empleadas
habitualmente como mejorantes panarios (Monfort y col., 1997; Monfort y col.,
1999).

El empleo de cepas de 7. delbrueckii en panificacion, convierte a esta
levadura en un potencial huésped para la expresion de proteinas de interés en
este proceso industrial. Sin embargo, el uso de técnicas de ADN-recombinante
en este microorganismo es limitado, ya que se carece de las herramientas
moleculares necesarias. La mayoria de cepas de 7. delbrueckii son prototrofas,
en consecuencia, su transformacién mediante complementacion de marcadores
auxotroficos, el método comunmente utilizado en S. cerevisiae, no puede ser
empleado. Esto implica que la manipulacion genética de estas cepas sélo pueda
llevarse a cabo mediante el uso de marcadores dominantes de resistencia a
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drogas, limitdndose asi su utilizacion industrial (Linko y col., 1997). En este
escenario, la obtencion de cepas auxdtrofas de 7. delbrueckii se convierte en un
objetivo prioritario por lo que en el capitulo 2 de este trabajo se presenta la
construccion de una genoteca de 7. delbrueckii PYCC5321, que nos ha
permitido el aislamiento, secuenciacion y caracterizacion del gen URA3 de T.
delbrueckii mediante complementacion de un mutante de S. cerevisiae para

éste gen.

TdURA3, codifica para una proteina de 264 aminoacidos con motivos tipicos
de la familia de las oroditina-5 "-fosfato descarboxilasas que catalizan el dltimo
paso en la sintesis de novo de pirimidinas. Esta proteina presenta un 83% de
homologia la proteina Ura3 de S. cerevisiae. La obtencion de mutantes
auxodtrofos se puede abordar desde dos estrategias distintas, mediante la
seleccion de mutantes espontaneos o bien mediante la disrupcion del gen diana
por técnicas de manipulacion genética. En este trabajo, se muestra la obtencion
de mutantes auxdtrofos para uracilo en la cepa de 7. delbrueckii PYCC5323
mediante las dos estrategias mencionadas. La adicion al medio de cultivo de
acido 5-fluoroorotico (5-FOA), permitié la seleccion de colonias incapaces de
crecer en ausencia de uracilo en el medio. Este mutante es particularmente
interesante para su uso industrial, puesto que se puede considerar una
levadura de grado alimentario, ya que no lleva ningin fragmento de ADN

foraneo.

La interrupcion del gen 7dURA3 se abordé mediante técnicas habitualmente
utilizadas en S. cerevisiae, concretamente se empled un “casete de disrupcion”
que contiene un gen de resistencia a nourseotricina (Golstein y McCusker, 1999)
flanqueado por zonas homologas al gen 7dURA3. Con ello se pretendia
comprobar si los protocolos habitualmente utilizados para S. cerevisiae son
optimos para la manipulacion de 7. delbrueckii. En efecto, se obtuvo una cepa
interrumpida en el gen 7dURA3, a partir de la cual comprobamos la existencia

de una copia Unica de este gen en esta levadura. Este hecho nos llevo a
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plantearnos la posibilidad que las cepas de 7. delbrueckii con las que estabamos
trabajando fueran haploides. Analisis mediante citometria de flujo (datos no
incluidos en el manuscrito de Tesis), revelaron que ambas cepas de 7.
delbrueckii 1o eran. Este resultado, nos ofrece la posibilidad de manipular la
ploidia de este microorganismo y estudiar el efecto que esto tiene en parametros
industriales de relevancia como robustez, poder fermentativo o tolerancia a

diferentes condiciones de estrés.

En el capitulo 2 también se abordo la posibilidad de utilizar 7. delbrueckii como
hospedador para la expresiéon de proteinas heterdlogas de interés en el proceso
de panificacion. En concreto se estudio la produccion de xilanasa X-24 mediante
la expresion del gen x/nB de Aspergillus nidulans (Pérez-Gonzalez y col., 1996).
Encontrandose que 7. delbrueckii, es capaz de sintetizar y secretar la proteina

heterdloga al mismo nivel que la cepa de panaderia control utilizada, HS13

(ura3)

La alta osmoresistencia y tolerancia a la presencia de sodio mostrada por 7.
delbrueckii PYCC5321, nos ha llevado a proponer a esta cepa como modelo de
estudio de la respuesta a estrés osmotico e idnico en levadura de panaderia. En
este sentido, el capitulo 3 recoge la identificacion de genes de 7. delbrueckii
implicados en resistencia a estrés osmético y salino, como son 7dHOG1, TdCRZ1
y TdENAL.

En el primer apartado de este capitulo se presenta el aislamiento del gen
TdHOGI mediante complementacion en un mutante AogIA de S, cerevisiae. La
proteina TdHog1 tiene una alta homologia (88%) de secuencia con Hoglp de S.
cerevisiae y, si bien restablece la osmotolerancia de un mutante AogIA de esta
especie, no es capaz de mejorar la osmotolerancia de la misma cuando es
expresada en una cepa salvaje. La proteina TdHoglp es fosforilada bajo
condiciones suaves de estrés (0.5M de NaCl) y su cinética de fosforilacion es

similar a la que presenta Hoglp en S. cerevisiae. La clonacion del gen 7dHOGI1
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nos ha permitido la construccion de la correspondiente cepa AogiA en T.
delbrueckii PYCC5321, en la que hemos estudiado la implicacion de la ruta HOG
en tolerancia a estrés en esta especie de levadura. El comportamiento de este
mutante bajo diferentes condiciones de estrés osmotico y salino indica que, si
bien es mas sensible que su cepa parental, el efecto de la mutacion no es tan
severo como en el caso de S. cerevisiae, ya que se necesitan concentraciones
muy elevadas de sorbitol o NaCl para observar un defecto en su crecimiento. Por
tanto, aunque la ruta HOG en 7. delbrueckii estd implicada en su
osmotolerancia, parece tener un papel menor que en el caso de S. cerevisiae. En
este sentido, cuando analizamos el nivel de induccién de GPDI en células de T.
delbrueckii transferidas a un medio con NaCl (1M), se observa un aumento en
los niveles de ARNm de 10 veces. Esta induccidn resultd ser dependiente de
TdHog1p, pero es menor que la observada en S. cerevisiae (Rep y col., 1999b).
Este hecho se ve reflejado en los diferentes niveles de glicerol producidos por
estas levaduras tras ser sometidas a un choque osmdtico. Asi, mientras que en
S. cerevisiae una cepa hoglA presenta tan solo un 14% de la produccion de
glicerol total tras tres horas de crecimiento en un medio con 1M de NaCl
(Albertyn y col., 1994), un mutante fogIA de T. delbrueckii produce niveles de

un 76% con respecto a la cepa salvaje.

El diferente papel en estrés osmético de la ruta HOG en 7. delbrueckii nos
llevo a estudiar su implicacion en la respuesta a otros tipos de estreses. Asi,
hemos comprobado en 7. delbrueckii, que al igual que en otras especies de
levadura, la ruta HOG esta claramente implicada en tolerancia a acido citrico y
methylglioxal, mientras que no interviene en la respuesta a choque térmico
(Winkler y col., 2002; Lawrence y col., 2004; Aguilera y col., 2005; Alonso-
Mongue y col., 2003; Smith y col., 2004). Sin embargo, y a diferencia de lo que
ocurre en S, cerevisiaey C. albicans (Gacto y col., 2003; Alonso-Mongue y col.,
2003; Haghnazari y Heyer, 2004) esta ruta no esta implicada en la respuesta a
estrés oxidativo. En este mismo trabajo también hemos descrito un fenémeno

de proteccion cruzada en 7. delbrueckii. Aunque esta levadura es incapaz de
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crecer a 37° C, si lo hace cuando hay sorbitol o NaCl en el medio de cultivo.
Ademas esta proteccion es dependiente de la existencia de una proteina Hoglp
funcional, ya que solo las cepas salvajes, preestresadas osmoticamente, son

capaces de crecer a 37°C.

En el segundo apartado del capitulo 3 se describe la identificacion de genes de
7. delbrueckii cuya sobreexpresidn mejora la tolerancia a sal de S. cerevisiae.
Para ello se llevd a cabo un rastreo de una genoteca de 7. delbrueckii
PYCC5321, en una cepa de S. cerevisiae, CEN.PK2-1C, que presenta un claro
fenotipo de sensibilidad a Na*, seleccionandose aquellas células que mostraron
un mejor crecimiento en presencia de NaCl. Siguiendo esta metodologia, se
aislaron varios plasmidos que confieren dicha ventaja de crecimiento. En este
trabajo se describe los resultados obtenidos con dos de estos plasmidos, los
denominados YEpMJH1 y YEpMJH14. Tras su secuenciacion, encontramos una
pauta completa de lectura abierta en cada uno de ellos, que mostré alta
homologia con los genes ENAI (ENA2 y ENA5) y CRZI de S. cerevisiae,

respectivamente.

En S. cerevisiae el gen ENAI codifica la principal ATPasa tipo-P de esta
levadura, implicada en el flujo hacia el exterior de iones Na* (Haro y col., 1991).
Su expresidon es inducida tanto por estrés osmdtico como por estrés idnico y
depende de varias rutas de transduccion de la sefal, entre ellas de la ruta
calcineurina-Crz1p (Stathopoulos y Cyert, 1997). El sistema de seleccion
empleado en este trabajo, nos habia permitido clonar en 7. delbrueckii un
posible factor de transcripcion clave en estrés idnico y uno de sus bien conocidos
genes diana, TdCrz1p y TdEnalp, por lo que centramos nuestros estudios en
caracterizar la funcionalidad de TdCrz1p en la respuesta a estrés salino en esta

levadura osmotolerante.

Al igual que ocurre con la sobreexpresion de CRZZ, un mayor nimero de

copias del correspondiente homologo de 7. delbrueckii, mejora la osmotolerancia

140



Resumen de resultados

de una cepa salvaje de S. cerevisiae y suprime la sensibilidad a Na*, Li* y Mn?*
tanto de una cepa mutante en la subunidad reguladora de la calcineurina
(cnbIA) como de un mutante crzIA (Matheos y col., 1997; Stathopoulos y Cyert,
1997). Ademas, TdCrzlp es capaz de unirse a las secuencias consenso CDRE
descritas en los promotores de genes que estan bajo el control de Crzip en S,

cerevisiae (Stahopoulos y Cyert, 1997).

A la vista de estos resultados, procedimos a la obtencion del correspondiente
mutante interrumpido en 7dCRZI para analizar su implicacién en distintas
condiciones estrés idnico. En 7. delbrueckii, células que carecen de este gen
resultaron sensibles a Ca>* y Mn**, coincidiendo con el fenotipo descrito para un
mutante nulo en S. cerevisiae (Stahopoulos y Cyert, 1997), mientras que su
capacidad de crecimiento no se ve afectada por la presencia de Na* o a pH
basico. Ademas, sorprendentemente, esta cepa interrumpida muestra una mayor
tolerancia a Li* que la correspondiente cepa salvaje, lo que sugiere que a
diferencia de S. cerevisiae que utiliza una misma bomba de iones (Enalp), para
eliminar de la célula tanto Na* como Li* (Marquez y Serrano, 1996), T.
delbrueckii debe disponer de distintos sistemas de eflujo de iones; estos posibles
transportadores, parecen estar regulados negativamente por 7dCRZI o ser
independientes de este factor transcripcional. En este sentido, cuando
analizamos el patron de expresion de 7dENAI en presencia de Li* o de Na¥,
observamos una cinética de induccién distinta dependiendo del idén presente en
el medio. Como habiamos propuesto, esta induccion resulté ser independiente
de TdCrz1p.

Llegados a este punto, se decidid estudiar la implicacion de la ruta de la
calcineurina en la respuesta a estrés salino en 7. delbrueckii Como no
disponemos en esta levadura de mutantes en calcineurina, procedimos a inhibir
su funcidén con el inmunosupresor FK506 (Wiederrecht y col., 1993). Asi, en
células con esta proteina fosfatasa no funcional, su crecimiento se ve inhibido

cuando se afiade Ca®* al medio de cultivo, sin embargo no se observa ningin
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defecto de crecimiento en condiciones control, ni en presencia de Na*. Este
dato indica que en 7. delbrueckii la ruta de la calcineurina-Crzlp es esencial
para la supervivencia en presencia de Ca**. Sin embargo, no parece tener
ninguna funcion en la tolerancia a Na*. Ademas, la adicion de FK506 a un
medio con Li*, pone de manifiesto la implicacion de esta ruta de transduccion
de la sefal en la tolerancia a este i6n, aunque a diferencia de S. cerevisiae, en
este caso tiene una funcidon antagdénica a TdCrzlp. Todos estos resultados
sugieren que la ruta de la calcineurina-Crz1lp, juega un papel diferente en
tolerancia a estrés salino en esta levadura osmotolerante, al descrito para S.

cerevisiae.
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Discusion

El gran desarrollo en los dltimos afios de la industria de bolleria congelada
requiere del uso de cepas de levadura adaptadas a altas concentraciones de
azlcares asi como a los procesos de congelacion-descongelacion de las masas.
La obtenciébn de nuevas cepas de S. cerevisiae mediante manipulacion
genética se enfrenta al problema social que existe actualmente con respecto al
uso de OMG (organismos modificados genéticamente) por lo que una buena
alternativa es el uso de levaduras naturales no convencionales, también
conocidas como “non-Saccharomyces’. Como primer objetivo de este trabajo
se planted el uso de dos cepas de 7. delbruecki, PYCC5321 y PYCC5323, en la
elaboracion de masas congeladas azucaradas. En este sentido, y segun los
resultados obtenidos en el capitulo 1 de este trabajo, vemos que ambas cepas,
no solo son capaces de proliferar activamente en medios industriales de
manera similar a las cepas de S. cerevisiae, sino que ademas, presentan un
elevado poder fermentativo en masas no congeladas y, sobre todo, una
extraordinaria tolerancia a la congelacion. Ambas cepas son, por tanto,
candidatas firmes a ser empleadas como levaduras industriales en la

elaboracion de masas congeladas.

Nuestros resultados muestran que 7. delbrueckii es capaz de crecer en
medios industriales de modo similar a S. cerevisiae en condiciones de
crecimiento en “batch”. Sin embargo, estudios posteriores de crecimiento en
“feed-batch” en fermentador, indicaron que 7. delbrueckii presentaba una
velocidad de crecimiento y rendimiento en biomasa inferiores a los mostrados
por S. cerevisiae. Estos ensayos se realizaron en las condiciones de
propagaciones Optimas para S. cerevisiae. Estudios recientes han demostrado
que T. delbrueckiiy S. cerevisiae se comportan de modo diferente en funcion
de la disponibilidad de glucosa y oxigeno en el medio. El requerimiento de
oxigeno por parte de la primera es mayor, lo que sugiere que posee un
metabolismo mas oxidativo. Se ha relacionado que un aumento en la
concentracién de oxigeno permite la supervivencia de 7. delbrueckii en cultivos

mixtos con S. cerevisiae (Nissen y col., 2004) y ademas, y pese que se trata

145



Discusion

de un microorganismo anaerobio-facultativo, presenta una tasa de crecimiento
muy inferior en condiciones estrictas de anaerobiosis con respecto a S.
cerevisiae (Hanl y col., 2005). Estos resultados sugieren que el
comportamiento metabdlico de ambas especies es diferente y depende en
gran medida de la disponibilidad de nutrientes. Por tanto es necesaria la
busqueda de las condiciones éptimas para el crecimiento de 7. delbrueckii en
fermentadores a nivel industrial. Otro obsticulo a tener en cuenta a la hora de
la posible produccién industrial de 7. delbrueckii es la reticencia de los
productores de levadura industrial a cambiar sus procesos de produccién y
adaptarlos a nuevos microorganismos. Con todo lo anterior se hacen
necesarios estudios futuros de crecimiento en condiciones industriales, salto
de escala e incluso andlisis de las caracteristicas organolépticas de los
productos elaborados con 7. delbrueckii, y de aceptacion por parte del
consumidor.

Ademas, la aplicacion industrial de 7. delbrueckii puede estar condicionada
por factores tales como su pequefio tamafo celular. El proceso de obtencion
de levadura, implica un paso de filtracion en el cual, habria problemas de
colmatacion de filtros. Se ha sugerido, como solucién a este problema, un
aumento de ploidia de 7. delbrueckii (Sasaki y Oshima, 1987). Estudios
preliminares de citometria de flujo realizados en nuestro laboratorio, han
confirmado la haploidia de la cepa PYCC5321. La construccion de una cepa
diploide a partir de ésta, podria solucionar el problema. Sin embargo, en S.
cerevisiae se ha observado que cepas con mayor grado de ploidia presentan
una menor tolerancia a estrés, en concreto a estrés por congelacion
(Teunissen y col., 2002). En este sentido, tras la construccién de una cepa
diploide de esta levadura, hemos comprobado que se comporta de manera
similar a su cepa parental haploide, en cuanto a crecimiento en medios

industriales, capacidad fermentativa y tolerancia a estrés.

El uso de cepas recombinantes de levadura capaces de producir proteinas

de interés en el proceso de panificacion es una estrategia Gtil para modificar
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sus propiedades funcionales (Randez-Gil y col., 1999). Como se muestra en el
capitulo 2, gracias a la obtencion de una genoteca en la cepa PYCC5321, hemos
podido aislar y secuenciar el gen T7dURA3, un marcador auxotrofico
habitualmente empleado como marcador de seleccion. Esto nos ha permitido la
construccion de una cepa Ura™ la cual es capaz de expresar, bajo control del
promotor de ACT1 de S. cerevisiae, el cDNA del gen xIbB, que codifica para la
xilanasa X24 de Aspergillus nidulans. Esto supone un valor afiadido para estas
cepas en su posible uso industrial. Tanto en el capitulo 2 como en el 3, se
muestra como se han obtenido con éxito cepas recombinantes de 7. delbrueckir
como es el caso de la obtencion de mutantes mediante el uso de “casetes de
disrupcion“. Es evidente la ventaja de poder obtener cepas en las cuales el gen
de interés se halle integrado en su genoma y no en vectores de expresion, los
cuales no pueden ser utilizados en cepas comerciales de panaderia. Por otro
lado, si comparamos el ritmo de produccion de xilanasa en esta cepa en un
plasmido multicopia, vemos no obstante que es inferior que el producido por
una cepa control de S. cerevisiae Ura’. Esto nos indica que los promotores de S.
cerevisiae son funcionales en 7. delbrueckii, pero no son igual de efectivos. A
esto hay que sumar que la frecuencia de transformacion y la estabilidad de los
plasmidos habitualmente usados en S. cerevisiae son menores cuando son
utilizados para 7. delbrueckii. En este trabajo se han aplicado los protocolos de
laboratorio  habitualmente  utilizados para S. cerevisiae.  Aunque
mayoritariamente estos protocolos son validos para 7. delbrueckii , siguen sin
ser Optimos, por lo que es necesario, para un futuro uso de este
microorganismo como modelo de estudio, la puesta a punto de los distintos

protocolos utilizados habitualmente en biologia molecular.

Los fenotipos de osmotolerancia y crioresistencia, y en general, la alta
resistencia a distintos estreses mostrada por la cepa PYCC5321 nos llevé a
proponerla como posible modelo para el estudio de la respuesta a estrés en
levaduras de panaderia. En concreto, en este trabajo, nos hemos centrado en el

estudio de la respuesta a estrés osmotico y salino en esta levadura. Dentro de
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nuestros objetivos estaban la busqueda de genes implicados en osmotolerancia
en 7. delbrueckii, asi como de genes de ésta que confirieran mayor
osmoresistencia en S. cerevisiae. En el primer caso, tal y como se describe en el
capitulo 3, hemos aislado y caracterizado el gen T7dHOGI mediante
complementacién en un mutante /f0gIA de S. cerevisiae. En el caso de la
busqueda de genes de 7. delbrueckii que mejoren la osmotolerancia de S.
cerevisiae, se han aislado dos genes, 7dCRZI y TdENAI cuyos homologos
correspondientes en S. cerevisiae, codifican un factor transcripcional implicado
en la ruta de la calcineurina y uno de sus genes dianas, una Na‘-ATPasa,
respectivamente (Stathopoulos y Cyert, 1997; Wieland y col., 1995). Como ya
se ha comentado en la introduccién, en S. cerevisiae, la ruta HOG vy la ruta de
la calcineurina, son esenciales en la transmisiéon de sefiales de estrés osmotico
y salino en S. cerevisiae y determinan su adaptacion a estos estreses
medioambientales. La clonacién de estos genes y la obtencién de cepas
mutantes crzIA 'y hoglA en T. delbrueckii, nos ha permitido el inicio de la
caracterizacion de estas dos rutas en esta levadura. Los resultados mostrados
en este trabajo arrojan que, si bien la ruta HOG juega un papel en la
osmotolerancia de 7. delbrueckii, la implicacion de la misma en fendmenos tales
como la sintesis de osmolitos o la resistencia a estrés osmotico y a otro tipo de
estreses, no siguen los mismos patrones definidos para S. cerevisiae. Por tanto,
aunqgue existe esta ruta en 7. delbrueckii, los mecanismos de regulacion de la
misma no son iguales que los de S. cerevisiae. Del mismo modo, el estudio de
los mecanismos de regulacion del gen TdENAI por parte del factor de
transcripcion 7dCRZ1, asi como el estudio del fenotipo que muestra una cepa
interrumpida para este gen en 7. delbrueckil, sugieren de nuevo mecanismos
de regulacion diferentes a los descritos para S. cerevisiae. Puesto que 7.
delbrueckii se encuentra en estado natural en habitats con altas presiones
osmoticas, no estd de mas el pensar que la ruta HOG asi como la ruta de la
calcineurina, hayan evolucionado como respuesta a una adaptacion a éste tipo
de ambientes y que los cambios acontecidos sean los responsables, al menos

en parte, de la alta osmotolerancia exhibida por esta levadura. El estudio
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descrito en este trabajo sugiere que los elementos de estas rutas, su
interconexion y regulacién podrian diferir de los descritos en otras levaduras. En
este escenario, nuestras perspectivas futuras se centran en la identificacién, en
7. delbrueckii, de otros componentes de la ruta HOG y de la ruta de la

calcineurina para poder profundizar en la caracterizacion de las mismas.

Con todo lo expuesto, se confirma la idea de que esta cepa es un buen
modelo para el estudio del fendmeno de tolerancia a estrés. El conocimiento a
nivel molecular de las rutas que determinan el comportamiento de 7.
delbrueckii frente a estrés osmotico, idnico o otros tipos de estreses puede
ayudarnos, no solo a esclarecer las bases moleculares implicadas en estos
fendmenos, sino también a disefiar diferentes estrategias con objeto de

construir cepas de S. cerevisiae con mayor tolerancia a estrés.
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Los resultados descritos en este trabajo y su discusion posterior, han

permitido extraer las siguientes conclusiones:

> Las cepas de 7. delbrueckii PYCC5321 y PYCC5323, cumplen los
requisitos exigidos a una cepa de uso comercial en panificacion:
crecimiento rapido y alto rendimiento de biomasa en medios de melaza,
acoplado a una buena capacidad fermentativa en masas dulces y saladas,
tanto frescas como congeladas. Ademas, esta levadura no convencional
es capaz de sintetizar y secretar proteinas heterélogas, lo que potencia su

posible uso biotecnologico.

<> La cepa de 7. delbrueckii PYCC5321 muestra un claro fenotipo de
osmotolerancia y tolerancia a la toxicidad del sodio y es un modelo (til
para la identificacién de genes de levadura implicados en tolerancia a

estas dos condiciones de estrés.

> La ruta HOG de 7. delbrueckii es esencial para la tolerancia de esta
levadura a diferentes tipos de estreses. Sin embargo, su implicacién en la
induccién transcripcional de GPDI y en la acumulacién de glicerol en

respuesta a estrés osmaotico es escasa.

> En T.delbrueckii existe un mecanismo de proteccién cruzada. Para las
condiciones ensayadas en este estudio, dicho mecanismo depende de la

actividad de la MAP quinasa TdHoglp

L E gen T7dCRZI codifica el homélogo del gen CRZI de S. cerevisiae,
implicado en la activacion via calcineurina de genes de respuesta a estrés

salino.
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<> El factor transcripcional 7dCRZ1 estd implicado en la respuesta
adaptativa de 7. delbrueckii a la presencia de altas concentraciones de
cationes divalentes como Ca?" y Mn?*. Por el contrario, no parece tener
un papel funcional en resistencia a NaCl y su ausencia determina una

tolerancia exacerbada a Li*.
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